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a b s t r a c t

Folic acid (FA) was coupled onto titanium dioxide nanoparticles to provide a specificity of cell targeting.
Modification was confirmed by infrared absorption spectra and zeta potential that suggested a formation
of linkage between carboxylic acid of FA and titanium dioxide. The surface attachment of folic acid did not
cause a significantly change in particles size, but led to a reduction of photocatalytic activity of TiO2. The
FA-modified TiO2 nanoparticles could be internalized by cells at a much faster rate than the unmodified
eywords:
olic acid
iO2

eLa cell
poptosis
ecrosis

TiO2, due to the mediation of folate receptor on the cancer cells. The UV irradiation caused death of HeLa
cells pretreated with FA-modified TiO2 more effectively than that of HeLa cells treated with unmodified
TiO2. Results suggest that to modify TiO2 with folic acid using appropriately the FA-to-TiO2 mass ratio
of 0.2 could yield nanoparticles having higher cytotoxicity under photoexcitation. Photocatalytic TiO2

nanoparticles could not only damage to cellular components including plasma membranes leading to
cell nucrosis but also induce the programming cell death. Results from flow cytometry-based analysis
indicated that the mechanism of cell death was a combination of necrosis and apoptosis.
. Introduction

The photocatalysis of titanium dioxide (TiO2) has been inves-
igated for decades since Fujishima and Honda published their
ndings in 1972 [1]. Upon UV radiation, TiO2 particles can generate
ctive free radicals (OH• and O2

−) that are responsible of decompos-
ng organics on the particle surface. Because of this photocatalytic
roperty, titanium dioxide has been widely used for decomposition
f organic pollutants [2–5]. In addition to the finding by Matsunaga
t al. that microbial cells can be killed by the photocatalysis of tita-
ium dioxide [6,7], numerous papers have been published on using
his semiconductor photocatalyst for disinfection and killing of bac-
eria, viruses, fungi, and even cancer cells [8,9]. Although the biocide
ctivity and induced cytotoxicity by photoexcited TiO2 particles is
ell reported, the mechanism underlying the cell-killing process

emains largely unknown. On the bactericidal activity, Maness et
l. proposed that TiO2 promotes peroxidation of the polyunsatu-
ated phospholipid component of the lipid membrane and induce a

ajor disorder in the Escherichia coli cell membrane, which subse-

uently results in the loss of cell viability [10]. Since TiO2 particles
re subject to uptake by cell via phagocytosis, cells are damaged also
rom the inside of cytoplasm [11]. In the present paper, we attempt
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to reveal the mechanism and cell-killing effect of photoexcited TiO2
nanoparticles modified with folic acid.

Folic acid (FA) has been used for drug targeting to cancer cells
since the folate receptor is significantly overexpressed on the sur-
face of human cancer cells [12,13]. The folate receptor-mediated
drug delivery is based on the conjugation of drug with folic acid,
which is internalized by folate receptor-mediated endocytosis. Fur-
thermore, the attachment of drug to folic acid does not normally
interferer with the binding of folate for its receptor. Folic acid has
been immobilized on superparamagnetic magnetite [14], polymer
nanoparticles [15], or incorporated to a dendrimer-based therapeu-
tic nanodevice [16] for tumor cell-selective targeting. In the present
study, folic acid was coupled on the surface of TiO2 for the selective
binding to cancer cells.

2. Experimental

2.1. Modification of TiO2 with folic acid

The TiO2 used in this study was Degussa P-25, obtained as
a gift from Degussa, Taiwan Branch. A specified amount of folic

acid (Sigma) was dissolved in 0.1 M sodium hydrogen carbonate
(NaHCO3) solution adjusted to pH 5.5 with HCl and NaOH. TiO2
nanoparticles were dispersed in deionized water to a concentration
of 0.1 g/ml by sonication for 10 min. The average particle diameter of
TiO2 prior to modification was estimated to be ca. 28 nm on the basis

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:chmwcl@ccu.edu.tw
dx.doi.org/10.1016/j.jphotochem.2009.03.009
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adsorption of folic acid, the appearance of bands due to asymmetric
and symmetric stretching vibrations of carboxylate salt (–COOM)
peaks (1512 cm−1 and 1440 cm−1) suggested a formation of linkage
between carboxylic acid of FA and titanium atom. The free car-
T.-Y. Lai, W.-C. Lee / Journal of Photochemistry

f TEM image. The hydrodynamic diameter for Degussa P-25 TiO2,
owever, was subject to change by the dose concentration in the
ulture medium as indicated in the literature [17]. The TiO2 disper-
ion then added slowly to a folic acid solution with a volume ratio of
:9, and the resultant mixture was stirred for reaction for one day.
he reaction mixture was finally dialyzed against 1 mM NaHCO3
olution for one day to remove unreacted folic acid, yielding folic
cid-modified TiO2 particles. It is noted that the whole process for
he preparation and preservation of modified TiO2 should be kept
n dark conditions.

The photocatalytic activity was characterized by the rate con-
tant for the degradation of methylene blue (Riedel-deHaën) [18].
he rate constant (k, s−1) was evaluated from the plot of ln(CA0/CA)
s. irradiation time (t), where CA0 and CA are the concentrations of
ethylene blue at the initial time and at time t, respectively. The

oncentration of methylene blue was determined by evaluating the
bsorbance at 664 nm.

The zeta potential of unmodified and folic acid-modified TiO2
as determined using Malvern Zetasizer-3000 and samples were
uffered with 1 mM NaCl and adjusted to different pH values with
aOH and HCl. For FT-IR analysis, the sample was mixed with KBr

1:10, w/w), pressed into a pellet and placed into the infrared spec-
rometer. Unmodified and folic acid-modified TiO2 nanoparticles
ere also characterized by transmission electron microscopy (TEM)

n Hitachi H600.

.2. Cellular uptake of unmodified and FA-modified TiO2

HeLa cells were cultured in the MEM medium contain-
ng non-essential amino acids solution, sodium pyruvate, and
enicillin/Fungizone/Streptomycin (all medium components were
btained from Sigma). Cells were seeded on a 35 mm dish
1 × 106/dish) for one day for cell adhesion. A dispersion of unmod-
fied or folic acid-modified TiO2 (200 �g/ml in MEM medium) was
hen applied to the HeLa cells for culture for 5 min, 30 min, 1 h, 2 h
r 6 h. The uptake of TiO2 by cells was characterized by using flow
ytometry to evaluate the intensity of side angle scatter (SSC). Chi-
ese hamster ovary (CHO) cells, as the control of non-folate receptor
xpression cells [19], were also cultured with TiO2 particles for
0 min and cellular uptake of TiO2 particles was estimated by the
ame method for comparison.

.3. Photokilling study

Cells were seeded onto a 24-well multiplate (8 × 104/well) for
ulture for one day. After washing with PBS buffer, cells were incu-
ated with a dispersion of TiO2 in MEM medium for 24 h or folic
cid-modified TiO2 for 30 min for cellular uptake. After a wash, cells
ere mixed with 0.5 ml PBS and irradiated with UV at a distance of
cm from the 100 W long-wave ultraviolet lamp (Blak-Ray model
100AP; UVP, Upland, CA) for 5 min, 15 min or 30 min. Cells were

hen subjected to viability assay.
The cell viability was determined by 3-(4,5-dimethylthiazol-2-

l)-2,5-diphenyl tetrazolium bromide (MTT) method, which was
ased on measuring the activity of living cells via mitochondrial
ehydrogenases. Cells were washed with PBS buffer and then incu-
ated with MTT (Sigma) solution (0.5 mg MTT/ml in PBS) at 37 ◦C for
h. After incubation, an aliquot of MTT solubilization solution (10%
riton X-100 plus 0.1 N HCl in anhydrous isopropanol) was added to
issolve the resulted formazan crystals. Afterward, the product was

uantified by measuring absorbance at 570 nm. The MTT stock solu-
ion (0.5 mg MTT/ml PBS) was stored at 4 ◦C in dark not longer than 2
eeks and filtered with a 0.22 �m filter prior to use. The cell survival
as defined as the ratio of the viability of treated cells and that of
on-treated control (neither TiO2 treatment nor UV illumination).
otobiology A: Chemistry 204 (2009) 148–153 149

Cells after incubation with TiO2 and UV illumination were char-
acterized by flow cytometry using Annexin-V-FITC and propidium
iodide (PI) labeling. The staining solution was prepared by mix-
ing 20 �l Annexin-V-FITC labeling reagent and 20 �l PI into 1 ml
Annexin V binding buffer (all from Strong Biotech Corp). Cells
released from 35 mm dish by using trypsin-EDTA were mixed with
3× MEM medium, centrifuged, and washed with PBS buffer. The cell
pallet was then suspended in 100 �l of the staining solution and the
resulting suspension was allowed for incubation for 10–15 min in
dark at the room temperature. Finally, the stained cell suspension
was added with 0.8 ml PBS buffer and subjected to flow cytometry
analysis.

3. Results

3.1. Modification of TiO2 with folic acid

Folic acid is a water-soluble vitamin B9 and has a pI value of
5.3. Since the pI value of TiO2 is ca. 6, the modification of folic acid
on TiO2 was then carried out at a pH between 5.3 and 6 in order
to enhance the interaction between folic acid and TiO2. The con-
jugation of folic acid and TiO2 was achieved simply by incubation
at pH 5.5 in dark conditions for 1 day. As expected, the zeta poten-
tial of TiO2 decreased with pH and its value switched from positive
to negative around pH 6, as shown in Fig. 1. When an FA-to-TiO2
mass ratio of 1 was used, the zeta potential curve for modified TiO2
particles shifted significantly to the left. Increasing the FA-to-TiO2
ratio to 5, the left shift of zeta potential curve was more severe.
If the FA-to-TiO2 ratio increased to 10.3, however, the curve was
not very different from that for the FA-to-TiO2 ratio of 5. These
results suggest that there was a saturation of functionality on TiO2
for complexion with folic acid.

Infrared absorption spectra of unmodified and folic acid-
modified TiO2 are shown in Fig. 2. The characteristic peak around
1637 cm−1 for TiO2, which is the characteristic peak for banding
vibration of water molecule adsorbed on TiO2, disappeared after
the modification with folic acid. Also, the stretching vibration of
OH groups of water molecules adsorbed on the unmodified TiO2
was observed. The water molecules adsorbed on the (1 1 1) face
of anatase TiO2 containing five coordinate Ti(IV) atoms charac-
terize an IR peak at ∼3200 cm−1 [20]. But this wide and strong
peak was smoothed out after coupling with folic acid. After the
Fig. 1. Zeta potential of unmodified (©) and modified titanium dioxide with folic
acid using FA-to-TiO2 ratios of 1 (�), 5 (�), and 10.3 (�).
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Fig. 2. FT-IR spectra of titanium dioxide (dashed curve) and FA-modifi

oxylic acid groups on FA characterized by a C O stretch between
680 cm−1 and 1725 cm−1 was also observed.

Fig. 3 displays TEM images of unmodified and folic acid-modified
iO2. These pictures indicate that all the TiO2 particles were in the
ano-sized range. When the FA-to-TiO2 mass ratio was 0.5, particle
ize was not changed by the folic acid modification. The average
article size remained at ca. 30 nm. When the FA-to-TiO2 ratio

ncreased to 5, however, the particle size increased very slightly
nd most importantly particles became slightly foggy due to the
resence of folic acid.

The photocatalytic activity was significantly changed by the
odification of folic acid. Methylene blue solution was used for

he determination of TiO2 activities before and after the cou-
ling of folic acid. Based on first 300 s data, the rate constants
ere calculated to be 0.0073 s−1, 0.0044 s−1 and 0.002 s−1 for

olic acid-modified TiO2 with FA-to-TiO2 ratios of 0.2, 0.5 and 1,
espectively. In comparison with unmodified TiO2 having a rate
onstant (k) of 0.0104 s−1, the conjugation of folic acid led to
he decrease of photocatalytic activity of TiO2. The binding of
olic acid apparently obstructed the access of methylene blue to
iO2.

.2. Uptake of TiO2 by HeLa and CHO cells

A recent report suggested that the uptake of TiO2 nanoparticles
y cells could be quantitatively measured by using flow cyto-
etric light scatter [21]. The intensity of the side-scattered light

SSC) increased with the amount of particles taken up by the cells.
ig. 4 shows side angle scatter histograms for cells incubated with
nmodified and FA-modified TiO2. The SSC intensity was mini-
um when cells were not treated with any nanoparticles as the

ontrol. The change of SSC became significant after the cells were
reated with TiO2 nanoparticles for 30 min. The longer the period
or treatment, the larger the SSC intensity due to the increasing
ptake of TiO2 nanoparticles by cells. Like the unmodified TiO2,
olic acid-modified TiO2 nanoparticles could also be internalized
y cells but at a much higher uptake rate. A 30 min treatment of
A–TiO2 nanoparticles could lead to a saturation of cellular uptake.
longer treatment time (1 or 2 h) could not further increase the cel-
ular uptake of FA–TiO2 nanoparticles, as shown in Fig. 4. However,
hen CHO cells were treated with unmodified and FA-modified

iO2 nanoparticles for 30 min, there was no big differences between
he amounts of these two kinds of nanoparticles internalized into
ells.
anium dioxide (solid curve), prepared by using a FA-to-TiO2 ratio of 1.

3.3. Treating HeLa cells with photoexcited TiO2 modified with
folic acid

Unmodified TiO2 particles were first tested for cytotoxicity on
HeLa cells. The cytotoxicity of unmodified TiO2 particles (without
UVA irradiation) was determined by exposing cells to various con-
centrations of TiO2 in MEM medium for 24 h. Results indicate that
there was no significant loss of cell survival if the incubated concen-
tration of TiO2 was 150 �g/ml or below. As the TiO2 concentration
increased to 200 �g/ml, the survival fraction of the cells remained
at ca. 90% (n = 4). These results confirmed that nonirradiated TiO2
nanoparticles were not toxic to HeLa cells.

Fig. 5 shows the cell death due to the TiO2-induced damage by
exposure to UVA radiation. When cells were exposed to UVA in
the absence of TiO2, 5 min illumination led to a decrease in cell
survival to 78%. The cell viability decreased further to 70% and
37% when the UVA radiation time was extended to 15 min and
30 min, respectively. If the HeLa cells were pre-incubated with TiO2
(200 �g/ml in MEM medium) for 30 min and then exposed to UVA
illumination, cell survival decreased severely with UV-exposure
time for every cases. As shown in Fig. 5, modified TiO2 particles
prepared using an FA-to-TiO2 ratio of 0.2 could cause worse dam-
age to cells than other modified and unmodified TiO2 particles.
However, the higher the ratio of FA-to-TiO2 the lower the pho-
tokilling effect when the modified particles were prepared with an
FA-to-TiO2 ratio greater than 0.2. Folic acid-modified TiO2 with the
FA-to-TiO2 ratio less than one could cause cell death more effec-
tively than the unmodified TiO2. For a 30 min exposure to UVA,
those modified TiO2 nanoparticles led cell survivals below 15%.
When the modified particles prepared with an FA-to-TiO2 ratio
of 5, the cell killing effect was lower than the use of unmodified
TiO2.

3.4. Mechanism of cell killing

HeLa cells after pre-incubation with modified TiO2 particles (FA-
to-TiO2 ratio = 0.2) and exposure to UVA for 5 min were cultured in
the CO2 incubator for 6 h, 12 h, or 24 h, and then examined for cell-
death mechanisms using flow cytometric method. Cells that were

considered viable were both FITC Annexin V and PI negative while
cells that were in early apoptosis were FITC Annexin V positive and
PI negative. Cells that stained positive for both FITC Annexin V and
PI were considered necrotic. Results as shown in Fig. 6 revealed
that about 60% of dead cells were attributed to apoptosis and 40%
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Fig. 4. Uptake of unmodified and folic acid-modified TiO2 by HeLa (a) and CHO cells
(b). HeLa cells were untreated (1), treated with unmodified TiO2 for 30 min (2) or
6 h (4), or treated with FA–TiO2 for 5 min (3) or 30 min and longer (1 h and 2 h) (5);
CHO cells were untreated (6), treated with FA-TiO2 (7) or unmodified TiO2 (8) for
30 min. The FA–TiO2 particles were prepared by using an FA-to-TiO2 ratio of one.
ig. 3. TEM images of TiO2 particles before (a) and after modification with FA using
A-to-TiO2 ratios of 0.5 (b) and 5 (c).

f dead cells were caused by necrosis. The post-photokilling cul-
ivation could reduce the numbers of both apoptotic and necrotic
ells due to the recovery of some damaged cells. The rate of cell
eath caused by apoptosis decreased from 30% at 6 h to 20% at 24 h
fter photokilling; while the death rate by necrosis was 18% and
6%, respectively, for 6 h and 24 h of post-photokilling cultivation.

he recovery of damaged cells from apoptosis was found to be more
onspicuous. Among these dead cells, the faction of apoptotic cells
ecreased from 0.61 to 0.54 when the post-photokilling cultivation
ime increased from 6 h to 24 h.

Fig. 5. Influence of folic acid modification on the photocatalytic killing of TiO2

nanoparticles. HeLa cells were untreated, or treated with FA–TiO2 or unmodified
TiO2 for 30 min before illumination with UVA radiation for different time periods
(upper panel) and specifically for 15 min (lower panel). Data shown are the mean
value ± SEM of at least three experiments.
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Fig. 6. Fractions of cell death caused by apoptosis (open) and necrosis (filled), deter-
mined by flow cytometry-based analysis. HeLa cells that had been treated with
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branes leading to cell nucrosis but also induce the programming
cell death. Titanium dioxide photocatalyst can produce reactive
A–TiO2 (prepared with an FA-to-TiO2 ratio of 0.2) for 30 min and illuminated with
VA for 5 min were cultured for 6 h, 12 h and 24 h before the flow cytometry analysis.

. Discussion

The possibility of attaching a wide variety of biomolecules
o TiO2 nanoparticles without the loss of photocatalytic activity
nables their use in biological and biomedical applications. Nano-
caled TiO2 have been tried for the carrier of DNA delivery via the
tructure of TiO2-dopamine-DNA nanocomposites [22]. In addition
o dopamine, previous studies suggest that surface modification
f cycteine [23], Vitamin C [24], ascorbic acid [25], salicylic acid
26], and a variety of bidentate ligands [20] was promising. The
resent study revealed that folic acid was able to form a stable link-
ge to photocatalytic TiO2. As suggested by the IR spectra (Fig. 2),
he conjugation was believed to occur by the interaction of car-
oxylate group of folic acid and OH group on the TiO2. Since each
olic acid molecule contains two carboxylate groups, there might
e some free carboxylate groups on bound folic acid molecules that
esulted in negatively charged properties of the FA-modified TiO2,
s revealed by Fig. 1.

This kind of linkage between folic acid and TiO2 nanparti-
les was different from the coupling of folic acid onto other
anoparticels by a covalent manner. Magnetite nanoparticles
ere chemically modified with (3-aminopropyl)-trimethozysilane

o introduce amino groups on their surface; the resultant
mino group-containing nanoparticles were then covalently con-
ugated with folic acid by the activation of N-hydroxysuccinimide
nd 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide using tri-
thylamine as the catalyst [14]. The amino-modified �-Fe2O3
anoparticles could also react to folic acid to form a covalent linkage

n the presence of 1-hydroxy-1H-benzotriazole, benzotriazol-
-yloxy)tripyrrolidinophosphonium hexafluorophosphate and N-
thyl-N-(1-methylethyl)-2-propanamine [27]. Folic acid could be
odified to containing SH or N-hydroxysuccinimide group before

orming a conjugate with protein or particle via covalent linkage
28]. In comparison with these approaches, the chemistry of surface

odification on TiO2 nanoparticles was much simpler.
The surface attachment of folic acid did not cause a significantly

hange in particles size, as shown by SEM images (Fig. 3). These
esults suggest that the modification was in the molecular level.
olic acid modification, however, led to a reduction of photocat-
lytic activity of TiO2. Based on the rate constant for the degradation
f methyl blue, the photocatalytic activity of FA-modified TiO2 with
A-to-TiO2 ratios of 0.2, 0.5 and 1 dropped respectively to 70%, 42%
nd 19% of that of unmodified TiO . This suggests that the pres-
2
nce of folic acid on TiO2 can shield the degradable substrate from
ontact with photoexcited TiO2 nanoparticles and a low FA-to-TiO2
ass ratio is more suitable for biological application.
otobiology A: Chemistry 204 (2009) 148–153

Although no TEM image was taken to show the distribution of
the TiO2 particles in cancer cells, results from the flow cytomet-
ric assay (Fig. 4) indicated that FA-modified TiO2 could easily be
incorporated to cells by endocytosis (phagocytosis). Most particles
might be on the surface of cell membrane for the 5 min incubation.
When the incubation time was extended to 30 mim, the endocyto-
sis mediated by the folate receptor became significant. Once TiO2
particles were cellular internalized, previous report showed that
TiO2 nanoparticles could be incorporated into the cytoplasm [21].
Using a flow cytometer, the amount of particles incorporated to the
cells could be quantitatively characterized by the intensity of the
side-scattered light (SSC). The exact amount of uptake into cells,
however, remained unknown. In comparison with the cells treated
with TiO2 nanoparticles, HeLa cells treated with folic acid-modified
TiO2 nanoparticles for 30 min could possess a markedly high inten-
sity of SSC, suggesting that modification of FA could boost uptake
of nanoparticles by cancer cells.

The cell specifity of folic acid-modified TiO2 nanoparticles was
evident. Both unmodified and FA-modified TiO2 nanoparticles
were internalized equally well into CHO cells. On the contrary,
modification of folic acid significalty promote the uptake of TiO2
nanoparticles by HeLa cells, on which the folate receptors are over-
expressed [29]. Results suggest that the folic acid modified TiO2 is
partically useful for the cancer therapy since most of the cancer
cells are rich of folic acid receptor on their surface.

Several in vitro studies revealed that TiO2 nanoparticles were
non-toxic but have photocatalytic activity [11,30,31]. As shown in
this work, without UV irradiation the surviving fraction of the HeLa
cells treated with TiO2 up to 200 �g/ml was not less than 90%. When
the TiO2-treated cells were exposed to the radiation of UVA, how-
ever, the cell survival rate was decreased dramatically as shown in
Fig. 5. The survival rate for HeLa cells pretreated with unmodified
TiO2 decreased to 64%, 49% and 19% as the exposure time was 5,
15, and 30 min, respectively. This trends of survival decreasing with
exposure time is similar to those in previous reports used a 500W
UVA lamp to illuminate HeLa cells pretreated with unmodified TiO2
[11,32]. The modification of folic acid on TiO2 with a FA-to-TiO2 ratio
less than one could cause significantly worse cell damage under
UV irradiation. The enhancement of cytotoxicity was due to the
higher amount of TiO2 uptake by cells via the recognition of FA
to cell surface. By the specificity of FA and receptor on HeLa cells,
modified TiO2 nanoparticles were internalized much more quickly
in comparison with unmodified TiO2 (Fig. 4). However, the higher
the amount of folic acid attached on TiO2 (higher FA-to-TiO2 ratio),
the smaller the photocatalytic activity since the presence of folic
acid could shield the illumination of UV light. As shown in Fig. 5,
under UV illumination for 15 min, the survival of cells treated with
FA-modified TiO2 (the FA-to-TiO2 ratio was 0.2) decreased to 25%,
which was much lower than that (49%) of cells pretreated with
unmodified TiO2. As the FA-to-TiO2 ratio increased to 0.5 and 1,
the survival rate increased to 30% and 35%, respectively. However,
if the modified TiO2 nanoparticles prepared with a FA-to-TiO2 ratio
of 5 was used to treat HeLa cells, the survival was even higher than
the treatment of unmodified TiO2. These results suggest that a low
FA-to-TiO2 ratio was appropriate for the modification of TiO2 and
could lead to higher cytoxicity.

After FA-modified and unmodified TiO2 were absorbed by cells,
either in the interior of cells or on the cell surface, UV radi-
ation induced the photocatalytic acitivty of TiO2 nanoparticles
and caused cell death. Photocatalytic TiO2 nanoparticles could
not only damage to cellular components including plasma mem-
oxygen species such as hydroxyl radical, superoxide anion, and
hydrogen peroxide under UV illumination. These reactive oxygen
species led to the degradation of multiple cellular components
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ncluding lipid membranes and eventually caused the cell death by
ecrosis, a nonspecific process resulting in cell lysis. In the killing
rocess by photoexcited TiO2, membrane blebbing, DNA fragmen-
ation, DNA laddering, and increasing membrane permeability have
een observed [9,30,33]. Some of these were considered to be the
haracteristics of apoptosis [30]. Previous studies suggested that
he intracellular reactive oxygen species could induce apoptosis
f neural cells. For example, apoptosis has been associated with
ncreased generation of reactive oxygen species by direct exposure
f PC12 cells to oxidative stress such as hydrogen peroxide and
ipid hydroperoxide, which triggered apoptotic nuclear condensa-
ion and DNA fragmentation in normal PC12 cells [34,35]. Reactive
xygen species have been shown as downstream modulators of
53-dependent apoptosis [36]. Experimental results from the flow
ytometry-based analysis, as shown in the present study, suggest
hat the cell death was most likely contributed by both necrosis and
poptosis.
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