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We present the study of reactive oxygen species production under the light irradiation of two different types of TiO2 nanocrystals.
Both TiO2 spheric NPs and anisotropic nanorods were investigated using activation of the horseradish peroxidase enzyme and
subsequent substrate oxidation into a fluorescent product. The influence of the surface ligand dopamine was also explored to shed
more light on the effect of catechol binders on the photoactivity of TiO2 species.

1. Introduction

In recent years, anisotropic nanostructures such as nanorods,
nanodiscs, cubes, or prisms [1] have started to attract more
attention not only of researchers working in the field of
materials science and synthetic chemistry but also biochem-
istry and cancer research [1–3]. Anisotropic structures have
a range of properties such as large surface plasmons, which
can often be tuned by changing the shape and size during the
growth process [4]. Therefore, they are interesting candidates
for design of different sensors, photovoltaic devices, or
bioactive elements (Au rods in cancer treatment) [5, 6]. The
plasmonic bands of Au nanorods, for example, can be tuned
by the length of the rods, which can enable design of powerful
SERS sensors or plasmonic solar cells [7–10]. Recently, they
were also used as biocompatible, optically active absorbers
and scatterers for targeted photodiagnostics and as contrast
agents for biological imaging [11, 12]. In addition, aniso-
tropic nanomaterials can possess different chemical affinities
and therefore enable assembly of larger structures through an
end-to-end binding under certain conditions [13, 14]. Fur-
thermore, their high surface-to-volume ratio results in a high
density of active surface reagents enabling further modifi-
cation and improved catalytic action [15].

Titanium dioxide (TiO2) has found numerous applica-
tions in photovoltaics [16], sensor [17] and new material

design [18] and catalysis [19]. Nanoscaled semiconducting
TiO2 has also been shown to induce the production of reac-
tive oxygen species (ROS) such as hydroxyl (OH) and peroxy
(HO2) radicals, superoxide anions (O2

−), and hydrogen
peroxide (H2O2) [20], upon the light irradiation in aqueous
solutions, the amount depending largely on the size [21] and
the morphology of the nanostructures [22]. Recently, Sayer
and coworkers have shown that anatase form of TiO2 pro-
duced more ROS species than the rutile after being exposed
to the UV irradiation therefore rendering it more cytotoxic
[23, 24]. Several in vitro studies have demonstrated that ROS
produced by light triggered activation of TiO2 nanospheres
can induce oxidative damage of DNA strands [25–27]. Due
to these properties, TiO2 nanomaterials can be used for
application in photodynamic cancer therapy (PDT), where
the tumor cells containing TiO2 species can be destroyed by
ROS produced upon light activation [28, 29]. However, most
of the ROS studies performed until now have been done
using commercial Degussa P-25 and, to our knowledge, no
systematic studies of the ROS production of anisotropic TiO2

nanostructures have been reported. Furthermore, the effect
of the catechol based surface binding molecules has not been
explored. Herewith, we present the study and the comparison
of ROS production between spherical and anisotropic rod
TiO2 as well as the influence of the bound catechol moieties
onto the amount of phototriggered reactive species.
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2. Experimental Section

2.1. Materials and Instrumentation. All chemicals were pur-
chased from Sigma Aldrich and used without further purifi-
cation. Horseradish peroxidase (HRP) type VI-A was used
for ROS experiments. The UV/Vis absorption spectra were
recorded using a CARY50 UV/Vis spectrophotometer (Agi-
lent Technology, Germany). The TEM images were obtained
on a Philips CM200 FEG/ST electron microscope. Malvern
Zetasizer Nano instrument (Malvern, UK) was used to per-
form dynamic light scattering (DLS) and zeta potential mea-
surements. FT-IR measurements were performed using a
Bruker IFS88 FTIR-spectrometer (Bruker Corporation, Ger-
many).

2.2. Synthesis of TiO2 Nanoparticles

2.2.1. Diethylene Glycol TiO2 Nanoparticles (TiO2 NPdeg).
TiO2 nanoparticles were prepared using a protocol by Wang
et al. with slight modification [30]. Briefly, 0.2 mL tita-
nium(IV) chloride was added to 6 mL of DEG under vigo-
rous stirring and inert atmosphere at 60◦C. The suspension
was heated at 75◦C until the solution became clear. Then,
0.1 mL ddH2O was injected into the solution and further
refluxed at 160◦C for 3 h. After cooling to the room temper-
ature, 15 mL acetone was added to aid the NP precipitation.
The NP solution was centrifuged and washed several times
with acetone to remove residual surfactants. The average size
of obtained nanoparticles, determined by TEM, was 3 nm.

2.2.2. Synthesis of Oleic Acid/Oleylamine TiO2 Nanoparticles
(TiO2 NPole). TiO2 nanoparticles were prepared using a
protocol by Seo et al. [31] resulting in the dispersion of, in
average, 3 nm TiO2 in toluene.

2.3. Synthesis of TiO2 Nanorods. TiO2 nanorods (TiO2 NR)
were prepared using a protocol by Seo et al., but under
different reaction times [31]. In a typical synthesis, 0.55 mL
titanium(IV) chloride was added at 250◦C to a solution of
3.21 mL oleic acid and 24.8 mL oleylamine. The reaction
mixture was heated to 270◦C under water cooling. After 2.5,
4, 6, and 8 hours, the reaction was quenched by the addition
of cold toluene (6 mL) and then the reaction mixture was
allowed to cool to room temperature. White or brownish
TiO2 nanorods were obtained by the addition of an excess of
acetone. After centrifugation (10 min at 5000 rpm), the white
powder was redissolved in 3 mL toluene and precipitated
with 7 mL ethanol. These washing steps were performed
three times. The nanorods were characterized by TEM.

2.4. Surface Modification of the TiO2 NR. TiO2 NRs
(1.00 mg) were suspended in 2 mL toluene, followed by addi-
tion of 3.00 mg dopamine hydrochloride (DA) in 2 mL water.
After five seconds, a color change from colorless to brown
was observed indicating the formation of the charge transfer
complex. The reaction mixture was further stirred overnight
at 22◦C. After purification by centrifugation (3x), the residue
was dispersed in ddH2O (TiO2 NR + DA).

2.5. Radical Oxygen Species Determination. For ROS mea-
surements, we have used an assay previously described by

Fruk et al. [32] for CdS quantum dot nanoparticles, based
on the activation of horse radish peroxidase (HRP) in
presence of fluorogenic substrate 10-Acetyl-3,7-dihydroxy-
phenoxazine (Ampliflu Red). Ampliflu Red solution was
prepared according to the manufacturer’s instructions as a
10 mM stock in DMSO. Standard 96-well plates were used to
load them with desired amounts of various TiO2 NC. The
samples were always prepared as 1 mg/mL stock solutions
in KPi buffer (50 mM KH2PO4, 50 mM K2HPO4, pH =
7.0). Four different volumes were investigated (0, 1, 50, and
100 μL). When the samples were in the wells (150 μL), the
plate was placed bellow the 4 W UV handheld lamp and
irradiated for 30 minutes at 366 and 254 nm. The distance
between the plate and the light source was 3 cm. Immediately
after irradiation, HRP was added (37.6 μL, 1.33 μM) followed
by addition of Ampliflu Red (10 μL, 0.9 mM). The plate
was mixed in a Synergy H1 Hybrid Multi-Mode Microplate
Reader for additional five minutes prior to the fluorescence
measurements (λex = 540 nm, λem = 585 nm).

2.6. Infrared Spectroscopy. FT-IR spectra of TiO2 powders
before and after ligand exchange procedures were measured.

2.7. Transmission Electron Microscopy (TEM). The TEM
samples were prepared by ultrasonic dispersion of the parti-
cle solution in toluene on a carbon support film (3 nm, TED
Pella Inc., California). TEM experiments were performed
using a Philips CM200FEG/ST microscope. Debye diffrac-
tion patterns were analyzed using the method described in
the literature [33]. The diffraction pattern of anatase and
rutile were simulated using the JEMS software package.

3. Results

3.1. Synthesis and Characterization of the TiO2 Nanorods.
The nanorods were prepared using a high temperature,
oleylamine-oleic acid protocol by Seo et al. [34] but intro-
ducing longer reactions time. We were interested in exploring
if the prolonged reaction time has an effect of the size
and the shape of the nanostructures obtained. Titanium
(IV) chloride (TiCl4) precursor was added to oleic acid and
oleylamine, refluxed at 270◦C and the morphology of pre-
pared nanostructures was checked in regular intervals. 3 nm
spherical TiO2 NPs were obtained after 30 minutes (data
not shown), but after additional reflux, only TiO2 nano-
rods were present in the suspension. Samples taken after 2.5,
4, 6, and 8 hours of reflux have been imaged by TEM and
it was observed that uniformly shaped NRs were obtained
(Figure 1).

Mean length and widths were determined by manually
measuring the dimensions of 100 rods in each sample and
the data are summarized in Table 1. It can be clearly seen
that 17 nm NRs are already formed after 2.5 hours and
there was no significant change in length or width after the
increased growth time or after the further addition of the
TiCl4 precursor.

These results are in slight contradiction with previously
reported work by Ge et al. [35] where prolonged refluxing
favored the formation of larger needle-like TiO2 particles.
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Figure 1: TEM images of TiO2 NR obtained by oleic acid-oleylamine high-temperature method after (a) 2.5, (b) 4, (c) 6, and (d) 8 hours of
reflux.

Table 1: Dimensions of produced TiO2 nanorods using oleylamine-
oleic acid protocol.

Heating period (hours) Mean length (nm) Mean width (nm)

2.5 17.0± 5.0 3.20± 1.2

4.0 17.0± 4.0 3.60± 0.6

6.0 17.0± 4.0 3.60± 0.6

8.0 16.0± 4.0 3.60± 0.6

However, it should be noted that we have used different
solvents (oleic acid oleylamine versus water) as well as differ-
ent titanium precursor (TiCl4 versus TiSO4), which resulted
in different kinetics of the crystal growth. The crystallinity
of the prepared NRs was confirmed by Debye diffraction
pattern and the obtained curves were in a good agreement
with the anatase form (SI, See Figure S1 in supplementary
material available online at doi:10.1155/2012/708519). Pre-
pared NRs were further characterized by UV-VIS, which
showed a broad peak centered around 270 nm (Figure 2(a)).

Previous studies reported that oleic acid is able to anchor
onto the surface of TiO2 [36], but it can be easily replaced
by the addition of strongly binding enediol ligands like
catechols [37]. Recently, we have described the synthesis of

different bifunctional dopamine (DA) based linkers, which,
on one side, bind strongly onto the TiO2 NP surface and,
on the other, contain additional functional groups that
enable further modification [38] and preparation of bio-
friendly, aqueous suspensions of nanoparticles. For the same
reasons, dopamine was used to modify the surface of the
nanorods and the successful binding was determined by UV-
Vis spectrometry and FT-IR spectroscopy. Catechol moieties
form a strong surface charge complex with TiO2 which
results in the immediate change of color upon the addition of
dopamine to TiO2 NRs. The broad absorption peak centered
around 370 nm results in excitation of an electron from the
valence to the conduction band [39].

FT-IR spectra shown in Figure 3 also confirm the success-
ful modification of TiO2 NR surface with dopamine ligand.
Above 2000 cm−1, TiO2 NR alone (Figure 3(b)) as well as
TiO2 NR + DA (Figure 3(c)) exhibit the intense antisymmet-
ric and symmetric C-H stretching vibrations (at 2920 and
2850 cm−1, resp.) of the -CH2- groups in the hydrocarbon
moiety [36]. The vibrational band of the primary amine
positioned around 3300 cm−1 is visible in the spectrum of
pure dopamine (Figure 3(a)) and also for the dopamine
modified NR at 3250 cm−1 (TiO2 NR + DA), which indicates
that dopamine is bound to the NR surface [40]. At around
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Figure 2: UV-Vis spectra of (a) TiO2 NR synthesized by varying the reaction times and (b) after the addition of DA to TiO2 NR (8 h).

Table 2: ζ potentials of the bare TiO2 NRs and dopamine-modified
NRs.

Heating period
(hours)

Zeta average (mV)
without dopamine

Zeta average (mV)
modified with

dopamine

2.5 13.1± 0.6 53.5± 0.8

4.0 −6.50± 0.1 47.7± 0.3

6.0 −22.5± 0.8 44.0± 1.0

8.0 −39.4± 0.5 38.7± 0.4

1012 cm−1, the deformation of C=CH can be observed in
pure DA and also for TiO2 NR + DA. Below 2000 cm−1, the
COO− antisymmetric and symmetric stretching vibrations
(characteristic band centered at 1454 cm−1) of carboxylate
anions [41] complexed with surface Ti centers dominate in
the spectra of the oleylamine and oleic acid capped TiO2

nanocrystals.
We have additionally characterized both unmodified and

modified TiO2 NR by measuring their ξ-potential both in
prior and following dopamine (DA) functionalization and
the results are summarized in Table 2.

The data show that there is a change of ξ-potential of the
nanorods upon the modification. More positive zeta poten-
tial confirms that the dopamine is bound through catechol
groups leaving positive amino group exposed on the surface.
Interestingly, the ξ-potential of different unmodified NR
becomes more negative with the time of reflux, which indi-
cates that the amount of negative charges increases. This is
probably due to the recombination of the TiO2 species and
corresponding Ti(IV) and O(II) centers on the crystal sur-
face during the crystal growth and ripening, resulting in the
change of the atom coordination [42]. The crystallinity of
anatase crystals increases with the reflux time [35] resulting

in the formation of basic pentacoordinated surface titanium
atom and more negative surface charges.

3.2. Radical Oxygen Species Production. When a semiconduc-
tor absorbs photons with an energy greater than its band
gap, electrons can be excited to the conduction band, thus
creating electron-hole pairs [43]. Those excited electrons
can be then recombined with the species close to the sur-
face and it has been shown that a number of radical spe-
cies can be produced in aqueous environment (Figure 4).
It has been shown previously that irradiation of CdS
quantum dots [32, 44] leads to the production of superoxide
and hydroxyl radicals, which can recombine into H2O2 in
aqueous solutions. Numerous enzymes are involved in H2O2

metabolic cycle both as a H2O2 generating or scavenging
agents and peroxide is an important molecular fuel for
triggering a range of oxidative reactions. In particular, heme
containing enzymes such as peroxidases or P450 utilize H2O2

as an activating species to enable oxidation of a range of
reactions. Not only they have important metabolic function
but also have an increased application in chemical catalysis
[45]. As some of the peroxidases have found applications in
biosensing and catalysis, there is a number of fluorogenic
substrates that can be used as peroxidase substrates and the
oxidation of which results in fluorescent products in presence
of H2O2 and the active enzyme [46].

It has been recently shown by Zhang et al. that there is
a relationship between the photocatalytic activity and the
surface phase [47]. The band gap of rutile was determined
to be around 3.06 eV and that of anatase 3.23 eV [48] which
means that UV light can be used to induce the charge separa-
tion and electron (e−)-hole (h+) pair generation in nanosized
structures [49]. Both can recombine with the species in
the proximity of the nanomaterials surface and, in aqueous
solution, lead to the production of superoxide (O2

−•) and
hydroxyl (OH•) ROS (Figure 4). These radical species can act
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Figure 3: IR (ATR) spectra of (a) pure dopamine, (b) unmodified TiO2 NR, and (c) TiO2 NR + DA.

alone as heme enzyme activators [44] or could recombine
into H2O2, which can be coordinated to the heme center
and induce the cascade of reactions. The nature or the ROS
species itself will be reported elsewhere as in this investiga-
tion we were interested in demonstrating that heme enzyme
can be activated upon TiO2 irradiation and the amount of
activating species quantified using enzymatic assay.

To achieve this, the nonfluorescent Ampliflu Red sub-
strate was used [50], which is oxidized by activated HRP into
fluorescent resorufin. Commonly, H2O2 needs to be added to
the enzyme solution to activate the heme center and enable
the substrate oxidation. However, this can be circumvented
by the addition of the semiconducting NPs, which act as light
triggered generators of the activating species.

3.2.1. Activation of HRP through Irradiation of TiO2 NPs.
Oxidation of Ampliflu Red in presence of irradiated TiO2

NPs and HRP is shown in Figure 5. To avoid any damage
of Ampliflu Red and HRP that might be induced upon pro-
longed UV irradiation, TiO2 NPs alone were first irradiated
with 366 nm for 30 minutes and both the enzyme and the
substrate subsequently added. It can be seen in Figure 5 that
only in case of the commercial TiO2 NP (TiO2 NPcomm),
significant fluorescence from the oxidized product can be
observed. Both TiO2 NPdeg and TiO2 NPole showed small
or no change. The reason for this lies in the size of the
NPs—both are, on average, smaller than 5 nm. Thus, the
band gap is larger [51] and requires more energy to produce
electron-hole pairs, which recombine with the surrounding

O2 and H2O molecules to generate radical species (UV-
Vis SI, Figure S3). For much bigger commercial TiO2 NPs
with average diameter of 20 nm, 366 nm light is energetic
enough to ensure the production of ROS species which can
activate the HRP and lead to the oxidation of the substrate.
More substrate is oxidized as more TiO2 NPs is irradiated,
indicating the increase of the activating species (Figure 5).

Control samples, where no NPs were added, showed no
significant fluorescence. When more energetic 254 nm light
source was used, increased fluorescence was observed for all
three types of NPs (SI, Figure S2a). However, interestingly,
in the case of TiO2 NPdeg, which are coated with diethylene
glycol, the fluorescence decreased with the increase of the
TiO2 NP concentration, indicating that there are some
other effects, which play an important role in this case. We
hypothesize that this is due to the degradation of ethylene
glycol species upon UV irradiation with degradation pro-
ducts acting as radical scavengers therefore limiting the
enzyme activation [52]. This effect is currently under investi-
gation although for in situ, temporal control of the enzyme
activation, the use of 254 nm irradiation is not desirable
as it can lead to a fast degradation processes and possible
deactivation of the biological molecules.

Next, dopamine coated NPs (NP + DA) were investigated
to probe the influence of the surface ligands onto the
ROS production. Dopamine is known to be an efficient
antioxidant and it has been shown that it protects neurocytes
from oxidative stress by scavenging free radicals [53]. The
ROS production of dopamine depends on the concentration,
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Figure 4: Generation of ROS under irradiation of semiconducting TiO2 NP in aqueous solution and the Ampliflu activity test for HRP
peroxidase.
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Figure 5: ROS production of three types of TiO2 NPs: (a) TiO2 NPcomm, and TiO2 NPdeg, TiO2 NPole using 366 nm light source; (b)
TiO2 NPcomm + DA, TiO2 NPdeg + DA, and TiO2 NPole + DA. Samples are background corrected; fluorescence of the sample kept in dark
is subtracted from the fluorescence of the irradiated sample.

it can act as an antioxidant at physiologically relevant con-
centrations and as prooxidant at high concentrations [54].
It has been demonstrated that the generation of superoxide
(O2

−) and H2O2 can be increased when high concentrations
of dopamine are used [55] and that the catechol and amine
groups are the main structural features responsible for the
antioxidant effect [56, 57]. Figure 5(b) shows that fluo-
rescence intensity further increases for TiO2 NPcomm des-
pite the dopamine quenching ability, and there is no fluore-
scence in case of smaller, less active TiO2. This result indicates
that there is an apparent synergistic effect of the dopamine
on the surface and NPs itself for highly active NPs probably
due to the effect of the size, the ligand nature, and the charge
transfer complex. The same effect was observed in case of the
254 nm light irradiation (SI, Figure S2b).

We have then explored the photo-activation of TiO2

NRs. The activation of the HRP was successful in all of the

cases although the efficiency and the fluorescence intensity
increased as the TiO2 NRs with longer reflux times were used
(Figure 6(a)).

The reason for this lies in the increased crystallinity of the
NRs with the reflux time. Prolonged time of crystal ripening
increases the crystallinity of the rods [42] and results in
less defects and higher ability to produce the ROS. The
concentration dependence was also observed as the amount
of the activated enzyme and the oxidized substrate increased
with the increase of TiO2 NRs concentration. We have also
functionalized TiO2 NRs with DA and compared its ROS
production to the bare NRs (Figure 6(b)).

In contrast to the bare NRs, DA functionalization has a
significant effect on the ROS production (Figure 6(b)). As
mentioned earlier, DA is an excellent radical quencher with
ability to scavenge ROS depending on the concentration. The
size of the nanoobjects investigated needs to be taken into
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Figure 6: ROS production of four types of TiO2 NRs: (a) bare (b) DA functionalized NRs (inset shows scale enlargement to show that there
is a small activity that can be observed). Samples are background corrected; fluorescence of the sample kept in dark is subtracted from the
fluorescence of the irradiated sample.

account—NRs have a larger surface available for dopamine
binding. Surface area is approximately 4 times larger than
that of investigated spheric NPs, which means that there is 4
times more DA that can act as an efficient dopamine scaven-
ger. We are currently exploring other classes of catechol
ligands and investigate this phenomenon.

3.2.2. Light-Induced Triggering of Peroxidase Activity Using
TiO2 NRs. As the light activation allows temporal and spatial
control over the protein activity, we were interested to see
if the HPR activity be switched on and off with the light
irradiation to allow us to have controlled turn on activity.
TiO2 NR (8 h) where mixed with HRP and Ampliflu Red in
the fluorescence quartz cuvette and the fluorescence of the
resorufin measured in situ upon the light irradiation. The
results in Figure 7 show that the activity of HRP can indeed
be switched on and off with light in presence of TiO2 NRs
throughout 20 minutes. Controls in which only TiO2 NR or
HRP were used showed no such effect. This indeed indicated
that such hybrid systems can be used for temporal (and
spatia, i.e., in TiO2 films) control of enzymatic activity, which
could have potential applications in catalysisi and biosensing.

At the beginning of the experiment, the increase of
fluorescence was observed when the light was switched on.
After the initial 5 minutes, the light was switched off and the
mixture kept in dark for 5 minutes during which there was
no further increase of fluorescence. Fluorescence increase
was restored again upon the subsequent irradiation proving
that the temporal control over the enzyme activity can be
achieved by addition of photoactive species.

4. Conclusion

Production of enzyme activating ROS species by irradiation
of different TiO2 nanospecies was investigated. Commer-
cially available and prepared TiO2 spheric nanoparticles were
compared to the crystalline TiO2 nanorods. As there is a
growing interest to use TiO2 in photodynamic, therapy, it
is crucial to understand the influence of the surface ligands
onto the ROS production. Therefore, dopamine modified
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TiO2 was studied showing that there are a significant differ-
ence between nanoparticles, which showed increased activity
and nanorods, where dopamine acts as a ROS scavenger.
This is an important finding, which renders dopamine unde-
sirable in functionalization of anatase nanorods of similar
dimensions, which are intended for use in ROS-related
reactions. Our ongoing work is directed towards synthesis
of other catechol based linkers and their effect on the
phototriggered production of ROS species to aid the future
design of powerful elements for photodynamic therapy.
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