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udy on the efficacy of different
probes to predict the photo-activity of nano-
titanium dioxide toward biomolecules†

A. Marucco, E. Carella and I. Fenoglio*

TiO2 is a reactive material able to cause the degradation of organic molecules following activation by UV

light. This reactivity may be useful, e.g. in environmental or medical applications, but undesired when

TiO2 is used as a UV filter in cosmetics and composites since it reduces the photo-stability of the

material, and represents a possible pathway of injury. Conventional methods to measure the photo-

activity of TiO2 include the degradation of small molecules or dyes. However the suitability of these

methods to predict the photo-activity of TiO2 in biological systems is uncertain. This is the first product

of a study, conducted within the FP7 EU project SETNanoMetro, that has as a main goal the

standardizations of protocols to assess the oxidative potential of TiO2 nanopowders in biofluids. Here,

the ability of a series of nano-TiO2 powders exhibiting different crystalline phases to degrade rhodamine

B, a dye commonly used in photo-catalysis, and two model biomolecules (linoleic acid and

2-deoxyribose) under simulated sunlight was compared. Electron paramagnetic resonance (EPR)

spectroscopy associated to different spin-probes or spin-traps was used to elucidate the reactive

species involved in the processes. The results show how the photo-efficiency of TiO2 is affected by the

kind of probe and by the presence of species that adsorb at the surface of the nanoparticles underlining

the need of appropriate standard operating procedures (SOP) to evaluate the oxidative damage potential

of semiconducting nanomaterials.
1. Introduction

The nanotechnology industry has been expanding at a rapid
rate in recent years. Among the manufactured nanomaterials,
titanium dioxide is one of the most widely used. The amount of
TiO2 produced every year worldwide is estimated to be between
1000 and 10 000 tons.1,2 Micrometric TiO2 powders are
commonly used as a white pigment in paints, cosmetics, food
and as a ller in rubber, plastics and cement. The use of tita-
nium dioxide as a pigment is due to its high reective index that
allows particles to refract the visible light. On the contrary,
nanometric titanium dioxide, being transparent to visible light
but opaque to ultraviolet light, is extensively employed as UV
blocker in sunscreens and plastics.3,4 TiO2 is also a well-known
photo-catalyst. When illuminated with UV light it generates
high amount of reactive species that efficiently degrade organic
molecules. For this reason it gains signicant interest in
polluted water and air remediation,5 in the production of self-
cleaning coatings and textiles6 and, more recently, as photo-
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sensitizer in the photodynamic therapy of cancer (PDT)7 and
bacterial infections.8 When titania absorbs photons with ener-
gies higher or equal to its band gap (>3.2 eV for anatase), elec-
trons are excited in the conduction band (eCV

�) leading to the
formation of a positive hole in the valence band (hVB

+). These
charge carriers can recombine each, other or migrate at the
surface and react with electron donors or acceptors.9 For
example, photo-generated electrons may reduce oxygen to
superoxide radicals (O2c

�) (eqn (1)) while photo-generated holes
oxidize water leading to the generation of the highly reactive
hydroxyl radicals (OHc) (eqn (2)).

O2 + eCV
� / O2c

� (1)

HO� + h+ / HOc (2)

Hydroxyl and superoxide radicals are therefore among the
primary reactive species that are formed. However, they may
further react to give secondary species that are hydroperoxyl
radicals (cOOH), the conjugate acid of the superoxide anion
(eqn (3)), and hydrogen peroxide (H2O2), the one-electro
reduction product of superoxide anion (eqn (4)). Hydrogen
peroxide may further react with conduction band electrons
generating hydroxyl radicals (eqn (5)).
RSC Adv., 2015, 5, 89559–89568 | 89559
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O2c
� + H2O $ HO2c + H+, pKa ¼ 4.7 (3)

O2c
� + eCV

� + 2H+ / H2O2 (4)

H2O2 + eCV
� / HOc + HO� (5)

Singlet oxygen (1O2) is also a primary reactive species. The
mechanism of generation is still under debate and different
pathways has been suggested.10,11

Titanium oxide is commercially available in several different
forms differing for crystalline phase (anatase and rutile are the
most common), particle size and bulk or surface modications.
All this forms have different photo-activity. Crystalline phase
and size are known to modulate the photo-catalytic efficiency
due to differences in band gap values or in rate of recombina-
tion of the charge carriers.9,12 Coatings may decrease the photo-
reactivity (e.g. in cosmetic applications) while doping with
various elements is generally applied to increase the photo-
efficiency of TiO2 in particular in the visible region.13

The photo-efficiency of TiO2 is commonly evaluated by
measuring the ability of the powder to degrade small organic
molecules (e.g. methanol) or organic dyes (e.g. methylene blue
or rhodamine B). These methods are suitable to identify the
best candidates in industrial applications where TiO2 reacts in
the gas-phase or in solutions having simple composition, e.g. in
the manufacture of self-cleaning coatings. However they may be
not predictive of the reactivity of TiO2 in complex environments
like those encountered in cells, extracellular matrixes and cell
media. Biouids, in fact, contains several molecules that may
adsorb and modify the photo-efficiency of TiO2. Furthermore,
a specicity of the ability of TiO2 to react with biomolecules
exists, due to differences in diffusion rate of molecules from
bulk solution to the surface14 and in the tendency to adsorb at
the surface. A deep knowledge of the chemistry that govern such
complex processes may help in assessing tools for the predic-
tion of the oxidative potential of the various TiO2 forms in living
systems.

Here, a commercial sample of TiO2 (Aeroxide P25) known for
its high photo-reactivity,15 a homemade sample of anatase/
rutile mixed phase titania, one sample of anatase, and two
samples of commercial rutile (one coated) have been tested for
the their ability to degrade two model biomolecules, linoleic
acid and 2-deoxyribose under visible light irradiation. This
reactivity has been compared with those toward rhodamine B.6

EPR spectroscopy associated to different spin trapping agents
and probes has been used to identify and quantify the primary
ROS generated to gain information on the mechanisms of
reaction.
2. Results
2.1 Physicochemical characterisation of TiO2 samples

The samples used in this work were chosen because of the high
degree of purity, thus avoiding any effect due to impurities, and
because similar in primary particle size and surface area but
different regarding crystalline phases (Table 1).
89560 | RSC Adv., 2015, 5, 89559–89568
The X-ray diffraction (XRD) patterns of T-A/R and T-A/R P25
reveal the presence of very sharp peaks corresponding to
anatase and rutile phases in similar proportion (Table 1, ESI†)
in both samples. However T-A/R exhibited a specic surface
area lower than the commercial sample P25 that corresponds to
a higher particles size (Fig. 1A and B). Well-dened crystallo-
graphic planes are visible in the transmission electron micros-
copy (TEM) images (Fig. 1A and B, insets), conrming the high
degree of crystallinity of the materials.

The XRD diffractogram of the nanometric anatase sample (T-
A) exhibited a broadening of the diffraction peaks (ESI†),
revealing a highly disordered structure which was a direct
consequence of the small size of primary particles as shown by
the TEM images (Fig. 1C). All samples appear organized in
aggregates with a wide distribution of size.

The crystalline phase of the commercial rutile specimens (T-
R1,2) was conrmed by means of XRD. T-R1, as suggested by the
specic surface area (SSA) and the TEM images, was charac-
terized by nanometric spherical particles with a percentage of
rod particles (Fig. 1D). The sample T-R2 contains a 1–5% of
silicon and aluminium suggesting the presence of a coating
(Table 1).

The samples have been also characterized in aqueous
suspension by measuring their z potential (Table 1 and ESI†).
Being TiO2 an amphiphilic substance, the surface of particles
may be both positive or negative in water depending upon the
pH. At pH 7.4, the z potential was negative and similar for all
powders except for T-A/R P25 that showed a slightly lower value.
All samples reached a point of zero charge (PZC) at acidic pH.
However, the PZC values were signicantly different among
samples suggesting a different abundance of charges at the
surface in the different specimens. In the case of T-R2 an acidic
PZC was expected due to the presence of silica and alumina.
2.2 Degradation of linoleic acid and 2-deoxyribose

The oxidative potential of the powders was evaluated by
measuring the ability to degrade two models molecules, linoleic
acid, an unsaturated fatty acid abundant in cell membranes,
and 2-deoxy-ribose, fundamental component of the DNA double
helix. The degradation was evaluated by measuring the amount
of malonyldialdehyde (MDA), the major degradation product of
unsaturated fatty acids16 and 2-deoxy-ribose, formed.

The results, expressed as absorbance at 535 nm correspon-
dent to the coloured adduct of thiobarbituric (TBA) with MDA,
are reported in Fig. 2, while the spectra are reported in the ESI.†
T-A/R, T-A/R P25 and T-A showed a marked activity toward
linoleic acid, while the other specimens did not induce the
degradation of the molecule. A similar order of reactivity was
found in the case of 2-deoxyribose degradation, however, in this
test T-R1 was active albeit at less extent than the anatase con-
taining samples.

Note that in both reactions, the presence of picks in the
wavelengths range 430–510 nm (ESI†) suggests the formation of
degradation products other than MDA.
This journal is © The Royal Society of Chemistry 2015
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Table 1 Physico-chemical properties of the TiO2 nanopowders

Elemental analysisa (w/w%) Crystalline phaseb
Specic surface
area (m2 g�1) Crystallite sizeb (nm)

z potential
(water, pH 7.4, mV)

T-A TiO2 99.6; Fe2O3 0.08; Al2O3 0.19; SiO2

0.11
100% anatase 54.3 18.0 � 4.4 �37.1

T-A/R TiO2 99.6; Fe2O3 0.08; Al2O3 0.02; SiO2

0.12
85% anatase, 15% rutile 23.5 49.5 � 7.7 �41.4

T-A/R P25 TiO2 99.6; Fe2O3 0.08; Al2O3 0.18; SiO2

0.12
77% anatase, 23% rutile 52.6 26.8 � 4.3 �21.5

T-R1 TiO2 99.5; Fe2O3 0.12; Al2O3 0.15; SiO2

0.12
100% rutile 39.1 46.6 � 3.5 �38.5

T-R2 TiO2 93.8; MnO2 0.03; Al2O3 4.67; SiO2

1.42
100% rutile 44.8 77.9 � 7.3 �40.5

a XRF, this work except for R2 (data declared by the company). b XRD.
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2.3 Degradation of rhodamine B

A different trend was observed in the case of rhodamine B
degradation. All samples, except T-R2, rapidly decrease of the
absorbance at 555 nm (Fig. 3). The solution gradually turned
form purple to green and a new pick at 498 nm appeared (ESI,
S4†). This pick corresponds to the maximum of absorbance of
the de-ethylated product rhodamine (reaction (6)).17

(6)
Fig. 1 TEMmicrographs of (A) T-A/R P25; (B) T-A/R; (C) T-A; (D) T-R1.
In the insets images at higher magnification (bars ¼ 5 nm) are shown.

This journal is © The Royal Society of Chemistry 2015
In the case of T-A/R and T-A a decrease of the pick intensity at
498 nm was observed aer 90 minutes suggesting that for, these
samples, degradation of rhodamine occurs (ESI†).

2.4 Generation of hydroxyl radicals and oxidative reactivity

The amount of hydroxyl radicals generated following reaction
(2) was measured by electron paramagnetic resonance (EPR)-
spin trapping technique. Hydroxyl radicals were detected by
trapping them with the spin trap 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) in phosphate buffer at neutral pH (Fig. 4A). Buffer
is used to maintain the pH at a near neutral value thus avoiding
any effect due to pH variation and to simulate the physiological
pH and osmolarity.

A typical 1 : 2 : 2 : 1 signal of the adduct DMPO–HOc was
observed by EPR for anatase and for the two mixed phase
samples aer 60 minutes of irradiation with simulated solar
light. Oppositely, no signal was detected with the two rutile
powders. The intensity of the signal obtained with anatase was
the highest followed by the T-A/R, whereas T-A/R P25 showed
the lowest intensity. The intensity of the EPR signals obtained in
the present conditions was however very low. This is not due to
an instability of the [DMPO–OH]c adduct or to a low kinetic of
formation, both known to be relatively high,18,19 but to the low
amount of [DMPO–OH]c generated in this conditions. On the
other hand DMPO is poorly selective toward hydroxyl radicals
generated by TiO2 since it was reported to reacts also with
superoxide radicals,20 singlet oxygen21 and the TiO2 surface22

giving several degradation products.
Alternatively, formic acid may be added to the reaction. In

this case, the overall oxidative capacity of TiO2 is evaluated since
this molecule, is able to reacts both with hydroxyl radicals
(reaction (7)) and vacancies (reaction (8)) giving carbon-centred
radicals (cCO2

�) that form with DMPO a very stable product.19,23

HCOO� + HOc / cCOO� + H+ (7)

HCOO� + h+ / cCOO� + H+ (8)

As expected an intense EPR signal correspondent to the
adduct DMPO–COOc�, was observed for all samples except R2
(Fig. 5). The anatase and the two mixed phase samples
RSC Adv., 2015, 5, 89559–89568 | 89561
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Fig. 2 Degradation of (A) linoleic acid and (B) 2-deoxyribose. The
extent of degradation is evaluated by measuring the amount of MDA
generated. The data are express as means � SD obtained in three
independent experiments.
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generated high amount of free radicals that increase during
time, followed by T-R1, while no signal was detected for the
sample T-R2.
Fig. 3 Degradation of rhodamine B. Data are express as means � SD
obtained in three independent experiments.

89562 | RSC Adv., 2015, 5, 89559–89568
2.5 Generation of superoxide anion radicals

The primary radical species generated in water by photo-
generated electrons is the superoxide anion (reaction (1)). This
species may remain adsorbed at the surface or it may be
released in solution. While it may be easily detected by EPR
spectroscopy on the dry powder23 or in organic solvents,24 the
detection of this species in water is not trivial. This may be due
to both the lower solubility of oxygen in water by respect to
organic solvents, or to the occurrence, in water, of the
competitive dismutation of superoxide radicals to oxygen and
hydrogen peroxide (reaction (9)):

2O2
�c + 2H+ / O2 + H2O2 (9)

Here we use N-tert-butyl-a-phenylnitrone (PBN) as spin trap,
and performed the reactions in cyclohexane (Fig. 4B). The
PBN–O2

�c adduct is in fact very unstable in water, while has
a longer half-life in organic solvents.25 The typical signal of the
Fig. 4 Generation of (A) hydroxyl radicals (phosphate buffer pH 7.4,
DMPO) and (B) superoxide anions radicals (cyclohexane, PBN) by the
TiO2 samples. The representative EPR spectra, recorded after 60
minutes of irradiation, corresponds (see ESI†) to the adduct DMPO–
HOc in (A) and PBN–O2

�c (B). The amount of radicals are proportional
to the intensity of the signal.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Generation of carboxylate radicals by the TiO2 samples in
contact with a solution (phosphate buffer pH 7.4, DMPO) of sodium
formate. (A) Amount of carboxylate radicals generated during the time
of irradiation expressed as amount of radicals generated per unit
surface area of the powder; (B) representative spectra recorded after
60 minutes of irradiation. The EPR spectra corresponds (see ESI†) to
the adduct DMPO–CO2

�c.

Fig. 6 Generation of TEMPONE radical by the TiO2 samples in contact
with a solution of TEMPONE-H: (A) in water; (B) in phosphate buffer,
pH 7.4. The data are expressed as amount of radicals generated per
unit surface area of the powder.
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PBN–O2
�c adduct was observed for all samples except TiO2-R2.

The highest signal intensity were generated by the mixed phase
samples followed by anatase and rutile. The intensity of the
signal was in any case low, suggesting that the rate of degra-
dation of the PBN–O2

�c adduct in this condition is too high
compared to the rate of formation, leading a poor accumulation
of the radical species generated.

Both DMPO and PBN probes appear therefore not suitable to
quantify the amount of radical species formed by TiO2 because
of the low intensity of the signals. Nevertheless they are a proof
of the effective generation of HOc and O2

�c.

2.6 Generation of ROS measured by using TEMPONE-H

Sterically hindered cyclic hydroxylamines have been used in
several studies as probe for the presence of ROS in cells.26

Hydroxylamines may in fact be oxidized to paramagnetic
nitroxide radicals that can be detected by EPR (reaction (10)).
This journal is © The Royal Society of Chemistry 2015
This reaction occurs in the presence of hydroxyl radicals,27

superoxide radicals28 and Fe3+ or Cu2+ ions.29

(10)

Here, the hydroxylamine TEMPONE-H has been used to
evaluate the reactivity of the various TiO2 specimens. This
molecule produces the highly stable radical TEMPONE30 that
may be easily detected by EPR spectroscopy. Since the radical
TEMPONE is very stable we might assume that the intensity of
the signal is proportional to the amount of radical species
generated. Note however that TEMPONE was reported to cata-
lyze the dismutation of superoxide in some conditions.31

Therefore, the amount superoxide generated might be much
higher than the amount of radicals detected.

In water, the anatase and the mixed phase samples generate
high amount of radicals species (Fig. 6A) and the generation
RSC Adv., 2015, 5, 89559–89568 | 89563
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was sustained with time. Oppositely, the rutile T-R2 was
completely inactive in agreement with the other tests
performed.

Similarly to what found with rhodamine B, and differently to
what found with sodium formate, linoleic acid and 2-deoxyri-
bose, the sample T-R1 was very reactive toward TEMPONE-H
probe. To evaluate if the presence of phosphate buffer, present
in the latter three tests but not in the rst one, was responsible
of such different reactivity the test was also repeated in phos-
phate buffer (Fig. 6B). The reactivity decreased for all samples
but more for T-R1 so that the order of reactivity toward TEM-
PONE-H became similar to that observed with the two
biomolecules.

2.7 Generation of singlet oxygen

The generation of this species has been evaluated using the spin
probe 4-oxo-TMP that reacts with singlet oxygen leading to the
formation of TEMPONE (Fig. 7). The reaction was rstly carried
out in an organic solvent. In this condition, the typical signal of
the radical TEMPO was detected for all samples except the two
rutile specimens, being T-A/R the more reactive followed by
anatase (Fig. 7A).

The generation of singlet oxygen was further conrmed by
using a coloured dienic molecule (rubrene) as probe using
a protocol previously reported.32 Singlet oxygen reacts with the
orange rubrene in a Diels–Alder [4 + 2] cycloaddition producing
Fig. 7 Generation of singlet oxygen by the TiO2 samples. (A) Representat
oxo-TMP in cyclohexane. (B) UV/vis spectra showing the oxidation of r
radical generated in a solution of 4-oxo-TMP in phosphate buffer; (D) re

89564 | RSC Adv., 2015, 5, 89559–89568
a colourless endoperoxide.33,34 The amount of singlet oxygen
generated is thus inversely proportional to the absorbance
measured from the supernatant of the solution in the 400–600
nm range. In Fig. 7B the spectra of the solution of rubrene
irradiated with the simulated solar light in the presence of each
TiO2 sample is compared with the spectra of the solution irra-
diated in the absence of the powders. The trend of reactivity was
similar to those found with the 4-oxo-TMP probe.

The generation of singlet oxygen was also measured in water
by using the 4-oxo-TMP probe (Fig. 7C and D). As expected the
intensity of the EPR signals was very low. In fact singlet oxygen
has a low half-time in water, due to the deactivation of singlet
oxygen by energy transfer to the surrounding H2O mole-
cules.24,35 Quantication of the amount of molecules generated
suggested however that the anatase containing samples was
substantially more reactive than rutile.
3. Discussion

The ability of some micro/nanomaterials to generate ROS is
recognized as one of the mechanisms of toxicity since an excess
of ROS leads to cell damage or death.36,37 This property needs
therefore to be suppress in designing safe nanomaterials.
Recently, a report of the Scientic Committee on Consumer
Safety (SCCS) of the European Commission (COLIPA no. S75)
recommended not to use TiO2 with substantially high photo-
ive spectra after 40 minutes of irradiation generated in a solution of 4-
ubrene by photo-generated singlet oxygen; (C) amount of TEMPONE
presentative spectra after 40 minutes of irradiation.

This journal is © The Royal Society of Chemistry 2015
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catalytic activity in sunscreen formulations. In fact, the Euro-
pean legislation does not pose at the moment any limitation to
the kind of TiO2 that can be used of in cosmetics. Photo-activity
may be also considered a determinant of eco-toxicity since the
generation of ROS may lead to microbes and other organisms
death in the environment.38 On the other hand, photo-activity
may be exploited for therapeutic purposes, e.g. in photodynamic
therapy of cancer7 or to ght against bacterial infections.39 In all
these cases TiO2 acts in complex systems, like extracellular
matrixes or biolms, containing a large variety of molecular and
ionic species that may dramatically modify its reactivity.

The availability of tests able to predict the oxidative potential
of TiO2 in such complex systems may help in developing safe
nanomaterials.

3.1 The photo-reactivity of TiO2 depends upon the
experimental conditions

Linoleic acid and 2-deoxyribose are two model molecules rele-
vant under a biological point of view: linoleic acid is a good
model for unsaturated fatty acids that are commonly present in
the cell membranes, while 2-deoxyribose is a constituent of
nucleic acids. Both these molecules are known to be degraded
by ROS, however the reactivity toward the various radical
species is different. The ROS-mediated degradation of unsatu-
rated fatty acids is commonly called lipoperoxidation, and may
be initiated by both hydroxyl radicals or singlet oxygen.

In the rst case, the abstraction of an allylic hydrogen by
hydroxyl radicals leading to the formation of a carbon centred
radical is believed to be the starting reaction (reaction (11)).
Following the reaction with oxygen hydroperoxides are formed
(reaction (12)) that in turn degrade to aldehydes. Malo-
nyldialdehyde (MDA) is one of the main nal products, and
therefore it is widely used as marker of lipoperoxidation.16

–CH]CH–CH2–CH]CH– + Rc /

–CH]CH–CHc–CH]CH– (11)

–CH]CH–CHc–CH]CH– + O2 + RH /

–CH]CH–CH(OOH)–CH]CH– + Rc (12)

The process may also be initiated by singlet oxygen. This
molecule reacts with unsaturated fatty acids giving hydro/
endoperoxides that degrade giving the same end-product of the
rst pathway.

2-Deoxyribose is also easily degraded by hydroxyl radicals,
and for this reason it has been used to probe the generation of
hydroxyl radicals in solution.40 The oxidation of 2-deoxyribose
has been reported to play a critical role in oxidative damage of
DNA.41 The main nal product of such degradation is, again,
MDA.41 To our knowledge, no data are available on the reactivity
of singlet oxygen toward 2-deoxyribose. The tested powders
appear to have different oxidative potential, being the two mixed
phase specimens the most reactive, followed by anatase and the
two rutile specimens. Oppositely, when tested for their ability to
degrade rhodamine B, all samples, except for the coated rutile,
elicit very similar reactivity. This difference may be explained
since rhodamine B are known to act as sensitizer when adsorbed
This journal is © The Royal Society of Chemistry 2015
onto TiO2: when irradiated with visible light rhodamine B is
promoted to an exited state that decays by injecting electron to
conduction band of TiO2 thus increasing the efficiency of TiO2

under visible light. This process is widely studied for solar cells42

or in photocatalysis.43 The degradation is therefore dependent to
both the efficiency of the dye/semiconductor system and by the
propensity of the surface to adsorb the dye.

Carboxylic acids also adsorb at the surface of TiO2.44 In this
case sensitization is not expected, and the degradation is
a function of the intrinsic oxidative reactivity of the material and
its tendency to adsorb the molecule. The order of reactivity
toward formate resembles those seen for linoleic acid and 2-
deoxyribose being T-R1 and T-R2 less reactive than the anatase
containing samples. The observed high reactivity of T-R1 toward
rhodamine B may be due to the different mechanism of photo-
activation leading the reactivity of the samples in the visible
region similar. Another possibility is an effect of the phosphate
buffer, that was present in all tests except those with rhodamine
B. This effect is clearly seen with TEMPONE-H: the presence of
the phosphate buffer decreases the reactivity of all samples
toward this molecule, however the effect is much more
pronounced on T-R1. The inhibitory effect of the phosphate
buffer may be ascribed to differences in pH, lower in water than
in phosphate buffer (ESI†), or to the adsorption of phosphate
ions to the Lewis acid sites Ti4+ exposed at the surface of titania.45

The hydroxylamine TEMPONE-H reacts with the both
hydroxyl radicals,46 and superoxide.28 Furthermore, this mole-
cule reacts with metals in their high oxidative state like iron(III)
or Cu(II).29 Therefore, having a very high reduction potential
(E� ¼ +2.53 V versus SHE),47 photo-generated holes likely react
with TEMPONE-H giving the TEMPONE radical. This probe
appears thus suitable to measure both the overall oxidative and
reductive activity of TiO2.

Since the orders of reactivity of the samples toward TEM-
PONE-H and formate are similar, we may suppose that super-
oxide itself plays a minor role in the overall reactivity. Note
however that oxidative and reductive activity are strictly linked
each other. In fact, the scavenging activity of oxygen toward the
photo-generated electrons inhibits the recombination of the
charge carriers thus enhancing the oxidative reactivity. The
amount of TEMPONE formed is one order of magnitude less
than the amount of carboxylate radicals. This should be
ascribed to a higher abundance of formate ions in proximity or
adsorbed at the surface, likely due to a combination of an
higher tendency of formate ions to adsorb at the surface, an
higher rate of diffusion, and the higher concentration of
formate ions used in the test by respect TEMPONE-H.

Finally, the generation of singlet oxygen, observed only for
the anatase containing samples, likely contributes to the high
reactivity of the anatase containing samples toward linoleic acid.
3.2 TiO2 polymorphs responds differently to experimental
conditions

The oxidative potential of the various specimens toward the two
biomolecules considered appears to be modulated by the
RSC Adv., 2015, 5, 89559–89568 | 89565
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crystalline phase. Note that the reactivity has been measured at
equal surface area thus eliminating the effect of the surface area
extent.

The high reactivity of T-A/R P25 was expected following what
reported in the wide literature available on this material.15,48,49 A
similar high reactivity was observed for the homemade mixed
phases sample despite the method of synthesis was different
form P25 (sol–gel and calcination vs. spray pyrolysis) suggesting
that the coexistence of the two phase is responsible of the
enhancement of the reactivity. Note that the high surface reac-
tivity of P25 specimen has been linked to the high toxicity of this
samples50,51 also if not previously photo-activated.52 Almost totally
inactive in all test was the rutile sample T-R2, suggesting the
presence of a coating of silica/alumina. Unexpectedly51,53 the
uncoated rutile R1 was found highly reactive toward TEMPONE-
H in water, similarly to the anatase and mixed phase samples.
However, a signicant decrease of reactivity was observed in the
presence of phosphate, likely due to the adsorption of phosphate
ions at the surface.45 The sensitivity of rutile to the presence of
phosphate may account for the previously reported low reactivity
and, possibly, low in vitro toxicity54,55 of rutile specimens since
these experiments are performed in the presence of phosphate
buffer.51,53 Note however that other species able to strongly
adsorb at the surface of TiO2, and possibly to modulate its
reactivity, are present on cell media and cells (e.g. carboxylic acids
and amines), suggesting the need for further investigations.

4. Conclusions

Among the probes tested TEMPONE-H and DMPO in the pres-
ence of sodium formate appear the most suitable to predict the
oxidative potential of titania nano-powders toward biomole-
cules. The presence of phosphates dramatically reduces the
reactivity of the various specimens at different extent, being
rutile the more affected. Overall, the data herein reported
suggest caution in extrapolating data by conventional tests for
the evaluation of the photo-efficiency of TiO2 in living organ-
isms, and in comparing data obtained in different conditions.

5. Experimental
5.1 Preparation of TiO2 samples

The nanometric anatase powder (T-A) was synthesized by sol–gel
method as previously described;54 a commercial nanometric rutile
(T-R1) was purchased from LCM Trading (Italy) while a second
sample (T-R2) was a kind gi of Dr Giovanni Baldi, Colorobbia
S.p.A., Florence, Italy; the pyrogenic nanometric mixed phase
powder Aeroxide P25 (T-A/R P25) was purchased from Degussa-
Evonik (Germany); a second nanometric mixed phase powder was
obtained from T-A by calcination in air at 973 K. Calcination
temperature and time was controlled to obtain a sample having
a proportion of anatase and rutile similar to T-A/R P25.

All reactants employed in this work were purchased by
Sigma-Aldrich (St. Louis, MO) and used without any other
purication treatment albeit otherwise specied. All experi-
ments were performed in ultrapure MilliQ water (Millipore,
Billerica, MA).
89566 | RSC Adv., 2015, 5, 89559–89568
5.2 X-ray diffraction (XRD)

XRD spectra measurements were performed by means of
a diffractometer (PW1830, Philips) using CoKa radiation, in the
(20–90) 2q range, with step width 2q ¼ 0.05. Diffraction peaks
have been indexed according to the ICDD database (Interna-
tional Centre for Diffraction Data). The spectra have been
elaborated (X'pert Highscore 1.0c, PANalytical B.V.) in order to
assess the crystalline phase of the different specimens.
5.3 Surface area measurements

The surface area of the particles was measured by means of the
Brunauer, Emmett, and Teller (BET) method based on N2

adsorption at 77 K (Micrometrics ASAP 2020).
5.4 Elemental analysis

The TiO2 samples were analyzed using an EDAX Eagle III energy
dispersive micro-XRF spectrometer equipped with a Rh X-ray
tube and a polycapillary exciting a circular area of nominally 30
mm diameter. Data collection occurred at each point for 200 s
detector live time, with X-ray tube settings adjusted for 30%
dead time. About 1 � 106 Cps were counted per scan. At least 25
points were collected for each sample.
5.5 z potential

The z potential was evaluated by means of electrophoretic light
scattering (ELS) (Zetasizer Nano-ZS, Malvern Instruments,
Worcestershire, U.K.). TiO2 particles were suspended in ultra-
pure water and then sonicated for 2 min with a probe sonicator
(100 W, 60 kHz, Sonoplus, Bandelin, Berlin, Germany). The z

potential was measured at different pH (2–9) by adding 0.1 M
HCl or NaOH to the suspension.
5.6 Morphological characterization

The morphology of the samples was investigated by electron
transmission microscopy TEM (JEOL 3010-UHR instrument
operating at 300 kV, equipped with a 2k � 2k pixels Gatan
US1000 CCD camera). The powders were suspended in water,
sonicated to reduce the agglomeration of particles, deposited
on a grid, and the solvent evaporated.
5.7 Illumination conditions

Illumination was performed by a 500 W mercury/xenon lamp
(Oriel Instruments) equipped with an IR water lter to avoid the
overheating of the suspensions and a 400 nm cut-off lter. Light
irradiance, measured with a photo-radiometer (Delta Ohm S. r.
L., Padova, Italy) was of 518.5 W m�2 (1050–400 nm, NIR-vis)
and 67.8 � 10�3 W m�2 (400–315 nm, UVA).
5.8 Degradation of linoleic acid and deoxy-D-ribose

The assay is based on the reactivity of malonyldialdehyde
(MDA), a colourless end-product of degradation of both mole-
cules, with 2-thiobarbituric acid (TBA) to produce a pink adduct
that absorbs at 535 nm.
This journal is © The Royal Society of Chemistry 2015
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The amount of TiO2 powders corresponding to 1.04 m2 of
exposed surface area was suspended in 2 mL of a buffered
(sodium phosphate buffer 10 mM, pH 7.4) emulsion of linoleic
acid (1 mM) containing the 2.5% w/w of ethanol or by a buffered
(sodium phosphate buffer 10 mM, pH 7.4) solution of deoxy-D-
ribose. The mixture was transferred in a quartz vials and irra-
diated under continuous stirring for 1 h. The peroxidation was
stopped by adding 0.1 mL of butyl hydroxyl toluene (BHT, 0.2%
w/w) to the suspension. The powder was then removed by
centrifugation and ltration (cellulose acetate lters, pore ø 0.20
mm) and 2 mL of a solution of TBA (0.034 M) containing HCl
(0.25 M) and trichloroacetic acid (TCA, 0.92 M) were added to 1
mL of the solution. The resultingmixture was then heated at the
temperature of 373 K for 1 h. Aer cooling in an ice bath, 3 mL
of 1-butanol were added to extract the coloured complex. The
UV/vis spectra were measured on the organic phase by means of
a UV/vis spectrophotometer (Uvikon, Kontron Instruments,
Inc., Everett, MA). The amount of MDA produced was moni-
tored by measuring the increase of absorbance at 535 nm.

5.9 Degradation of rhodamine B

The amount of TiO2 powders corresponding to 0.105 m2 of
exposed surface area was suspended in 2 mL of a 0.021 mM
solution of rhodamine B. The suspension was transferred in
a quartz vials, stirred in the dark for 30 minutes, and then
irradiated for 90 minutes. 300 mL of the suspension were with-
draw each 10 minutes, ltered through a 0.22 mm cellulose
acetate lter and diluted 1 : 3 with water. The UV/vis spectra
were measured by means of a UV/vis spectrophotometer (Uvi-
kon, Kontron Instruments, Inc., Everett, MA). The amount of
rhodamine B consumed was evaluated by measuring the
decrease of absorbance at 555 nm.

5.10 Generation of free radicals and singlet oxygen

The generation of radical species wasmonitored by electron spin
resonance (EPR) spectroscopy (Miniscope 100 EPR spectrometer,
Magnettech, Berlin, Germany). Instrument settings: microwave
power 7 mW, modulation amplitude 1G, scan time 80 s, two
scans. The negative controls were, in all experiments, the solu-
tions illuminated in the same conditions as the samples.

5.10.1 Superoxide radicals. An amount of powder corre-
sponding to an exposed surface area of 1.4 m2 was suspended in
0.8 mL of 20 mM PBN (N-tert-butyl-a-phenylnitrone, Sigma-
Aldrich, St. Louis, MO) solution in cyclohexane, and the
suspension constantly stirred under illumination in a quartz
vial. The EPR spectra were recorded on a sample suspension (50
mL) withdrawn aer 60 minutes.

5.10.2 Hydroxyl radicals. An amount of powder corre-
sponding to an exposed surface area of 1.4 m2 was suspended in
1.25mL of a buffer solution (100mMpotassium phosphate buffer
pH 7.4) of DMPO (5,5-dimethyl-1-pyrroline-N-oxide, Enzo Life
Sciences, Inc.) 35 mM and the suspension constantly stirred
under illumination in a quartz vial. The EPR spectra were recor-
ded on a sample suspension (50 mL) withdrawn aer 60 minutes.

5.10.3 Reaction with sodium formate. An amount of
powder corresponding to an exposed surface area of 1.4 m2 was
This journal is © The Royal Society of Chemistry 2015
suspended in 0.5 mL of a buffer solution (125 mM potassium
phosphate buffer pH 7.4) containing DMPO (75 mM) and
sodium formate (1 M), and the suspension constantly stirred
under illumination in a quartz vial. The EPR spectra were
recorded on a sample suspension (50 mL).

5.10.4 Reaction with TEMPONE-H. An amount of powder
corresponding to an exposed surface area of 1.4 m2 was sus-
pended in 2 mL of water or phosphate buffer containing TEM-
PONE-H (1-hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine, Enzo
Life Sciences, Inc.) 50 mM, and the suspension constantly stirred
under illumination in a quartz vial. The EPR spectra were
recorded on a sample suspension (50 mL).

5.10.5 Singlet oxygen. An amount of powder corresponding
to an exposed surface area of 1.4 m2 was suspended in 1 mL of
a 50 mM solution of 4-oxo-TMP (2,2,6,6-tetramethyl-4-piper-
idone, Sigma-Aldrich) in cyclohexane or 2 mL of a 50 mM
solution of 4-oxo-TMP in phosphate buffer, and the suspension
constantly stirred under illumination in a quartz vial. The EPR
spectra were recorded on a sample suspension (50 mL).

5.10.6 Singlet oxygen using rubrene. 8 mg of rubrene were
dissolved in 100 mL of a solution of butanol (1.8 mM) and aceto-
nitrile (16M) and stirred for at least 4 hours. An amount of powder
corresponding to an exposed surface area of 0.105 m2 was sus-
pended in 2.5 mL of the solution and the suspension constantly
stirred under illumination in a quartz vial. The TiO2 samples were
separated by centrifugation for 10 minutes. The supernatant was
then ltrated with PTFE lter membranes (porosity 200 nm). The
oxidation of rubrene was monitored by means of a UV/vis spec-
trophotometer (Uvikon, Kontron Instruments, Inc., Everett, MA),
evaluating the decrease of absorbance at 525 nm.
5.11 Simulation of EPR spectra

The simulation of the spin trapping/EPR spectroscopy experi-
mental signals were performed by using the soware Win-
sim2002 (Winsim2002, version 0.98, National Institute of
Environmental Health Science, National Institutes of Health,
USA). The hyperne splitting constants obtained from the
optimisation of the simulation have been compared with those
reported in the literature (NIESH S.T.B.D. database). The
simulated spectra and the list of hyperne splitting constants
calculated in this work are reported in the ESI.†
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