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The Fe-N co-doped TiO2 nanocomposites were synthesized by a sol-gel method and characterized by scanning electron microscope
(SEM), transmission electron microscope (TEM), X-ray diffraction (XRD), ultraviolet-visible absorption spectroscopy (UV-vis)
and X-ray photoelectron spectroscopy (XPS). Then the photocatalytic inactivation of Fe-N-doped TiO2 on leukemia tumors was
investigated by using Cell Counting Kit-8 (CCK-8) assay. Additionally, the ultrastructural morphology and apoptotic percentage of
treated cells were also studied. The experimental results showed that the growth of leukemic HL60 cells was significantly inhibited
in groups treated with TiO2 nanoparticles and the photocatalytic activity of Fe-N-TiO2 was significantly higher than that of
Fe-TiO2 and N-TiO2, indicating that the photocatalytic efficiency could be effectively enhanced by the modification of Fe-N.
Furthermore, when 2 wt% Fe-N-TiO2 nanocomposites at a final concentration of 200 μg/mL were used, the inactivation efficiency
of 78.5% was achieved after 30-minute light therapy.

1. Introduction

Titanium dioxide (TiO2) as photocatalyst has been widely
used for industrial and medical applications due to its useful
physical and biological properties in the last two decades,
such as disposal of wastewater, decontamination of air pol-
lutants, and sterilization of bacteria [1–4]. It has been well
known that photoinduced electrons and holes could be
generated on the TiO2 surface under exposure to ultraviolet
(UV) light [5, 6]. These excited electrons and holes have
strong reduction and oxidation activities and could further
react with hydroxyl ions or water resulting in the formation
of various reactive oxygen species (ROS) which have been
proved to significantly damage cancer cells [7–9].

Recently, with the rapid development of nanotechnology,
research involving use of TiO2 nanoparticle in biomedical
fields has also drawn attention [10, 11]. TiO2 for photother-
apy of cancer cells has been noticed [12–15]. Therefore, TiO2

nanoparticle in this case is regarded as a potential anticancer
drug or photosensitizer for photodynamic therapy (PDT) to
improve the traditional photodynamic effect. However, TiO2

was only excited by UVlight due to its wide band gap (ap-
proximately 3.2 eV). Additionally, the photogenerated holes
are easy to recombine with the photoinduced electrons,
which greatly reduce the photocatalytic efficiency of TiO2

nanoparticles and hinder its practical applications [16–19].
Fortunately, it has been demonstrated that the visible light
absorption and photocatalytic activity of TiO2 can be ef-
fectively improved by the method of metal or nonmetal el-
ements doping [20–24]. We aim to enhance the photocat-
alytic inactivation efficiency of TiO2 on tumor cells by the
modification of Fe-N.

In the present work, Fe-N-doped TiO2 nanocomposites
were used as a “photosensitizer” of PDT for tumor treatment
in vitro. Up to our knowledge, there are still no previous
reports on the study of photocatalytic inactivation effects of
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Fe-N-doped TiO2 on leukemia HL60 cells. The aims of the
present study were focused on the possible use of co-doped
TiO2 as an anticancer agent in the presence of visible light
and its potential therapeutic effect on leukemia-tumor-based
PDT.

2. Materials and Methods

2.1. Chemicals and Apparatus. HL60 cells were kindly pro-
vided by the Department of Medicine of Sun Yat-Sen Uni-
versity. Fluo-3 AM was purchased from Sigma (USA). Cell
Counting Kit-8 (CCK-8) assays were purchased from
Dojindo (Japan). RPMI medium 1640 was obtained from
Gibco BRL (USA). All chemicals used were of the highest
purity commercially available. The stock solutions of the
compounds were prepared in serum-free medium immedi-
ately before using in experiments.

These apparatuses, including ZEISS Ultra-55 scanning
electron microscope (Carl Zeiss, Germany), JEM-2100HR
transmission electron microscope (JEOL, Japan), BRUKER
D8 ADVANCE X-ray powder diffractometer (XRD) (Bruker,
Germany), U-3010 UV-visible spectrophotometer (Hitachi,
Japan), AXIS Ultra X-ray photoelectron spectroscopy (XPS)
(Kratos, UK), the Countess Automated Cell Counter (Invit-
rogen, USA), a photodiode (Hitachi, Japan), Model 680
Microplate Reader (Bio-Rad, USA), HH.CP-TW80 CO2

incubator, and PDT reaction chamber, were used.

2.2. Preparation of Fe-N Co-Doped TiO2 Nanocomposites
Solutions. The 2 wt% Fe-N-TiO2 nanocomposites were syn-
thesized using sol-gel method [25, 26]. Firstly, 19 mL of tetra-
butyl titanate (55.6 mmol) and 0.32 g Fe(NO3)2 (0.4 mmol
was dissolved in 60 mL of anhydrous ethanol at room tem-
perature to prepare solution A. Meanwhile, the appropriate
amount of hydroxylamine hydrochloride was mixed with
2 mL of doubly distilled water and 16 mL of anhydrous
ethanol to prepare solution B. Afterwards, solution A was
slowly added to solution B at a rate of 2 mL per minute
under vigorous stirring within 10 min. The solution was sub-
sequently stirred for further 30–60 min. The prepared TiO2

gels after washing with deionized water were dried at 120◦C
for 12 h. The 2 wt% Fe-N co-doped TiO2 nanocomposites
were obtained after calcination at 400◦C for 2 h and finally
grinded for 15 min. Additionally, the pure TiO2, 2 wt% Fe-
TiO2, and 2 wt% N-TiO2 were prepared through a similar
procedure.

The prepared samples were encapsulated in four bottles,
respectively, and then placed in YX-280B-type pressure
steam sterilizer to sterilize for 30 minutes. Finally, an appro-
priate amount of culture medium was added to fully dissolve
the nanoparticles. All solutions were filtered through a
0.22 μm membrane filter and stored in the dark at 4◦C before
being used in the experiments.

2.3. Cell Culture. Human leukemia HL60 cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) in a humidified incubator with 5% CO2 at
37◦C. The cell concentration was measured using a countess

automated cell counter and adjusted to the required final
concentration. Cells viability before treatment was always
over 95%.

2.4. Cell Viability Assay. The immediate cytotoxicity of the
HL60 cells after treatment was assessed using the trypan blue
exclusion test. The viable/dead cells were counted using a
countess automated cell counter. Viability for the samples
were further evaluated by Cell Counting Kit-8 assays (CCK-
8 assay). Cell suspension (200 μL) was seeded onto 96-well
plate and incubated with 20 μL CCK-8 solution at 37◦C in
a humidified 5% CO2 atmosphere. After 4 h incubation, the
absorbance (OD values) at 490 nm was determined using the
Model 680 Microplate Reader. The percentage of viability
was determined by comparison with untreated cells.

2.5. Statistical Analysis. Data are presented as means ±
SD (standard deviation) from at least three independent
experiments. Statistical analysis was then performed using
the statistical software SPSS11.5, and values of P < 0.05 were
considered statistically significant.

3. Results and Discussion

3.1. Characterization of Fe-N-TiO2 Nanocomposites

3.1.1. SEM and TEM Studies. The morphology and particle
size of the pure TiO2 and Fe-N co-doped TiO2 nanocom-
posites were observed with a scanning electron microscope.
TEM analysis was also performed using a JEM-2100HR
microscope to obtain further information and support SEM
results.

The morphologies of pure TiO2and Fe-N-TiO2 prepared
by sol-gel method at 400◦C are shown in Figure 1. It can be
seen that the average size of pure TiO2 particles is significant-
ly larger than that of Fe-N-TiO2 (Figures 1(a) and 1(b)). It
appears that the Fe-N-TiO2 particles are spherical or square
shaped with a primary particle size of from 18 to 20 nm.

Figures 1(c) and 1(d) display the TEM images of con-
trolled TiO2 and Fe-N-doped TiO2. As shown in Figure 1(d),
the particle size of most of Fe-N-doped TiO2 samples is
approximately 19.0 nm, which is basically consistent with the
SEM observation. Furthermore, with careful observation we
can find that there are some fuscous points on the doped
sample surfaces; maybe this can be explained by the fact that
Fe and N have been successfully incorporated into the lattice
of TiO2 structure.

3.1.2. X-Ray Diffraction. XRD was used to further investigate
the crystalline structural properties of the Fe-N-doped TiO2,
and the XRD patterns of TiO2, 2wt% Fe-TiO2, 2wt%N-TiO2,
2wt%Fe-N-TiO2 are presented in Figure 2.

Figure 2 shows that the four synthesized samples have
the highest diffraction peak in (101) crystal plane (2θ =
25.3◦), and the other diffraction peaks are consistent with
crystalline phases of (004), (200), (105), (211), and (204).
Thus, the doped TiO2 nanocomposites obtained by the sol-
gel method have primarily the anatase phase. Additionally,
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Figure 1: The SEM and TEM images of TiO2 particles. (a) and (c): pure TiO2; (b) and (d): 2 wt% Fe-N-TiO2.
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Figure 2: The XRD patterns of pure and doped TiO2 calcined at
400◦C.

compared to the undoped TiO2, there are no indications
of peaks corresponding to Fe or N observed; the reason
may be attributed to the amount of Fe and N being little
and well dispersed in the TiO2 surface. Furthermore, the
average crystallite sizes of the samples were roughly estimated
using Scherer’s equation [27], and the obtained sizes are

approximately 21.5 nm, 20.7 nm, 21.0 nm, and 19.3 nm for
pure TiO2, Fe-doped TiO2, N-doped TiO2, and Fe-N-doped
TiO2, respectively. As can be seen from the values, the
crystallite sizes of Fe-N-doped TiO2 are smaller than those
of others, indicating that Fe-N-doped TiO2 nanocomposites
are highly crystallized which is in good accordance with the
results of the TEM shown in Figure 1.

3.1.3. UV-Vis Spectroscopy. The Fe-N-TiO2 nanocomposites
have been also identified with UV-vis adsorption spectra.
As is shown in Figure 3, the spectrum obtained from the
controlled TiO2 has a sharp absorption edge at 393 nm due
to its intrinsic band gap showing that absorption only in
the ultraviolet light region (less than 400 nm). However, the
absorption thresholds of the doped TiO2 are slightly shifted
towards the visible region of the spectrum. These results
demonstrate that the absorption for the doped TiO2 in the
visible light region is significantly enhanced compared with
that of pure TiO2. Additionally, as can be seen in Figure 3,
the onset of absorption edge of Fe-N-doped TiO2 is extended
from 393 nm to visible range 425 nm, indicating that the
visible light absorption of TiO2 nanoparticles has been ef-
fectively enhanced by the incorporation of Fe and N, which
in turn may considerably increase the photocatalytic activity
of TiO2 under visible light irradiation.

In order to reach a high photocatalytic inactivation
efficiency, a built lamp with many high-power light-emitting
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Figure 3: The UV-vis absorption spectra of TiO2 with different
doping. Inset is the normalized emission spectra of the blue LEDs.
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Figure 4: The XPS spectra of 2 wt% Fe-N-TiO2 nanocomposites
calcined at 400◦C.

diodes (LEDs), emitting light in the visible-light region (390–
425 nm) with a peak at 410.25 nm, was used as light sources.
The light density at the position of the sample was 5 mW/cm2

as measured with a photodiode. As shown in the inset,
the blue LEDs can better meet the needs of the following
experiments.

3.1.4. XPS Analysis. To determine whether the implemen-
tation of Fe-N co-doping is successful, the surface of Fe-
N-TiO2 nanocomposites has been investigated using XPS
analysis. As it can be observed from Figure 4, the signal
for Fe with a weaker peak at 710.5 eV was observed, and
the binding energies in the range 710–712 eV were assigned
to Fe2p3/2 of Fe3+ cation. The results indicate that the
presence of Fe is in the form of Fe3+ by replacing Ti4+ in
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Figure 5: The influence of Fe-N-TiO2 concentrations on the rela-
tive viability of HL60 cells. Data are presented as the means ± SD
from five independent measurements. ∗P values are less than 0.05
as compared with untreated control cells.

the doped photocatalyst, which may cause a change in the
charge distribution of the atoms on the photocatalyst surface
and resulting in enhancing the photocatalytic activity. We
can also find the characteristic peak at 399.7 eV which is
corresponding to N1s. It has been clearly determined that
the Fe and N have already been incorporated into Fe-N-TiO2

nanocomposites. Additionally, the concentrations of Fe and
N, determined by XPS, of the Fe-N-TiO2 are 0.91 wt% and
0.97 wt%, respectively, which is basically consistent with the
theoretical expectation.

3.2. Cytotoxicity of TiO2 Nanoparticles or Doped TiO2 Nano-
composites on Leukemia Tumor Cells. It is well known that
the photosensitive drugs used for cancer treatment not only
have high photocatalytic inactivation capability under light
irradiation, but also have no toxicity in the dark. Therefore,
it is very important to investigate the cytotoxicity of TiO2

nanocomposites without light treatment. The toxicity of Fe-
N-TiO2 was measured by exposing HL60 cells in the medium
containing various concentrations of Fe-N-TiO2 (0 μg/mL,
50 μg/mL, 100 μgl/mL, 150 μg/mL, 200 μg/mL, 300 μg/mL,
500 μgl/mL, 1000 μg/mL) for 48 hours in dark, respectively.
The obtained OD values of HL60 cells at different concen-
trations were normalized by the OD values of control group
(the final concentration of nanoparticles was 0 μg/mL). The
relative viability of HL60 cells is presented in Figure 5.

As shown in Figure 5, the relative viabilities of the groups
in the presence of TiO2 or doped TiO2 are obviously lower
than those of the control group (0 μg/mL) under the same
conditions, indicating that TiO2 or doped TiO2 has a certain
degree of inhibitory or toxic effects on the proliferation of
HL60 cells. Moreover, the inhibition effect of Fe-N-TiO2

nanocomposites on HL60 cells is much more obvious than
that of the other three TiO2.
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Figure 6: The effect of light irradiation on cell viability at an
intensity of 5.0 mW/cm2 for 30 minutes in the presence of TiO2

or doped TiO2. Each data point represents mean ± SD (n = 3).
∗P < 0.05.

Figure 5 also shows that with the increasing concentra-
tion of nanoparticles, the viability of HL60 cells is decreased
gradually. At a concentration of 1000 μg/mL, the four relative
viabilities of HL60 cells for TiO2, Fe-TiO2, N-TiO2, and Fe-
N-TiO2 have decreased to 77%, 73%, 71.5%, and 67.3%,
respectively. However, when the concentrations of TiO2

nanoparticles or doped-TiO2 nanocomposites were in the
range from 0 to 200 μg/mL, the survival rates of HL60
cells were always greater than 90%. In this case, the TiO2

nanoparticles and doped TiO2 nanocomposites could be
considered as nontoxic materials for cancer cells in the dark,
which is in agreement with the suggestions reported in ref-
erences [28, 29].

3.3. Photocatalytic Inactivation Effect of Fe-N-TiO2 Nanocom-
posites on Leukemia Tumor Cells. The HL60 cells were inoc-
ulated into two 96-well plates marked with A or B. The cell
suspensions of plate A were exposed to light after incubating
for 24 hours and then preincubated for another 24 hours
in the dark. The HL60 cells in plate B were incubated for
48 hours in the incubator without light treatment. The final
concentration of TiO2or doped TiO2 used was 200 μg/mL.
The photocatalytic effect of Fe-N-TiO2 nanocomposites on
leukemic HL60 cells was evaluated by measuring OD values.
The cell viability was calculated as follows:

cell viability (%) =
(

ODtreated

ODuntreated

)
· 100%, (1)

where the ODtreated and ODuntreated are the mean absorption
values at 490 nm for the treated and untreated samples, re-
spectively. The obtained results are summarized in Figure 6.

As can be observed in Figure 6, when the cells were
treated with TiO2 alone or with light irradiation alone, cell
viability was basically unchanged as compared to untreated

ones. However, treating cells with the combination of TiO2

and light exposure resulted in significant decrease in cell
viability compared with the control ones. It can also be found
that the viability of HL60 cells in the presence of doped TiO2

is significantly lower than that of TiO2 after light treatment.
These results reveal that the modification of Fe or N can
greatly enhance the photocatalytic inactivation effect of
TiO2. Additionally, the Fe-N-doped TiO2 nanocomposites
present a higher efficiency in photokilling HL60 cancer cells
compared with that of Fe-TiO2 or N-TiO2 under the same
conditions. When 200 μg/mL Fe-N-TiO2 (2 wt%) nanocom-
posites were used, the inactivation efficiency of HL60 cells
can be increased to 78.5% after a 30-minute irradiation.

3.4. Ultrastructural Morphology of the Treated Cells. After
light treatment (PDT), the treated cells were fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for
1 h. They were then washed three times thoroughly with
triple-distilled water before being freeze-dried using K750
turbo freeze drier. The samples were coated with platinum
using automatic high-vacuum coating system (Quorum
Q150T ES) before observing with a ZEISS Ultra-55 scanning
electron microscope.

The ultrastructural morphology of the HL60 cells
exposed to light at an intensity of 5.0 mW/cm2 for 30 minutes
in the presence Fe-N-TiO2 nanocomposites is shown in
Figure 7. Untreated control cells show numerous microvilli
on their membrane surface (Figure 7(a)), whereas the cells
exposed to light in the presence of Fe-N-TiO2 nanocom-
posites display a markedly reduced number of microvilli
compared with control cells (Figure 7(b)). The treated cells
were seriously damaged with apparent deformation; some
papillous protuberances are observed on the surface of cells
where the cytoplasm seemed to have extruded through the
membrane boundary.

3.5. Apoptosis Detection Based on the Induction of Fe-N-
TiO2 Nanocomposites. To determine whether the observed
reduced cell viability is related to apoptotic cell death,
we investigated apoptotic cells after 24 h treatment by the
number and the sizes of dead cells obtained from the cell
counter in combination with the nondestructive testing
methods [30].

The obtained data are shown in Figure 8; no significant
difference in the number of apoptotic cells was observed with
light treatment alone and Fe-N-TiO2 alone compared with
control untreated cells. The percentage of apoptotic cells after
light therapy at an intensity of 5.0 W/cm2 for 30 minutes in
the presence of Fe-N-TiO2 was 7.3 times greater than that
of control untreated cells. The results revealed that reduced
cell viability was the result of apoptotic induction, which are
in agreement with recent publications reporting that TiO2

nanoparticles induce death by apoptosis in different types of
cells [31, 32].

3.6. Alteration of Ca2+ in HL60 Cells during Light Treat-
ment. The treated cells were incubated with Fluo-3-AM at
a concentration of 500 μmol/L for 30 min. They were then
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(a) (b)

Figure 7: The ultrastructural morphology of the cultured HL60 cells before and after light therapy. (a) The control cells. (b) The treated
cells.
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Figure 8: Change of percentage of apoptotic cells after light therapy
at an intensity of 5.0 mW/cm2 for 30 minutes in the presence of Fe-
N-TiO2. Each data point represents mean ± SD (n = 3). ∗P < 0.05.

washed three times with PBS before being detected using
fluorescence spectrometer. The change of Ca2+ in HL60 cells
during light treatment is presented in Figure 9.

It is now well established that cell apoptosis is executed by
the family of caspases, and the activation of Ca2+contributes
to the morphological and functional changes associated with
apoptosis [33, 34]. As can be observed from Figure 9, Ca2+

concentration in cells rapidly increased at the beginning
of 10-minute and reached the maximum after 30-minute
light treatment in the presence of Fe-N-TiO2. It also can be
found that there were no significant changes in Ca2+ con-
centration during the time from 10 minutes to 60 minutes.
Moreover, according to our previous studies, the most
efficient inactivation of Fe-N-TiO2 nanocomposites on HL60
cells is located at the time of 30 minutes, which suggests that
the increased concentration of Ca2+ promotes cell apoptosis
through activation of apoptosis signaling pathways, to a
certain extent.
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Figure 9: Alteration of Ca2+ in HL60 cells with Fe-N-TiO2 nano-
composites during light therapy. Each data point represents mean±
SD (n = 3). ∗P < 0.05.

3.7. Mechanism of Photocatalysis in Fe-N-TiO2 Nanocompos-
ites. The photocatalytic mechanisms of Fe-N-TiO2 nano-
composites are initiated by the absorption of the photon hv4

with energy lower than the band gap of TiO2 (3.2 eV for
the anatase phase), and photoinduced electrons and holes
could be produced on the surface of TiO2 as schematized
in Scheme 1. An electron is promoted to the conduction
band (CB) while a positive hole is formed in the valence
band (VB). Excited-state electrons can reduce the dissolved
O2 to produce the superoxide anion O−. Meanwhile, the
photo-generated holes in the valence band can further react
with water to generate powerful hydroxyl radicals (OH•)
and other oxidative radicals, which are playing an important
role in destroying the membrane and component of tumor
cells [35, 36]. Additional benefit of the dispersion of Fe-N
is the improved trapping of electrons to inhibit electron-
hole recombination during irradiation, as suggested in [37–
39]. Decrease of charge carriers recombination results in
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Scheme 1: Schematic representation of the mechanism of photocatalytic titanium dioxide particles (TiO2: hv1,Fe-TiO2: hv2, N-TiO2: hv3,
Fe-N-TiO2: hv4).

significantly enhanced photocatalytic activity of TiO2 nano-
particles.

4. Conclusion

In this paper, Fe-N-TiO2 nanocomposite has been success-
fully synthesized by sol-gel method and for the first time
used as a new “photosensitizer” in photodynamic therapy
for cancer cell treatment. Then they were characterized by
scanning electron microscope (SEM), transmission electron
microscope (TEM), X-ray diffraction (XRD), UV-vis adsorp-
tion spectra, and X-ray photoelectron spectroscopy (XPS),
respectively. Additionally, the ultrastructural morphology of
treated cells and alteration of Ca2+ in cells during PDT
were also studied. The experimental results show that the
absorption of TiO2 nanoparticles in the visible light region
could be enhanced effectively by the method of (Fe, N) co-
doping, and both pure TiO2+ and doped TiO2 nanocompos-
ites at high concentrations have a significant inhibition on
the growth of HL60 cells. It is also found that Fe-N-TiO2

nanocomposites present much higher inactivation efficiency
in photokilling HL60 cancer cells than TiO2 nanoparticles
under the same conditions, indicating that the photocatalytic
inactivation effects of TiO2 could be greatly improved by
the modification of Fe-N. Moreover, the PDT efficiency
of Fe-N-TiO2 nanocomposites on HL60 cells can reach
78.5% at a concentration of 200 μg/mL after a 30-minute
light treatment. The high photocatalytic inactivation effects
of Fe-N-TiO2 nanocomposites on tumor cells suggest that
it may be an important potential photosensitizer-based
photodynamic therapy for cancer treatment [40–42].
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