JOURNAL OF FOOD AND DRUG ANALYSIS 22 (2014) 76—85

journal homepage: www.jfda-online.com

Available online at www.sciencedirect.com

ScienceDirect

)

Journal of Food and Drug Analysis

Review Article

Mechanistic characterization of titanium dioxide ‘

CrossMark

nanoparticle-induced toxicity using electron spin

resonance”

Meng Li*", Jun-Jie Yin%, Wayne G. Wamer“, Y. Martin Lo"*

& Center for Food Safety and Applied Nutrition, US Food and Drug Administration, College Park, MD 20740, USA
® Department of Nutrition and Food Science, University of Maryland, College Park, MD 20742, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 30 September 2013
Received in revised form

2 December 2013

Accepted 21 December 2013
Available online 29 January 2014

Keywords:

Electron spin resonance
Reactive oxygen species
Titanium dioxide nanoparticles

Titanium dioxide nanoparticles (TiO, NPs) are one of the most widely used nanomaterials
that have been manufactured worldwide and applied in different commercial realms. The
well-recognized ability of TiO, to promote the formation of reactive oxygen species (ROS)
has been extensively studied as one of the important mechanisms underlying TiO, NPs
toxicity. As the “gold standard” method to quantify and identify ROS, electron spin reso-
nance (ESR) spectroscopy has been employed in many studies aimed at evaluating TiO, NPs
safety. This review aims to provide a thorough discussion of current studies using ESR as
the primary method to unravel the mechanism of TiO, NPs toxicity. ESR spin label oxim-
etry and immune-spin trapping techniques are also briefly introduced, because the com-
bination of spin trapping/labeling techniques offers a promising tool for studying the

oxidative damage caused by TiO, NPs.
Copyright © 2014, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. Open access under CC BY-NC-ND license.

1. Introduction

purification and hazardous chemical detoxification. When
exposed to UV light, TiO, NPs absorb photons having an en-
ergy equal to or higher than its band gap (>3.0 eV), exciting

Titanium dioxide nanoparticles (TiO, NPs) have been widely
applied as a coloring agent to provide whiteness and/or
opacity in paints and personal care products, as well as being
used as a food additive and a drug delivery agent. Moreover,
due to their excellent UV absorbance and deflecting proper-
ties, TiO, NPs are a commonly used functional ingredient in
cosmetics or skincare products to provide protection against
sunlight. In environmental engineering, TiO, nanocomposites
have been employed as a photocatalyst in water pollutant

electrons in the valence band to the conduction band. Photo-
excitation, therefore, results in an increased number of con-
duction band electrons and consequently increased valence
band holes. Electrons in the conduction band can reduce
substrates in the chemical environment, for example, reduc-
tion of oxygen results in the formation of superoxide radical
anions. Holes in the valence band can oxidize substrates such
as water or hydroxide ions and generate hydroxyl radicals
(*OH) [1,2]. Photocatalyzed chemical decomposition usually
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involves formation of reactive oxygen species (ROS), including
superoxide radicals (0®~*) and singlet oxygen (*05) [3], as well
as other intermediate species such as H,0, or O, [1]. Because
of those highly reactive free radicals generated during UV
irradiation, engineered TiO, NPs have also been recognized for
their light-induced biocidal effects against a broad range of
harmful microorganisms, including bacteria such as Escher-
ichia coli [4], molds such as Aspergillus niger [5], as well as
protozoa such as Giardia and Acanthamoeba species [6].

Exposure to ROS derived from photoexcited TiO, NPs has
raised concerns because ROS are believed to play an important
role in many inflammatory skin disorders, skin aging, and
cancer formation [7]. Due to the ability of nano-TiO, to induce
ROS generation when irradiated, tremendous efforts have
been focused on investigating potential risks associated with
human exposure to TiO, NPs. In addition to direct exposure
through consumption of products containing TiO, NPs, inha-
lation of NPs in the workplace, or through other environ-
mental sources are possible exposure routes (e.g., emitted
nanomaterials that reach the land can potentially contami-
nate soil and migrate to water systems) [8|. To date, various
nanomaterial studies have linked toxicity to the production of
ROS. It is well known that the generation of intercellular ROS
can lead to oxidative stress, resulting in inflammation, im-
mune response, cellular damage, and genotoxicity [9].

Free radicals, including ROS, are very short-lived entities,
making them very difficult to detect when evaluating toxicity
associated with oxidative stress. Electron spin resonance (ESR,
also known as EPR, electron paramagnetic resonance) has
been recognized as a “gold standard” and state-of-the-art tool
for detecting and quantifying ROS in chemical and biological
systems. Another ESR technique, ESR oximetry, has been used
to monitor lipid peroxidation induced by highly reactive rad-
icals. This review summarizes the advantages and recent
developments using ESR as a tool to unravel the mechanism of
nano-TiO,-induced cytotoxicity and phototoxicity. In addi-
tion, immuno-spin trapping, another methodology based on
the spin trapping technique to detect protein or DNA radicals,
is briefly introduced. The combination of immuno-spin trap-
ping with ESR spin trapping and ESR oximetry can provide a
deep insight into the mechanism of ROS generation triggered
by nanomaterials, as well as the subsequent oxidative damage
to proteins, DNA, and lipids.

2. Electron spin resonance
2.1. ESR spin trapping

ESR is a spectroscopic technique used to detect chemical
species with unpaired electrons. ESR has been recognized as
the least ambiguous method for characterizing free radicals.
Due to its high sensitivity and the ability to identify the gen-
eration of radicals in situ, the ESR spin trapping technique
is commonly employed in nanoscience research to evaluate
both the ROS scavenging capability of nanomaterials with
regard to their potential applications in health promotion and
cancer chemotherapy [10] and to investigate toxicities related
to ROS generation. ESR spectroscopy has also been used for
the validation of results obtained using other methods.

For instance, the data from ESR spectroscopy using different
spin probes —  1-hydroxy-3-carboxypyrrolidine and
4-phosphonooxy-2,2,6,6-tetramethylpiperidine-N-hydroxyl —
showed good agreement with the data from confocal fluo-
rescence imaging using different dyes, including 2',7'-
dichlorodihydrofluorescein diacetate, MitoSOX, and Mito-
Tracker red CM-H,XRos [11]. Moreover, the development of
nontoxic spin traps makes it possible for the detection of free
radicals both in vivo [12] and ex vivo [13].

ROS are low-level and short-lived free radicals, which are
difficult to determine in chemical and biological systems. Spin
trapping agents are therefore employed to intercept the target
free radical and to form a relatively stable and distinguishable
spin adduct that can be quantified and identified by ESR
spectroscopy [10]. Based on their characteristic structures,
spin traps can be divided into two groups: nitroso and nitrone.
Nitroso spin traps are less readily used in biological studies
because of high reactivity of their C-nitroso group [14]. The
most commonly used nitrone spin traps include 5,5-dimethyl-
1-pyrroline N-oxide (DMPO), a-phenyl-N-tert-butylnitrone
(PBN) o-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN), and 5-
diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide
(DEPMPO). The spin label probes 2,2,6,6-tetramethyl-4-
piperidone  (TEMP) and  4-oxo0-2,2,6,6-tetramethyl-2-
piperidone (4-oxo-TEMP) have been employed to detect
singlet oxygen [15]. The reaction of '0, with 4-oxo-TEMP leads
to the formation of a nitroxide radical 4-o0x0-2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPONE) that exhibits a sta-
ble triplet ESR spectrum, Equation (1):

0] 0]

+ 10, . + H,0
N )
H o*
4-oxo-TEMP TEMPONE

(@)

In comparison with other nitrone spin traps, DMPO is
generally preferable because of its low redox activity and the
ability to yield ESR spectra that are highly dependent on the
radical species. However, a major drawback of DMPO is that
the decomposition of DMPO/*OOH to DMPO/*OH makes it
difficult to distinguish between the formation of ‘OOH and *OH
[16]. By contrast, 5-methyl-1-pyrroline N-oxide (BMPO) pro-
vides an ideal solution to this problem because of the forma-
tion of a more stable BMPO/*OOH adduct that does not
decompose to BMPO/*OH [16]. BMPO/*OH has an ESR spectrum
similar to that of DMPO/*OH, exhibiting a characteristic set of
four lines (1:2:2:1) [2]. Another method to further distinguish
whether the signal is from DMPO/*OH or DMPO/O? * spin
adduct is the effects of superoxide dismutase (SOD) [17] or
mannitol on the ESR spectrum [18]. Because the former only
scavenges 0%+, whereas the latter only reacts with *OH, the
predominant species (*OH or O%™) in the system can be
determined by observing changes of the ESR spectra.

2.2. ESR spin label oximetry

As aforementioned, ESR spectroscopy detects molecules with
unpaired electrons. Theoretically, the direct detection of
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molecular oxygen by ESR is possible because molecular oxygen
is a triplet radical that possesses two unpaired electrons. How-
ever, the broadening of lines in the spectrum of oxygen in bio-
logical systems makes oxygen undetectable by ESR. This
problem has been solved using a stable free radical (usually
nontoxic) as a spin label in ESR oximetry [19]. ESR oximetry is
based on the changes observed in the ESR spectrum of the spin
label produced by collisions with molecular oxygen. ESR oxim-
etry allows the monitoring of oxygen consumption/formation in
a dynamic system. Collision of the spin label with O, produces a
spin exchange, resultingin shorter relaxation times (both T; and
T,) and ESR signals with broader line widths and decreasing
peak height. Line broadening is caused by Heisenberg exchange
between the spin label and molecular oxygen dissolved in so-
lution [19]. Measurements that depend on T; and T, can both
offer a direct indication of the O, concentration. Because it is
more easily measured experimentally, investigators primarily
examine changes in T,-sensitive line width rather than T;-
sensitive saturation recovery for ESR oximetry [20].

ESR spin label oximetry has been extensively applied to
study biological processes involving the participation of oxy-
gen, including measuring cellular respiration rate [21],
studying O, concentration across the cell plasma [22], and the
detection of lipid peroxidation. It has been suggested that this
method is more sensitive than the traditional thiobarbituric
acid assay, especially in very early stages of lipid peroxidation
[23]. It is well recognized that lipid peroxidation proceeds as a
chain reaction involving continuous depletion of O,. Thus,
oxygen consumption by such mechanisms can be a direct
indicator of the peroxidation rate and can be observed as a
reduction in line widths and increase in peak height for the
spin label. Because the area beneath the signal intensity
versus the magnetic field curve remains constant, the nar-
rowing of the ESR signal is necessarily accompanied by an
increase in the peak height of the ESR spectrum [16]. There-
fore, the value of oxygen concentration can be obtained from a
calibrated curve of the ESR line width versus the oxygen
concentration [2].

3. TiO, NPs and reactive oxygen species
3.1 Photogeneration of ROS

ROS are a group of highly reactive molecules that are inter-
mediate products of cellular oxidative metabolism. Biologically
relevant ROS include singlet oxygen (‘O,), peroxides (e.g.,
hydrogen peroxide), and free radicals [e.g., superoxide radical
(02°), peroxyl radical (*OOR), and hydroxyl radical (*OH)]. ROS
play critical roles in a variety of physiological processes in
plants and animals with regard to regulation of the immune
system and the development of the inflammatory response,
activation of transcription factors and gene expression, and
modulation of programmed cell death (i.e., apoptosis) [24,25].
Excessive levels of ROS can oxidize cell constituents such as
lipids, proteins, and DNA, and consequently pose a threat to
cell integrity [26]. Mitochondria are one of the main sources of
ROS in cells. In the mitochondrial respiratory chain, electrons
are continuously transferred to molecular oxygen, producing
ROS as a byproduct of oxidative phosphorylation [27]. With the

presence of TiO, NPs (10 pg/mL) and UVA, alteration of mito-
chondrial function was observed for HaCaT cells, accompanied
by a 14-fold increase in mitochondrial DNA damage, indicated
by mitochondrial “common deletion” [28]. Several studies have
identified the intercellular oxidative stress caused by ROS as an
important factor for genotoxicity [2], cytotoxicity [29-31], as
well as tissue damage and inflammation [32—34].

3.1.1. Mechanism of ROS generation

Generation of ROS during photoexcited TiO, was first discov-
ered in the early 20th century. A study by Goodeve and
Kitchener [35] in 1938 described photobleaching of dyes by
TiO,. Photobleaching was attributed to the generation of active
oxygen species on the surface of photoexcited TiO,. TiO, ab-
sorbs light in the UVA (320—400 nm) and UVB (290—320 nm)
spectral regions of the terrestrial solar spectrum. When TiO,
absorbs photons with energy equal to or higher than its band
gap (3.0 eV for rutile and 3.2 eV for anatase phase), electrons
are excited from the valence band of TiO, to its conduction
band, resulting in the formation of an electron—hole pair (e™/
h™) [1]. The holes (h*) in the valence band are highly oxidizing
and can react with H,O or hydroxide ions to produce hydroxyl
radicals (OH), and the electrons in the conduction band can
reduce O, to produce superoxide radical anions (0?*) [36]. This
reduction—oxidation (redox) potential of TiO, has a significant
impact on biological systems. The fundamental process of ROS
production involving photo-induced electrons and holes can
be expressed as follows [37,38]:

TiO, + hv — eg, + h{, 2)
0, + ez — O ?3)
H,O + hj, — -OH + H' 4)
OH™ + hj — -OH ©)
0;" + 2H" + eg, — H,0, (6)
2h, + 2H,0 — H,0, + 2H" %

Equation (2) describes the absorption of a photon. Equa-
tions (3—5) are photocatalytic redox pathways involved in the
generation of a superoxide radical anion and a hydroxyl
radical. Equation (6) and Equation (7) show the possible gen-
eration of hydrogen peroxide by reductive or oxidative path-
ways, respectively. Electrons and holes generated during
photoexcitation are localized at different defect sites on the
surface and in the bulk material [1]. ESR is usually used when
identifying the charge trapping center formed by UV irradia-
tion of the catalyst [39]. The results show that electrons are
trapped as Ti(IIl) centers, whereas the holes are trapped as
oxygen-centered radicals, such as *OH, covalently linked to
surface titanium atoms [40,41]. However, it remains unclear
whether the production of ROS occurs on the surface of the
TiO, or in the solution [38].

3.1.2. Hydroxyl and superoxide radicals
The photocatalytic mechanisms and formation of ROS of the
photoirradiated TiO, NPs have been intensively studied using
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ESR spectroscopy. It has been suggested that, in general, TiO,
photocatalytic reactions mainly proceed from the hydroxyl
radicals (*OH) by the oxidation of water and superoxide radi-
cals (O*) produced by the reduction of oxygen [42]. In
aqueous solutions, the formation of *OH spin adducts have
been observed using different spin traps, including DMPO,
POBN, DEPMPO [38], and BMPO [2]. Hydroxyl radical has been
recognized as the most important cause for the photo-
genotoxicity of TiO, NPs [18]. By contrast, only a few studies
reported positive results on the formation of superoxide rad-
icals [43], whereas other studies using ESR spectroscopy
observed no evidence of 0%+ generation [2,18,38,44].

3.1.3. Singlet oxygen

Besides *OH and O, several studies also found singlet oxygen
generation during photoexcitation of TiO,. The mechanism is
rather complicated and unequivocal evidence is suggested by
different studies. Sterically hindered cyclic amines, including
2,2,6,6-tetramethyl-4-piperidinol (TMPol) and TEMP, can be
used to detect *0,, because they do not react with other oxygen
radicals such as *OH and O~ (or *OOH) [15,45]. The reaction
between these spin traps and singlet oxygen yields stable
nitroxide radicals that can be monitored by ESR signals. When
using TMPol as the spin trap, Reeves et al [18] observed that no
singlet oxygen was formed on UVA irradiated TiO, NPs in
aqueous solutions. Another study by the same group of re-
searchers reported similar results [38] and argued that false
positive results may have been obtained because those amines
can be oxidized by other ROS such as *OH [46]. Interestingly, in a

25mM BMPO +
1mM Xanthine +
0.2 U/mL XOD

study conducted by Nosaka et al [3], electrochemical measure-
ments revealed that sterically hindered cyclic amine 4-
hydroxy-2,2,6,6-tetramethylpiperidine can be directly oxidized
with holes (h*) in photoexcited TiO, to produce the 4-hydroxyl-
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL) radical. The
possibility of other processes, such as reactions with singlet
molecular oxygen, superoxide radical, and hydroxyl radical,
was excluded from the reaction mechanism in that study.
Konaka et al [47] provided evidence for the direct production
of singlet oxygen during photoexcitation of TiO, using ESR
spectroscopy. It was noted that the generation of *0, originated
from direct production rather than a sequential reaction
involving O5 , based on the fact that the addition of DMPO to the
reaction mixture amplified the signal of 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO), a reaction product of
spin probe TEMP and *0,. However, a completely different result
has been found in a later study by Lipovsky et al [42]. The ESR
signal of singlet oxygen (using TEMP as the spin probe) was
found to disappear with the addition of DMPO to the suspension
of TiO, NPs. Under similar experimental conditions (i.e., aerated
aqueous TiO, NPs suspension), Daimon et al [43] confirmed the
generation of '0, using the luminol chemiluminescence probe
method. It was suggested that the production of 'O, could be due
to an electron transfer process involving Oz*. A two-step
mechanism was thus proposed for 0, formation. The first
step is a reduction of O, to O using conduction band electrons
(e7), with the second being the oxidation of O3 to 'O, using
valence band holes or trapped holes (h*). Using ESR spectros-
copy with TEMP as the spin probe, Yin et al [2] also observed

A +1.25 U/mL SOD

0.1 mg/mL P25 +
25mM BMPO +
340 nm UV

A/\\,_./\/V._.JV\:\/,_/\V,.._A..M

C +6 U/mL SOD

0.1 mg/mL P25 +
20mM TEMP +
340 nm UV

E +1.25 U/mL SOD

Fig. 1 — Effect of SOD on the generation of hydroxyl radicals and singlet oxygen by P25 during photoexcitation with UVA
light. ESR spectra were recorded at room temperature 2 minutes after the UV light was turned on. Samples containing

25 mM BMPO and (A) without TiO,, (B) with 0.1 mg/mL R100, (C) 0.1 mg/mL A325, (D) 0.1 mg/mL A25, (E) 0.1 mg/mL P25, and
(F) same as (E) but with the addition of 20% DMSO. The symbol + indicates the ESR signal of the BMPO/*CH3 adduct.
Instrumental settings: microwave power, 10 mW; modulation frequency, 100 kHz; modulation amplitude, 1 G; scan range,
100 G. DMSO = dimethyl sulfoxide; ESR = electron spin resonance; BMPO = 5-methyl-1-pyrroline N-oxide; SOD =
superoxide dismutase; TiO, = titanium dioxide. Note. From “Phototoxicity of nanotitanium dioxides in HaCaT
keratinocytes — Generation of reactive oxygen species and cell damage,” by ].J. Yi, J. Liu, M. Ehrenshaft, et al, 2012, Toxicol
Appl Pharmacol, 263, p. 81—8. Copyright 2012, Toxicology and Applied Pharmacology. Reprinted with permission.


http://dx.doi.org/10.1016/j.jfda.2014.01.006
http://dx.doi.org/10.1016/j.jfda.2014.01.006

80 JOURNAL OF FOOD AND DRUG ANALYSIS 22 (2014) 76—85

similar results and successfully detected the formation of *0, [2].
Using BMPO as spin trap, only BMPO/*OH adduct was observed
and no ESR signal for BMPO/O; * was found, suggested by the fact
that the ESR spectrum of the BMPO spin adduct did not
perceptibly change when SOD was added (Fig. 1C and D). How-
ever, this study suggested that part of 'O, formation proceeds
via a superoxide-dependent mechanism, whereas *OH forma-
tion is not formed via superoxide. This prediction is supported
by the observation that addition of SOD leads to a noticeable
reduction of the '0, signal without effects on the *OH-dependent
ESR signal (Fig. 1).

3.2. Effects of intrinsic properties on ROS generation

3.2.1. Particle size and crystal phase

The photoreactivity of TiO, NPs is largely dependent on their
inherent material properties, such as their particle size,
shape, surface characteristics, and crystal structure [31,48].
Generally, nanomaterials exhibit higher reactivity compared
with the corresponding bulk material due to the increased
surface area. From this standpoint, TiO, NPs with smaller size
have been found to promote more ROS formation when
photoexcited, which consequently may elicit more oxidative
stress to biological systems [2,3,49]. Anatase and amorphous
forms of nano-TiO, show higher phototoxicity and cytotox-
icity than its rutile form [49,50]. Furthermore, the arrange-
ment and coordination of the surface atoms on the different
crystal facets largely influence the photocatalytic activity of
TiO, nanocrystals. Several studies have suggested that the
anatase {001} face is associated with higher photocatalytic
efficiency due to its highly active titanium and oxygen centers
[51], whereas others found that the anatase {101} surface
exhibited enhanced activity [52].

Sayes et al [53] conducted a study on toxicity of TiO, NPs
using human dermal fibroblasts and human lung epithelial
cells. The aim was to correlate the crystal structure of nano-
TiO, with their ability to elicit cytotoxicity and inflammatory
responses. Their results suggested that the phase composition
of nano-TiO, was strongly correlated with cytotoxicity as well
as ROS generation. Anatase TiO, showed 100 times more
cytotoxicity than rutile TiO, at the equivalent treatment level.
In their study, ROS generation was quantified by measuring
azo dye photodegradation. Using a more direct and nonde-
structive method, ESR spectroscopy, Yin et al [2] observed
similar results for ROS generation in TiO, NPs suspensions.
After UVA irradiation, the intensity of *OH generation for
different crystal forms at the same concentration (0.1 mg/mL)
followed the trend: P25 (31 nm, anatase/rutile) >A25 (<25 nm,
anatase) >A235 (325 mesh, anatase), whereas R100 TiO,
(<100 nm, rutile) in the same aqueous solution did not show
hydroxyl radical production [2]. In their study, the relative ef-
ficiency of ROS generation by these four nano-TiO, particles
was in agreement with the phototoxicity experiment using
human HaCaT keratinocytes, a transformed epidermal human
cell line, further confirming the hypothesis that ROS produc-
tion was most likely involved in the phototoxic mechanism.

3.2.2. Synthesis method and surface coating
Synthesis method and surface coating have also been
demonstrated to be critical in determining the toxicity of

nano-TiO,. Nagaveni et al [54| noted that under identical UV
exposure, combustion-synthesized nano-TiO, resulted in a
two times higher initial degradation rate of phenol compared
with commercial P25 TiO,. This superior photocatalytic ac-
tivity can be attributed to crystallinity, higher surface area,
more surface hydroxyl groups, and improved optical absorp-
tion at higher wavelengths (570 nm and 467 nm, correspond-
ing band gap energies of 2.18 eV and 2.65 eV). Using an in situ
sol-gel method, Kavitha et al [S5] synthesized anatase phase
titania—chitosan NPs with spherical and irregular morphology
(4.5-10.5 nm). Having tunable biocompatibility with human
gastric adenocarcinoma cells and efficient antibacterial ac-
tivity against Staphylococcus aureus, this nano-TiO, material
might be a promising biomaterial for orthopedic and tissue
engineering applications.

Using ESR spectroscopy, Sawada et al [56] demonstrated
that TiO, NPs coated with fluoridated apatite (FAp-TiO,,
100 nm) promoted ROS via photocatalysis and exhibited
antifungal activity towards Candida albicans. In a study by
Carlotti et al [57], the oxidation of linoleic acid and porcine ear
skin induced by UV irradiation was investigated in the pres-
ence of different uncoated and coated titanium powders. They
noted that surface characteristics largely influenced the
observed oxidative damage. In their study, two types of coated
TiO, specimens were used, namely PW Covasil S-1 and Tego
Sun TS plus. Whereas the former showed a high photo-
catalytic activity towards the peroxidation of linoleic acid, the
latter displayed a marked protective effect [57].

In addition, nano-silver, the most widely employed anti-
microbial nanomaterial, has been deposited onto TiO, NPs, a
common strategy for synthesizing nanocomposites. The
strong antibacterial activity of TiO,@Ag NPs against different
bacterial species has been reported under UV light [58], visible
light illumination [59], as well as in the dark [60]. TiO,@Ag NPs
reduced the viability of Leishmania tropica, and Leishmania
infantum promastigotes 3- and 10-fold in the dark, respec-
tively, whereas these rates diminished approximately 20-fold
for each species in the presence of visible light. Nonvisible
light-exposed TiO,@Ag NPs were more effective against L.
infantum parasites, whereas visible light-exposed TiO,@Ag
NPs exhibited nearly the same antileishmanial effect against
both species [60]. A decrease in pH was discovered during
photocatalysis using silver-modified TiO, NPs. And such a pH
change has been attributed to silver ion reduction [61].

3.3. Effects of environmental conditions on ROS
generation

Environmental conditions, including light illumination, pH,
solution composition, and biological media, also influence the
generation of ROS by nano-TiO,.

3.3.1. UV irradiation and light illumination

Previous studies have suggested that, without UV exposure,
nano-TiO, show little cytotoxicity [62]. It is generally agreed
that ROS production of TiO, nanomaterials is initiated by UV
irradiation. To date, there is no conclusion whether ROS can
be generated on the TiO, surface in an aqueous condition
without illumination. For TiO, NPs of different crystal forms
and size, no ROS promotion was detected by ESR without
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exposure to light [2]. Wamer and Yin [44] conducted a study
using human dermal fibroblasts to evaluate the toxicity of
TiO, in tattoo inks. The results suggested that anatase TiO,
was phototoxic but not cytotoxic, whereas the sample that
only contains rutile TiO, was neither phototoxic nor cytotoxic.

However, Lipovsky et al [42] investigated visible light-
induced reactions of a suspension of TiO, NPs in water using
the ESR spin trapping technique, and their results suggested
that, without light illumination, formation of both *OH and O3
were detected for TiO, rutile and anatase phases (50 nm NPs),
but singlet oxygen was not detected in aqueous suspensions
of TiO, NPs for either of these two crystal forms. When
exposed to light in the blue part of visible spectrum
(400—-500 nm), increased levels of both *OH and O** were
detected. Singlet oxygen formation was observed with rutile
NPs during irradiation [42].

Withoutlight exposure, long-term exposure to TiO, NPs has
been proven to lead to significant alterations in the expression
of various genes and has promoted production of ROS and
peroxidation of lipids, proteins, and DNA in mouse lung tissue
[63]. Exposure of zebrafish embryos to TiO, NPs produced
malformation and death only when the fish were also illumi-
nated (light source: 250 W blue spectrum metal halide lamp)
[64]. A similar result was obtained using a fish cell viability
assay. TiO, alone (0.1-1000 pg/mL) had limited effect on gold-
fish skin cells, whereas co-exposure with UVA (0.5-2.0 kJ/m?)
caused a significant dose-dependent decrease in cell viability,
which was dependent on both the concentration of TiO, and
the dose of UVA administered [18]. Using the comet assay, the
same group of researchers also found that TiO, NPs are in fact
genotoxic without UV irradiation, as all concentrations tested
produced a significant increase in the level of Fpg-sensitive
sites, which suggests that 8-hydroxyguanine is probably a
major product of TiO,-induced oxidative stress linked to gen-
otoxicity. ROS promotion was also observed in toxicity studies
using animal models. In a study where mice were injected with
TiO, NPs for 45 days consecutively, accumulation of TiO, NPs
and ROS were found in mouse spleen, accompanied by the
development of congestion and lymph nodule proliferation of
spleen tissue [34].

3.3.2.  pH and solvents

It is notable that, when employing ESR to evaluate the ability
of materials to generate/scavenge ROS, different experimental
conditions, such as type of spin trap, pH, and composition of
solvent, may lead to different results [65]. In an early study,
Jaeger and Bard [66] observed that ESR spectra were consistent
with the formation of both *OH and O3 following absorption of
UV radiation by TiO, (anatase). However, Wamer et al [67],
using DMPO as a spin trap, observed, during UV irradiation of
TiO,, an ESR signal characteristic of DMPO/*OH spin adduct
alone. Dodd and Jha [38] also reported the formation of *OH
adduct in UVA irradiated nano-TiO, (aerated aqueous sus-
pension) using different spin traps including POBN, DMPO,
and DEPMPO, and also found no evidence of O3°. Their
research also showed that in the absence of O,, no ESR signal
was observed for PBN, DMPO, or DEPMPO. Only POBN/-OH
adduct was observed under hypoxic conditions [38]. In a
recent study to determine the phototoxicity of TiO, NPs with
different crystal forms and molecular sizes, the generation of

*OH in aqueous suspension was observed using BMPO spin
trap, and no characteristic BMPO/O;* was observed [2].

Hydrogen peroxide plays an important role in the regula-
tion of a wide variety of biological processes. It has been
demonstrated that with the addition of H,0, into aqueous
suspension containing TiO,, the concentration of O3*
increased with a small amount of H,0, and slightly decreased
at a certain concentration, and then became almost un-
changed at a higher H,0, concentration [43]. The authors
suggested that the first increase in O3 could be attributed to
the oxidation of H,0, with h* [equation (8)]

hf, + Ho0, + 20H — O, + 2H,0 ®)

At the same time, the consumption of the valence band
hole (h") hinders the (e7)—(h*) recombination, and conse-
quently accelerates the reduction of O, to generate O3*
[Equation (2)]. When the concentration of H,0O, is above
0.2 mM, O3* decreases with the further increase of H,0,,
which might be explained by desorption of O, from the TiO,
surface, resulting from the adsorption of H,0, [43]. This
competition of adsorption on the TiO, surface was also sug-
gested in the same study using ethanol [43]. Here, the addition
of a small amount ethanol resulted in the increased formation
of Oy, yet subsequently decreased with further addition of
ethanol to the suspension. However, singlet oxygen decreased
monotonically with additional ethanol.

4. TiO, NPs result in cellular oxidative
damage

4.1. Lipid peroxidation

Lipid peroxidation is an oxidative damage that leads to a
change of the integrity and functionality of cell membranes. It
happens when free radicals abstract electrons from the lipid
molecules. Nanomaterials can disrupt normal cellular func-
tion through lipid peroxidation, and ROS have been proven to
be responsible for membrane damage that eventually leads to
the degeneration of cells [53]. In vivo studies have suggested
that lipid oxidation is involved with pathogenesis of various
aging related diseases, including coronary heart disease, Par-
kinson’s disease, and cancer [68—70]. Wang et al [29] reported
a toxicity study in which rat synovial cells were treated with
different concentrations of TiO, NPs (0 mg/mL, 3 mg/mL,
30 mg/mL, and 300 mg/mL). ROS were overproduced especially
in cells exposed to 30 mg/mL and 300 mg/mL TiO, NPs. They
also observed the lipid peroxidation product, malondialde-
hyde, and oxidative damage in cells, as well as a significant
decrease in activity of the endogenous antioxidant enzymes
including SOD and catalase.

TiO, NPs have been demonstrated to lead to skin peroxi-
dation in animal models, for example, porcine skin, which is a
well-accepted and readily available model for estimating
damage to human skin [57]. Oxidative stress has also been
found to occur during TiO, NPs dermal application onrats. Ina
14 consecutive day toxicity study, different doses of TiO, NPs
(20 nm; 14 mg/kg, 28 mg/kg, 42 mg/kg, and 56 mg/kg) were
applied to rat skin. The results of this study suggested that
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Fig. 2 — Effect of different TiO, samples on lipid peroxidation in liposomes. Oxygen consumption was measured in a closed
chamber using liposome suspensions and the spin label **N-PDT. The liposome samples contained 30 mg/mL Egg PC and
0.1 mM ">N-PDT spin label mixed with (A) no TiO,, (B) 0.03 mg/mL of R100, (C) 0.03 mg/mL of A325, (D) 0.03 mg/mL of A25,
and (E) 0.03 mg/mL of P25. Lipid peroxidation was initiated by UV (340 nm) irradiation. The ESR spectra were recorded with
the low field line of the >N-PDT spin label every 4 minutes after the sample was sealed in a quartz capillary tube. The
spectra were obtained with 0.5 mW incident microwave power and with 0.05 G field modulation at ambient temperature.
The progressive increases in peak-to-peak signal intensity (and accompanying progressive narrowing of the line width) in
each panel are due to time-dependent oxygen consumption resulting from lipid peroxidation, as shown in (F). The
enhancement effects of different TiO, nanoparticles on lipid peroxidation may be seen as bigger changes in the peak-to-
peak signal intensities seen in (B—E) compared with (A). Note. From “Phototoxicity of nanotitanium dioxides in HaCaT
keratinocytes — Generation of reactive oxygen species and cell damage,” by ].J. Yi, J. Liu, M. Ehrenshaft, et al, 2012,
Toxicol Appl Pharmacol, 263, p. 81—8. Copyright 2012, Toxicology and Applied Pharmacology. Reprinted, with permission.

ESR = electron spin resonance; TiO, = titanium dioxide.

exposure to TiO, NPs increased peroxidation of lipids and
confirmed that nano-TiO, toxicity is associated with oxidant
generation and resultant oxidative stress to cells [71]. The
results of these studies suggest that when investigating TiO,
NPs toxicity, lipid peroxidation is a critical factor due to its
impact on cell membranes. These studies are particularly
relevant because of the application of TiO, NPs in many
skincare and cosmetic products.

Egg PC liposome suspension was prepared as a lipid mem-
brane model to study possible oxidative damage resulting from
ROS generated during exposure of TiO, NPs to UV light. By
measuring the hyperfine structural changes of the ESR spectrum
with »>N-PDT as the spin label, it has been demonstrated that
ROS can produce a time-dependent peroxidation [2], and the
peroxidation rate is P25 > A25 > A325 > R100, which follows the
same trend of ROS production in TiO, NPs suspension (Fig. 2).

The ESR spin trap technique has also been employed for
in vivo determination of lipid radicals, the products of lipid

peroxidation, and to evaluate oxidative damage [72]. Here,
intact Navicula sp. algae were suspended in 40 mM PBN stock
solution with the addition of spin trap POBN (130 mM) prior to
detection. The authors acknowledged the possible drawbacks
for employing ESR including probe instability, interference
with tissue metabolism, and lack of spin specificity. However
they found this technique useful, especially when combined
with other biochemical strategies.

4.2. Nucleic acid damage

The specificity of the reactions between nitrone spin traps
with free radicals has already made spin trapping with ESR
detection the most universal tool for the detection of free
radicals in biological systems [73]. Based on this concept, the
immuno-spin trapping technique has been developed and
extensively studied by Mason [73] to detect DNA or protein
radicals. By trapping those radicals with DMPO, stable nitrone
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adducts can be formed and easily detected using an anti-
DMPO serum with enzyme-linked immunosorbent assay
(ELISA) and Western blot assay [73]. Using the method
described by Mason et al [74,75], a significant increase in
human serum albumin protein radical was observed using
DMPO as the spin trap when human serum albumin protein
was treated with P25 TiO, NPs and UV irradiation [2].

5. Concluding remarks

Concomitant with the growing uses of nanomaterials is the
need to better define their safety. As the size of particles de-
creases, so too does their surface area for the same quantity of
material increase. This leads to many dramatic changes in the
properties for nanomaterials. This change is of particular in-
terest for nanomaterials capable of generating highly ROS.
However, detection of such short-lived radicals remains
technically challenging. ESR spectroscopy, a sensitive,
nondestructive, in situ approach, is capable of unraveling the
mechanisms of ROS-related toxicity of nanomaterials. The
formation of ROS (including '0O,, *OH, and O3) could be
detected using different spin traps and depends on the
intrinsic properties of the nanomaterials, including size,
crystal phase, and surface characteristics, as well as envi-
ronmental conditions. In particular, ESR spin label oximetry
that detects changes in O, levels in a system is a reliable and
effective method to monitor lipid peroxidation rate. Such an
oxygen-monitoring ability is of critical importance when it
comes to assessing cellular oxidative damage due to ROS that
could lead to subsequent adverse health effects. Moreover, the
knowledge generated from ESR studies on TiO, NPs could
form a solid base for evaluating risk associated with
nanomaterials.
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