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Abstract Although caffeine is well-known as an antioxidant
and a psychoactive stimulant, its antioxidative properties and
biological activities under various conditions are still largely
unknown. The same can be said about caffeine’s isomer,
isocaffeine, whose properties have been even less investigated.
Furthermore, much remains unknown about the potential bio-
logical effects and anticancer properties of the oxidative prod-
ucts of caffeine and isocaffeine that can be formed in solutions
under different conditions. Here, the oxidations of caffeine and
isocaffeine in the presence of TiO2 nanoparticles under ultravi-
olet (UV) irradiation are studied in different solvents [distilled
water (dH2O), phosphate-buffered saline (PBS), and ethanol]
using ultraviolet-visible spectroscopy, 1H NMR spectroscopy,

and electrospray ionization mass spectrometry. When exposed
to colloidal TiO2 nanoparticles and UV light, both caffeine and
isocaffeine undergo oxidations in PBS and dH2O. Moreover,
in both cases the rates of their oxidations are much higher in
PBS than in dH2O. However, neither caffeine nor isocaffeine
undergoes catalytic oxidations in ethanol under otherwise sim-
ilar conditions. Compared with caffeine and isocaffeine, their
oxidized products exhibit higher cytotoxicity and genotoxicity
towards ovarian cancer cells. On the other hand, caffeine and its
oxidized species show higher cyto- and geno-toxicity than
isocaffeine and its oxidized products, respectively. This latter
result clearly indicates that the simple structural difference by
one methyl group in the xanthine backbone of these molecules
causes these two molecules to exhibit distinct antioxidative
properties and unique biological activities.
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1 Introduction

Caffeine, which is also chemically known as 1,3,7-
trimethylxanthine (Scheme 1), is a purine-based alkaloid that
exhibits a diverse range of biological activities. For example,
while caffeine can function as a psychoactive stimulant to the
central nervous system in mammals [1], it can also induce
severe mitochondrial dysfunction, and sometimes cell death
by increasing the concentration of cellular cyclic AMPs and
flooding the cytoplasm with Ca2+ ions [2–7]. Moreover, caf-
feine can sabotage DNA repair processes by promoting the
degradation of nucleotides [8], and this effect can be exploited
or combinedwith many other DNA-targeting anticancer drugs
for enhancing the therapeutic effects of the latter [9, 10]. Other
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recent studies showed that caffeine can play an important role
in minimizing the risks of some types of cancer and cardio-
vascular diseases by serving as an effective scavenger of
reactive oxygen species (ROS), such as singlet oxygen and
hydroxyl (•OH) radicals [11–13]. This property of caffeine has
actually recently generated a lot of interest among the scien-
tific community as well as ordinary people, particularly in the
context of effects of caffeinated drinks in the fight against
cancers [14]. Despite some of these known properties of
caffeine, our fundamental understanding of the antioxidant
properties of caffeine is still in its infancy and requires further
intensive studies, especially to unravel the interplay between
its chemical structure and antioxidative properties as well as
so-caused biological activities.

Similarly, little or even less is known about the antioxida-
tive properties and the oxidation metabolites of isocaffeine—
the 9-substituted isomer of caffeine, chemically known as
1,3,9-trimethylxanthine (Scheme 1). Moreover, there is little
information available about its bioactivity (e.g., possible
toxicity) [15] and none about the nature of its oxidation
products, especially those formed with the aid of photoactive
colloidal nanoparticles, and their corresponding biological
activities.

Previous reports revealed that caffeine and isocaffeine un-
dergo different oxidation processes in aqueous solutions as
depicted in Scheme 1 [16, 17]. Generally, as stated earlier,
caffeine tends to undergo oxidation by scavenging •OH rad-
icals and then forming its corresponding radical intermediates
while leaving its purine ring intact [16, 17]. On the other hand,
isocaffeine tends to undergo oxidation through different routes
and via ring-opening reactions, affording ring-opened inter-
mediates and products [18–20]. By taking these pieces of
information into consideration, we hypothesized that, in the
presence of photoactive or photocatalytic nanomaterials such
as TiO2 nanoparticles, caffeine and isocaffeine could undergo
more accelerated oxidation processes compared with their
oxidation under normal conditions or in the absence of such

nanoparticles. More importantly, we hypothesized that the
photoactive nanoparticles-induced oxidation products of caf-
feine and isocaffeine could exhibit different biological activ-
ities when comparedwith each other as well as their respective
parent compounds before oxidation (i.e., caffeine and
isocaffeine).

We herein investigated the oxidation reactions of caffeine
and isocaffeine in the presence of photoactive colloidal
nanoparticles and ultraviolet (UV) irradiation in different sol-
vents [distilled water (dH2O), phosphate-buffered saline (PBS),
and ethanol]. Our results indicated that the two compounds
went through distinct oxidation processes under these condi-
tions. The rates of their oxidations upon exposure to UV
irradiation and photo-activated colloidal TiO2 nanoparticles
were found to rely on the types of solvents used: The fastest
catalytic oxidation was obtained in PBS, while no oxidation
occurred in ethanol. Both caffeine and isocaffeine and their
oxidized products also showed different biological activities,
as observed from their distinct cytotoxicity and genotoxicity
towards ovarian cancer cells. Notably, compared with their
unoxidized counterparts, the oxidized products of caffeine or
isocaffeine obtained through TiO2 nanoparticle-photocatalyzed
oxidation processes showed higher toxicity towards A2780
ovarian cancer cells.

2 Materials and Methods

2.1 Materials and Instrumentation

Caffeine, dimethyl sulfoxide and ethyl methanesulfonate
(EMS) were obtained from Sigma-Aldrich. Isocaffeine was
obtained from Santa Cruz Biotechnology. Cell counting kit-8
was purchased from Dojindo Laboratory. P25 TiO2 nanopar-
ticles were obtained from Evonik/Degussa. Ultraviolet–visi-
ble (UV-vis) spectra were measured with a Lambda 850 UV-
Vis-NIR spectrometer (PerkinElmer). Solution proton nuclear

Scheme 1 Caffeine and
isocaffeine undergo different
oxidation processes when
catalyzed by free radicals in
solutions [18–20]. These
processes can be expected to
accelerate, or at least change, on
the surfaces of photocatalytically
active nanostructured colloidal
particles, such as TiO2; this was
used as the hypothesis behind our
present study

28 BioNanoSci. (2014) 4:27–36



magnetic resonance spectra (1H NMR) were acquired using
400 and 500 MHz Varian VNMRS spectrometers, and the
spectra were recorded in parts per million (ppm) using D2O (at
4.79 ppm) as an internal standard. The electrospray ionization
mass spectrometry (ESI-MS) spectra were obtained with a
Finnigan LCQ-DUO mass spectrometer equipped with
Xcalibur software.

2.2 Photocatalytic Oxidation of Caffeine and Isocaffeine

First, different concentrations of caffeine and isocaffeine (0–
150 μM) were freshly prepared in water, PBS, and ethanol,
respectively, and their absorption spectra were immediately
recorded from 800 to 190 nm wavelength. Using the results,
standard or calibration plots of absorbance versus concentra-
tion for both caffeine and isocaffeine were obtained. Then, a
series of experiments were performed to determine the oxida-
tions of 100 μM caffeine and isocaffeine in three different
solvents (dH2O, PBS, and ethanol) with or without UV irra-
diation (125 W high-pressure mercury lamp with light inten-
sity 90 mW/cm2) and with or without nanostructured TiO2

particles (0.5 mg/mL, P25). Some of these experiments were
conducted to serve as control experiments. The mercury lamp
we used here is widely employed as UV light source for
similar experiments, and it can give off different wavelengths
of ultraviolet light with wavelengths of 254, 303, 334, 365,
and 366 nm in its emission spectrum. As these wavelengths of
light match with the band gap of P25 TiO2 nanoparticles, they
can be absorbed by P25 TiO2 nanoparticles and enable the
nanoparticles to serve as photocatalyst for oxidation reactions.
Quantitative information about the extent of oxidation was
obtained by collecting samples from the mixtures at different
time intervals and then separating the supernatants via centri-
fugation and measuring their UV-vis absorbance spectra.

2.3 Preparation of Oxidized Caffeine and Isocaffeine
by Lyophilization

To prepare oxidized caffeiene and isocaffeine solutions,
200 μM caffeine (or isocaffeine) was irradiated by UV
light in the presence of 0.5 mg/mL P25 TiO2 nanoparticles
for different time periods. After 3 and 6 h, 200 μL of the
solution was taken and centrifuged, and the UV-vis spectra
of the supernatants were recorded to obtain the percentage
of caffeine or isocaffeine left unoxidized in the solutions.
The photocatalytically oxidized caffeine or isocaffeine so-
lutions after 6 h of UV irradiation were then centrifuged
to remove P25 TiO2 nanoparticles. The supernatants were
separated, frozen at −20 °C for overnight, and lyophilized
to remove the solvents. The lyophilized powder containing
oxidized caffeine or isocaffeine products were redissolved
in dH2O to give a solution with a concentration that
corresponds to 25 mM unoxidized caffeine or isocaffeine.

2.4 Cytotoxicity Assessment

For cytotoxicity tests, 100 μL/well cell-free medium or cell
suspension was distributed into a 96-well plate, with a row of
six wells under identical conditions for statistical purposes
(i.e., n=6). A2780 cells were seeded at the density of 6,000
cells per well overnight. Caffeine, isocaffeine, their individu-
ally oxidized product, or the supernatant obtained after cen-
trifugation of the suspension of the TiO2 nanoparticles (a
control sample) was then added into the cell media until the
final concentration reached 5 mM corresponding to oxidized
caffeine or isocaffeine (or a concentration equivalent to 5 mM
of their unoxidized parent compounds). For a positive control
experiment, 20 μM cisplatin was used. After incubating the
cells at 37 °C with 5 % CO2 for 24 h, 10 μLWST-8 reagent
from a cell-counting kit was added into each well to measure
cell viability.

2.5 Genotoxicity Assessment

The genotoxicity of caffeine, isocaffeine, and their oxidized
products was determined by following a previously reported
protocol [21, 22]. First, A2780 cells were seeded in six-well
plate with 10,000 cells per well for 24 h. Then, ethyl
methanesulfonate, caffeine, isocaffeine, and the oxidized
products of caffeine and isocaffeine were incubated with the
cells at 37 °C with 5 % CO2 for 3 h. After this time, the
medium was replaced with a fresh culture solution and incu-
bation of the cells continued for 21 more hours. The ethyl
methanesulfonate, which possesses a well-known
genotoxicity to cells, was used as positive control, whereas
fresh medium was employed as a negative control. At the end
of 24 h, all the cells were washed with PBS and fixed with
cold anhydrous methanol for 5 min. After removing the meth-
anol, the nuclei in the cells were stained with 4′,6-diamidino-
2-phenylindole for 8 min. Finally, the solution was discarded
and the cells were washed three times with PBS containing
0.05 % Tween 20. The PBS was used here not only to wash
the samples but also to keep them moist enough so that the
cells could be visualized with a fluorescence microscope and
their micronuclei could be counted.

3 Results and Discussion

We investigated the photocatalytic oxidation caffeine and
isocaffeine in presence of P25 TiO2 nanoparticles (Degussa/
Evonik), which are composed of 75 % anatase and 25% rutile
(see Supplementary Materials and Fig. S1 for more details)
[23, 24]. P25 TiO2 was chosen because it has been widely
shown to have excellent photocatalytic activity, in addition to
being biocompatible, inexpensive, and stable under many
different experimental conditions [25, 26]. When irradiated
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with a high-pressure mercury light, colloidal P25 TiO2 nano-
particles can readily absorb ultraviolet light and generate
electron–hole pairs (also called excitons or charge carriers).
These charge carriers can then react with the solvent mole-
cules or other molecules in the solution, leading to reductive
and oxidative processes, respectively. The photo-oxidative
catalytic reactions, in particular, take place when the holes in
the valence band of the P25 TiO2 nanoparticles react with the
molecules in solution (often solvent molecules), and subse-
quently generate free radicals that can oxidize substances like
caffeine or isocaffeine.

In our experiments, first, different concentrations of caf-
feine and isocaffeine (0–150 μM) were freshly prepared in
distilled water (dH2O), PBS, and ethanol, respectively, and
their UV-vis spectra were scanned between 800 and 190 nm.
The results are shown in Figs. S1–S3 and Table S1. Only the
spectra in dH2O are described in detail below as the spectral
patterns and absorption maxima of caffeine and isocaffeine in
ethanol and PBS remain fairly similar to their corresponding
spectra in dH2O, except their peak intensities change differ-
ently as a function of time in the three cases.

In almost all the spectra of caffeine in dH2O, two prom-
inent absorbance peaks, at ∼205 and ∼273 nm, were ob-
served. In addition, a shoulder in the wavelength region of
225–240 nm was evident in the spectra. However, a small
red shift in the absorbance peaks, particularly the one at
∼205 nm, was seen when the concentration of caffeine was
increased. The red shift was more obvious especially for the
caffeine solutions prepared in PBS and ethanol. This red shift
can be attributed to the thermodynamically-driven self-
assembly or π–π* stacking of caffeine molecules when they
are in relatively higher concentration in solution [17, 27, 28].
Because of this slight red shift in the absorbance maxima of
caffeine, we adopted an integrated absorbance of the band, i.e.,
the sum of intensities under a number of wavelengths, instead
of the intensity of a single peak in the spectrum to probe the
changes in caffeine concentration. The inset in Fig. S1A shows
the graphs of summed intensities for the band in the ranges of
205–210 nm (solid squares), 225–235 nm (solid triangles),
and 270–275 nm (empty squares) as a function of concen-
tration of caffeine. The integrated intensities in each case
gave linear graphs with positive slopes with respect to the
concentration of caffeine except in the ranges of 205–
210 nm, in which case the peaks were beyond the maximum
absorbance values of the instrument and thus unmeasurable.
For the band in the range of 225–235 nm and 270–275 nm
(solid triangles and empty squares, respectively), the integrat-
ed intensities also increased as the concentration of caffeine
increased. Graphs of sum of intensities for each individual
band vs. concentration of caffeine were made and the curves
were fitted into a linear function passing through zero. The
results obtained after curve fitting were compiled in
Table S1.

Compared with the UV-vis spectra of caffeine, those of
isocaffeine in dH2O displayed some differences. First, where-
as the spectra of caffeine exhibited an absorbance shoulder in
the region of 225–240 nm, the spectra of isocaffeine showed a
weak peak in the region of 235–240 nm. Here, also, the
intensities from 235 to 240 nm, rather than a single peak’s
intensity, were summed up, and the summed intensity in the
band (S235–240) vs. concentration of isocaffeine was then fitted
into a linear function. The results of the linear fit are compiled
in Table S1. Second, the longer wavelength band in the spectra
of isocaffeine appeared at a lower wavelength of ∼268 nm (cf.
the corresponding longer wavelength band for caffeine ap-
peared at ∼273 nm). The sum of intensities in the range
between 265 and 270 nm was plotted as a function of con-
centration of isocaffeine, and the graph was then linearly
curve-fitted (dashed line). The results are also compiled in
Table S1. Furthermore, although the short wavelength band of
isocaffeine in dH2O appeared in a similar position in the range
of ∼200–294 nm as that of caffeine, its absorption maximum
generally appeared at a smaller wavelength than that of caf-
feine. For example, 60 μM of caffeine showed peaks at 206
and 273 nm, while 60 μM of isocaffeine gave absorbance
maxima at 204 and 268 nm. This difference can be attributed
to the minor structural difference in the relative positions of
the methyl groups in the two molecules. Specifically, com-
pared with the methyl (–CH3) groups in caffeine, the ones in
isocaffeine, particularly the one in the xanthine moiety, lead to
more resonance effects that contribute to more participation of
C=N groups in the electronic structure of isocaffeine mole-
cules [29]. This, in turn, results in the stabilization of
isocaffeine molecules in their ground states. Thus, when ex-
cited, the augmented energy gap in the isocaffeine molecule
drives a hypsochromic (red) shift in their absorption spectra
[29]. The observed red shift in the absorbance maxima of the
band in ∼205–210 nm region with the increase of concentra-
tion can be due to the mutually vertical stacking of the planar
rings of isocaffeine molecules in the same way as those of
caffeine, as discussed above. Graphs of the summed intensi-
ties vs. the concentration of isocaffeine graphs were fitted into
linear functions, and the results obtained from the curve fitting
are compiled in Table S1.

All these differences in the properties between caffeine
and isocaffeine underline how the structural variations, or
more specifically the spatial position of –CH3 group in the
xanthine skeleton of the two molecules, can significantly
affect the physicochemical properties of these bioactive
molecules.

Next, a series of experiments involving oxidations of
100 μM caffeine and isocaffeine with or without UV irradia-
tion (90 mW/cm2) and with or without P25 TiO2 nanoparticles
(0.5 mg/mL) in the three different solvents was conducted. To
monitor the progress of reactions, samples were taken from
the solutions in different time intervals and centrifuged, and
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the respective supernatants were then carefully separated and
measured by UV-vis spectroscopy. The results and the absorp-
tion profiles are depicted in Fig. 1 (as no significant absor-
bance from 350 to 800 nm was observed in all the cases, only
those between 190 and 350 nm are displayed). Generally, it
was found that the oxidations of caffeine and isocaffeine
occurred only in the cases where P25 TiO2 nanoparticles were
present in the solution and the solution was exposed to the UV
irradiation. Moreover, the rates of oxidation of both com-
pounds were found to be highly dependent on the type of
solvent used for making the solution, as discussed in detail
below. These results clearly suggest that caffeine and
isocaffeine are susceptible to P25 TiO2-assisted photocatalytic
oxidation, and their oxidative processes are heavily dependent
on the solvents present in the solution.

In dH2O, P25 TiO2 nanoparticles and UV irradiation
caused both caffeine and isocaffeine to undergo quick oxida-
tions as confirmed by the changes occurring in their absorp-
tion spectra (Fig. 1). Caffeine showed significant decrease in
the absorbance of its two peaks at ∼205 and ∼273 nm upon
exposure to P25 TiO2 and UV light for 3 h (Fig. 1a). Specif-
ically, its band at shorter wavelength became only 39.0 % as
big as its original band, while its band at higher wavelength
almost completely disappeared. In the case of isocaffeine in
dH2O, after 3 h of UV irradiation in presence of P25 TiO2,
isocaffeine’s two characteristic UV-vis absorbance peaks at
∼235 and ∼268 nm were barely visible, whereas its primary
peak at ∼205 nm decreased to 49.8 % of its original intensity
(Fig. 1b). It is worth noting that the wavelength of the primary
peak at ∼205 nm in both cases also slightly blue-shifted after
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Fig. 1 UV-vis spectra of caffeine
or isocaffeine under different
conditions. One hundred
micromolars caffeine or
isocaffeine was dissolved in
different solvents (a, b are in
dH2O; c, d are in PBS; e, f are in
ethanol), and the solution was
mixed with 0.5 mg/mL P25 TiO2

nanoparticles with magnetic
stirring. While the solutions were
exposed to UV irradiation,
samples were taken at different
time intervals as indicated, and
measured by UV-vis
spectroscopy
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the photo-oxidation reactions. This is most likely due to
the decrease in concentration, and thereby attenuated
π–π* stacking, of the caffeine or isocaffeine molecules
[16, 17].

In PBS, similar oxidation features as those in dH2O were
observed for both caffeine and isocaffeine. However, the rates
of oxidation of both caffeine and isocaffeine in the presence of
P25 TiO2 nanoparticles under UVirradiation were much faster
in PBS than those in dH2O (Fig. 1c, d). Upon UVexposure for
100 min, the intensity of the primary peaks of caffeine and
isocaffeine at ∼205 nm dropped to 39.3 and 50.0 %, respec-
tively, of the intensity of the original peaks while the peak at a
higher wavelength completely disappeared. In contrast, both
caffeine and isocaffeine in ethanol underwent barely any
change during the 3-h exposure to P25 TiO2/UV irradiation,
with their absorbance peaks remaining almost unchanged
(Fig. 1e, f). Please note that the slight fluctuation in intensity
(a little higher than the original intensity) of the UV-vis
absorbance bands in both cases could be due to the slight
evaporation of ethanol by the heat generated due to UV
irradiation and the concomitant gradual increase in the con-
centration of the solutions.

Hydroxyl (•OH) radicals are often suggested to be the pri-
mary oxidant critically responsible for typical photocatalytic
reactions catalyzed by nanostructured TiO2 under UV irradia-
tion. Thus, the fact that both caffeine and isocaffeine underwent
faster oxidations in PBS than in dH2O, but none in ethanol, is
most likely to do with how readily •OH radicals form and/or
remain stable in each case. In aqueous solutions (particularly in
PBS), the facile formation of •OH radicals [30, 31] could make
the oxidation of caffeine or isocaffeine quite feasible. However,
in the protic organic solvent like ethanol, such •OH radicals
either do not form or could get quickly quenched by the large
amount solvent molecules before they have the chance to react
with the caffeine or isocaffeine molecules.

Further information about the presence and identity of
oxidized products of caffeine and isocaffeine, after being
treated with P25 TiO2 nanoparticles under UV irradiation,
was obtained using 1H NMR spectroscopy or probing the 1H
chemical shifts associated with the reactants and products in
1H NMR spectra. For example, the 1H NMR spectra of
10 mM of pure caffeine and isocaffeine in D2O (Figs. S5
and S6) showed chemical shifts at 7.90, 3.95, 3.52, and
3.34 ppm and at 7.65, 4.01, 3.97, and 3.37 ppm, respectively.
After the respective solutions underwent oxidations, catalyzed
by P25 TiO2 nanoparticles under UV irradiation, the aliphatic
region of the spectra changed or became quite complex
(Figs. S7–S10), suggesting the presence of many oxidized
species in both cases. In the case of caffeine, a singlet peak
at 8.46 ppm, which corresponds to pyridinic proton in the
tautomer of 1,3,7-trimethyluric acid, was occasionally ob-
served. This peak was not consistently observed because of
the highly exchangeable nature of this proton in D2O and the

very low concentration of the product(s) in the NMR tubes.
Further study using electrospray ionization mass spectrometry
(ESI-MS) indicated the presence of 1,3,7-trimethyluric acid,
along with other possible oxidized products in photocatalyzed
caffeine solutions (Fig. S11 and Table S2). The ESI-MS study
also confirmed the presence of many types of oxidized
isocaffeine products in the P25 TiO2 photo-oxidized
isocaffeine solution (Fig. S12 and Table S2).

To test the biological activities of the nanostructured TiO2/
UV light-assisted photo-oxidized caffeine and isocaffeine
species towards cancer cells, we performed cytotoxicity and
genotoxicity experiments (Fig. 2). For these tests, we

Fig. 2 aCell viability of A2780 ovarian cancer cells and bThe number of
micronuclei per 1,000 cells under different conditions, as indicated on X-
axes: when the cells were (1) untreated; or after the cells were treated with
(2) caffeine (5 mM), (3) isocaffeine (5 mM), (4) oxidized caffeine (5 mM),
and (5) oxidized isocaffeine (5 mM); and (6) cisplatin (20 μM) in a or (7)
ethylmethanesulfonate (400μg/mL) in b. Mean±SD are shown (n=6 for a;
n=3 for b), p<0.05 in all the treated cells compared with the untreated ones
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purposely chose A2780 ovarian cancer cells because there
was precedence that caffeine intake could reduce the risk of
ovarian cancers [32]. Before the tests though, appropriate
samples were prepared as follows. First, 200 μM caffeine
(or isocaffeine) was mixed with 0.5 mg/mL P25 TiO2. The
solution was then irradiated with UV light for 6 h under
stirring to induce the photocatalytic oxidations of caffeine
(or isocaffeine). This was followed by centrifugation to re-
move the nanoparticles and lyophilization to concentrate the
supernatant. The resultant lyophilized/powdered materials
were redissolved in dH2O to make high concentration stock
solutions, as described below. For control experiments, the
same lyophilization procedure was adopted to afford two other
samples: (1) a solution containing 200 μM caffeine (or
isocaffeine) (i.e., with no nanoparticles) and (2) the superna-
tant obtained after centrifugation of 0.5 mg/mL P25 TiO2 after
6-h UV exposure. It is worth noting here that in our experi-
ment, the oxidized products were used immediately after
lyophilization, or kept at 4 °C to maintain their stability until
further use. NMR spectroscopy showed that the oxidized
products before and after lyophilization (after being
redissolved in the same solvent) have no significant differ-
ence. The lyophilized samples in duplicate NMR tests also
showed no difference. In other words, the oxidized products
were fairly stable after lyophilization. The lyophilized samples
were redissolved in dH2O to make stock solutions

corresponding to the 25 mM unoxidized caffeine (or
isocaffeine). These different solutions were then incubated
with A2780 ovarian carcinoma cells with a final concentration
corresponding to 5 mM unoxidized caffeine (or isocaffeine)
for 24 h. The dosage of the oxidized products used for the cell
treatment was normalized according to the corresponding/
equivalent concentration of the original compounds before
oxidation. For example, 5 mM oxidized caffeine here repre-
sents the oxidized products obtained from 5 mM caffeine.

The cytotoxicity results are shown in Fig. 2a. The results
indicate that whereas untreated cells remained 100±4.9 %
viable, those treated with 5 mM caffeine or isocaffeine gave
48.5±3.0 % and 64.2±3.8 % cell viability, respectively
(please note that for caffeine-induced apoptotic cell death in
a mouse epidermal cell line, IC50 was reported to be 2.7 mM
[33]). In contrast, cells treated with 20μMcisplatin had 80.3±
4.7 % viability (please note that the IC50 of cisplatin for
ovarian cancer cells is generally in the order of μM) [34, 35].

The viability of the cells treated with oxidized caffeine
significantly dropped, reaching only 1.3±0.3 % (cf. the via-
bility of the cells treated with caffeine is much higher or 48.5±
3.0 %) (Fig. 2a). In parallel, the viability of the cells treated
with oxidized isocaffeine dropped to 27.6±5.4 % (lower than
that of isocaffeine-treated cells), but the value still remained
much higher than the viability of the cells treated with oxi-
dized caffeine. This result clearly reveals that the oxidized

(a) (b)

(c) (d)

Fig. 3 Representative
fluorescence microscopy images
of A2780 cells incubated with
media only (a, b) or ethyl
methanesulfonate (c, d) for 3 h.
The arrows indicate the typical
formation of micronuclei. a, c
Fluorescent images stained by
4′,6-diamidino-2-phenylindole
(DAPI) and b, d bright-field
images
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caffeine and isocaffeine species exhibit a more severe cyto-
toxicity to ovarian A2780 cells than their parent compounds.
Moreover, the result indicates that the oxidized products ob-
tained from caffeine induce higher cytotoxicity than those
obtained from isocaffeine. It is worth noting here that the
control experiment involving the supernatant collected from
the suspension of TiO2 under UV light irradiation for 6 h was
not toxic to cells on its own as it gave cell viability of 116±
7.3 %. This result thus rules out the possibility that the ROS
possibly forming in the UV-exposed P25 TiO2 solution might

have directly caused the substantial cytotoxicity exhibited by
P25 TiO2 photo-oxidized caffeine or isocaffeine solutions.

By following a previously reported protocol [21, 22],
genotoxicity tests were then performed by examining the
formation, and if so, the number of micronuclei in the cells
after treatment with caffeine, isocaffeine or their correspond-
ing oxidative products generated with the aid of P25 TiO2/UV
light. Generally, micronucleus is produced when a chromo-
some or a segment of a chromosome does not merge with one
of the daughter nuclei during cell mitosis, resembling a

(a) Caffeine

(h) Oxidized Isocaffeine(g) Oxidized Isocaffeine

(f) Isocaffeine(e) Isocaffeine

(d) Oxidized Caffeine(c) Oxidized Caffeine

(b) Caffeine
Fig. 4 Genotoxicity results and
fluorescent images of A2780 cell
after incubating with different
samples: a, c, e, and g bright field
and b, d, f, and h fluorescence
field images
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miniature nucleus in its shape [21, 22]. OnceDNAwas stained
by fluorescent dyes, microscopic observation can be adopted
to differentiate the micronucleus from normal cell nucleus
based on their obvious size difference (Figs. 3 and 4). As a
control, EMS was added to demonstrate the significant
genotoxicity in A2780 cells. The genotoxicity was then deter-
mined by counting the number of micronuclei per 1000 cells
(‰). The results are shown in Fig. 2b. After 3-h incubation, the
micronuclei formed in untreated cells reached 56±5‰, where-
as cells treated with 5 mM caffeine or isocaffeine showed a
higher number of micronuclei, i.e., 91±5‰ or 82±7‰, respec-
tively. In contrast, the photocatalytically oxidized caffeine or
isocaffeine at an original concentration of 5 mM resulted in 112
±6‰ or 85±4‰ micronuclei, respectively. The experiments
were also repeated after longer incubation times; however, the
higher cell death under this condition made quantification of the
micronuclei formed or determination of their number difficult,
as the measurement requires removal of apoptotic cells prior to
sample preparation or DNA staining.

4 Conclusions

In summary, we investigated the photocatalytic oxidation prop-
erties of caffeine and isocaffeine in the presence of nanostruc-
tured TiO2 particles and UV irradiation in different aqueous or
organic solvents, including dH2O, PBS, and ethanol. While
both caffeine and isocaffeine underwent faster oxidations in
PBS and slower oxidations in dH2O in the presence of TiO2

nanoparticles and under exposure to UV irradiation, they both
did not undergo any catalytic oxidation in ethanol under other-
wise similar conditions. The resulting oxidized products of
caffeine or isocaffeine were shown to have higher cytotoxicity
as well as genotoxicity on A2780 ovarian cancer cells than their
unoxidized counterparts. It is also worth noting that caffeine or
oxidized caffeine products weremore cyto- and geno-toxic than
their isocaffeine counterparts.
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