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. We investigated the effect of Zn-doping on structural and optical properties as well as cellular response
of TiO, nanoparticles (NPs) in human breast cancer MCF-7 cells. A library of Zn-doped (1-10 at wt%) TiO,
NPs was prepared. Characterization data indicated that dopant Zn was incorporated into the lattice of

. hostTiO,. The average particle size of TiO, NPs was decreases (38 to 28 nm) while the band gap energy

. was increases (3.35 eV-3.85 eV) with increasing the amount of Zn-doping. Cellular data demonstrated

. that Zn-doped TiO, NPs induced cytotoxicity (cell viability reduction, membrane damage and cell cycle

. arrest) and oxidative stress (reactive oxygen species generation & glutathione depletion) in MCF-7
cells and toxic intensity was increases with increasing the concentration of Zn-doping. Molecular data
revealed that Zn-doped TiO, NPs induced the down-regulation of super oxide dismutase gene while the
up-regulation of heme oxygenase-1 gene in MCF-7 cells. Cytotoxicity induced by Zn-doped TiO, NPs was
efficiently prevented by N-acetyl-cysteine suggesting that oxidative stress might be the primarily cause
of toxicity. In conclusion, our data indicated that Zn-doping decreases the particle size and increases the
band gap energy as well the oxidative stress-mediated toxicity of TiO, NPs in MCF-7 cells.

. Nanotechnology offers a great opportunity to develop nano-scale (1-100 nm) materials with unique character-
. istics. Nanomaterials with unique features such as quantum effect and optical behavior make them suitable for
: biomedical applications. Being smaller than cellular organelles, nanoparticles (NPs) are better able to penetrate
cells and interact with biomolecules where larger particles have limited accessibility"?. Metal oxide NPs represent
. animportant class of materials that are generated in high volume and frequently utilized for their semiconductor
. properties. TiO, NPs are environment friendly, relatively stable, have excellent biocompatibility with low or no
toxicity, and low cast®=>. These properties make TiO, NP an excellent candidate for biomedical applications such
as drug delivery and cancer therapy®’.
TiO, NPs possess unique photocatalytic activity®'!. UV light induced electron-hole (e /h™) pair generation
in TiO, NPs is a major factor for induction of biological response!>!*. However, the intrinsic toxicity of the high
. energy UV wavelength needed to drive this e /h* pair generation provides a potential obstacle to studying the
. biological effects of TiO, NPs photoactivation'*-"7.
A new area of research has been opened upon doping of NPs. Doping of metal oxide NPs with transition
© metal ions causes significant changes in the behavior of host NPs'8-20, Sakthivel ef al.?! demonstrated that optical
: absorption of ZnO can be enhanced by creating more defects (e.g. metal ions doping) on its surface. Our previous
. work reported that aluminum (Al) doping tunes band gap energy as well as cytotoxicity of ZnO NPs in human
: cells®2. Like ZnO, TiO, NP is a conventional wide band-gap semiconductor with tunable properties. However,
: studies on effect of metal ions doping on physicochemical properties and biological response of TiO, NPs in
- human cells is largely lacking. This study was designed to investigate the role of Zn-doping on structural and
- optical behavior as well as the cytotoxic response of TiO, NPs in human breast cancer MCF-7 cells. We further
explore the potential mechanisms of cytotoxicity caused by Zn-doped TiO2 NPs in MCF-7 cells through reactive

IKing Abdullah Institute for Nanotechnology, King Saud University, Riyadh, Saudi Arabia. 2Department of Physics
and Astronomy, College of Science, King Saud University, Riyadh, Saudi Arabia. 3Nanomedicine Research Unit,
Department of Pharmaceutics, College of Pharmacy, King Saud University, Riyadh, Saudi Arabia. Correspondence
and requests for materials should be addressed to M.A. (email: maqusood@gmail.com)

SCIENTIFICREPORTS | 6:30196 | DOI: 10.1038/srep30196 1


mailto:maqusood@gmail.com

www.nature.com/scientificreports/

TiO, TiO,+2Zn (1%)  TiO,+Zn (5%) roz+ Zn (10%)

=0.260 nm

',m =0.350 nm

2nm 2nm

Figure 1. Transmission electron microscopy characterization of pure and Zn-doped TiO, NPs. Upper &
middle panels represent the low resolution images while lower panel shows the high resolution images.

TiO, 382+43 | 384425 | 3172£135 | 233.5+7.8 | +192+2.1| —154+£1.3
TiO,+Zn (1%) 351426 | 36.3+3.2 289.3+8.7 2272442 | +188+2.7 | —-169+2.2
TiO, + Zn (5%) 31.5£5.7 | 30.6+1.4 | 2689+11.3 | 218.6+6.5 | +183+32| —163+£15
TiO,+Zn (10%) | 28.84+4.5 | 292427 271.7%£5.9 203.9+94 | +17.5+1.8 | —17.8+1.7

Table 1. Physicochemical characterization of nanoparticles (mean = SD, n = 3). “Particle size and zeta
potential in solution were measured by ZetaSizer Nano (Malvern). CDMEM: complete Dulbecco’s modified
eagle media, which contains 10% fetal bovine serum (FBS). DI: deionized water.

oxygen species (ROS) generation and oxidative stress. We have selected MCF-7 cell line because the breast cancer
is a severe and life threatening cancer and the incidence of such type of cancer is increasing at an alarming rate
worldwide?. This cell line (MCF-7) has also been widely utilized in toxicological and pharmacological studies?**.

Results and Discussion

TEM study. Field emission transmission electron microscopy (FETEM) was used to characterize the size
of NPs, growth pattern and the distribution of crystallites. Upper and middle panels of Fig. 1 depict the low
resolution images of pure and Zn-doped TiO, NPs. These images suggested that particles were agglomerated.
The primary particle size was determined from measuring over 100 NPs in random fields of view. The pure and
Zn-doped (1-10at wt%) TiO, NPs with a primary size range from 38 to 28 nm suggest that doping significantly
decreases the size distribution of NPs (Table 1). Lower panel of Fig. 1 demonstrates the high resolution TEM
images of pure and Zn-doped TiO, NPs. These pictures show the presence of both TiO, and Zn NPs with high
quality lattice fringes without any distortion. The estimated interplanar spacing of adjacent lattice fringes of pure
and Zn-doped (1, 5 & 10 at wt%) TiO, NPs are 0.351 nm, 0.350 nm, 0.352 nm and 0.342 nm which corresponds
to the (101) face of anatase TiO,, while a lattice fringes of Zn NPs were 0.260 nm, 0.242 nm and 0.221 nm corre-
sponds to the (101) planes of cubic Zn crystal structure. These lattice distances were in accordance with the X-ray
diffraction (XRD) spectra (Fig. 2a). XRD analysis of NPs is given in following section.
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Figure 2. XRD and Raman characterization of pure and Zn-doped TiO, NPs. (a) XRD spectra and
(b) Raman spectra.

Energy dispersive X-ray spectroscopy (EDS) analysis suggested that Ti and O were the main elemental compo-
sition in pure TiO, NPs while additional Zn peak was observed in Zn-doped TiO, NPs (Supplementary Fig. Sla,b).
These results suggested that prepared samples were devoid of any impurities.

XRD study. X-ray diffraction (XRD) spectra of pure and Zn-doped TiO, NPs are given in Fig. 2a. The diffrac-
tion peaks observed at 25.72°, 38.20°, 48.38°, 54.31°, 55.42°. 63.03° and 69.08° corresponded to the pure anatase
phase of TiO, with lattice constant 5 3.7852A° (JCPDS No. 21-1272) and were assigned to the (101), (004), (200),
(105), (211), (204) and (116) crystallographic planes. However, Zn-doped TiO, NPs depicts one additional peak
at 43.56° (101) associated with the face centered cubic phase of metallic pure Zn (JCPDS PDF #00-004-0831)
(Supplementary Fig. S2). Any peaks related to impurities were not detected for pure or Zn-doped TiO, NPs
supporting the EDS results. XRD data were also in agreement with high resolution TEM studies (Fig. 1). The
broadening diffraction peaks indicate crystals were small in size with semiconducting nature®. Moreover, (101)
anatase peak exhibited a slight displacement towards a lower 20 angle for the two higher doping levels (5 & 10%
of Zn doping) (Supplementary Fig. S3). Shifting of peak could be due to incorporation of dopant ions (Zn) into
the lattice of the host material (TiO, NPs). Similar results were observed in earlier studies®??. Using the broad-
ening of (101) anatase peak the TiO, crystallite size was calculated by Scherrer equation?®. This indicated that
size of TiO, NPs decreases with increasing the doping concentrations (Table 1). Reduction in size of metal oxide
NPs due doping is a very common trend and also reported in our earlier work??. Reduction in the particle size of
doped Ti0,, in comparison to the undoped one, can be attributed to the substitution of Zn ions for TiO, in the
crystalline structure. This may be due to the fact that Zn*2 ions have an ionic radius of 0.60 A, which is smaller,
compared to ionic radius of 0.68 A of Ti** ions. The NPs size calculated from XRD spectra was also in agreement
with the TEM results.

Raman study. To evaluate the phases in pure and Zn-doped TiO, NPs, Raman investigation was per-
formed (Fig. 2b). Raman spectra of pure TiO, NPs exhibit peaks which are located at approximately 398, 520 and
640 cm . These peaks correspond to the lattice vibratioanal mode model of the Blg, Blg and Alg and Eg modes
of anatase TiO, respectively?”?5. Moreover, there is no Zn induced Raman peaks were observed in Zn-doped
TiO, samples. The absence of the characteristic Zn vibration modes in the Raman spectra reveals that there is no
segregation of Zn particles from TiO, NPs. This indicates that Zn dopants might occupy the substitutional sites
in the host TiO, lattice.

Optical study. The optical property of pure and Zn-doped TiO, NPs was characterized by the band gap that
is essentially the energy interval between valence band and conduction band, each of which has a high density of
states. Band gap energy of metal oxide NPs plays crucial role in their interaction with biological systems'®-*’. The
absorption spectra of pure and Zn-doped TiO, NPs are shown in Fig. 3a. Absorption spectra show that there are
blue shift of the light absorption edge of Zn-doped TiO, NPs as compared to pure TiO, anatase and the degree of
blue shift increases with the increasing amount of Zn dopants. The blue shift of the light absorption is the conse-
quences of the wider band gap energy. TiO, NP is a large band gap semiconductor and the blue shift is attributed
to the quantum size effect for semiconductors®. This leads to motion of Fermi level towards the conduction band
due to an increase in electron concentrations from Zn ions.

In order to evaluate the band gap energy (Eg) of the samples, (ahv)m were plotted against the photon energy
(hv), where m is an integer whose value reveals the type of optical transition. In the present study, the nature of
the transition was found to be direct, and the energy band gap was calculated by means of following relation®.

(ahv)™ = A(hv — E,) 1)
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Figure 3. Optical characterization of pure and Zn-doped TiO, NPs. (a) UV-visible absorption spectra and
(b) (ahv)? vs photon energy plots of the corresponding sample used to determine their band gap energy levels.

where Eg is the band gap energy, A is constant depending on transition probability and m is the power index that
is related to the optical absorption process. Theoretically m equals to 2 or ¥ for a direct or an indirect allowed
transition, respectively. Here,

‘T3 @)
where ‘A’ is the absorbance and d is the thickness of the cuvette. Figure 3b illustrates (athv)? versus photon energy
(hv) plots for pure and Zn-doped TiO, NPs. The band gap energy (Eg) of TiO, NPs increases from 3.31 to 3.87eV
with increasing of the concentration of Zn dopants. This can be explained by the fact that either it may due to any
charged defects or the charged defect formed had been neutralized by other defects. Hence, the blue shift in the
band gap value by Zn-doping suggest an increase in the n-type carrier concentration, most of the Zn ions must
be incorporated as interstitial donors into the structure rather than substitution of acceptors. Our results are in
agreement with other studies that reported the tuning of band gap energy level of metal oxides NPs with metal
ions doping!®33!,

Hydrodynamic size and zeta potential. To get a realistic overview of prepared NPs behavior when they
get interaction with the human cells, hydrodynamic size and zeta potential of NPs in deionized water and culture
medium was determined. These parameters were determined by Malvern ZetaSizer Nano (Malvern Instruments,
UK) as described by Murdock et al.** Hydrodynamic size of pure and Zn-doped (1-10%) TiO, NPs was 5-10
times higher as compared to the primary size (size calculated from TEM and XRD) (Table 1). The higher size of
NPs in aqueous suspension was due to their tendency of agglomeration. These findings are in agreement with
other studies®*** and briefly discussed in our previous work?’. We further observed that hydrodynamic size of
NPs was lower in complete cell culture medium (DMEM + 10% FBS) as compared to deionized water (Table 1).
Similar drop in the hydrodynamic size of metal and metal oxide NPs in cell culture medium as compared to water
was reported in other studies®>?*. This reduction in hydrodynamic size could be attributed to the serum in the
culture medium. The serum in the medium is known to rapidly bind to the NPs and form a protein corona around
the N'Ps>3. This protein corona further helps the NPs to disperse by providing steric hindrance and electrostatic
repulsion between NPs*”38. The absorption of protein on the NP surface not only affects the size and physical
properties of NP but also affects the interaction of NPs with cellular systems.

Zeta potential measurement indicated that all the prepared NPs dispersed in deionized water had positive
surface charge. However, the surface charge of the aggregates in complete culture medium was negative (Table 1).
This change in zeta potential on the surface of NPs may be explained by the formation of a negatively charged pro-
tein corona on the surface of NPs. Therefore, not only the primary size but also the secondary size (hydrodynamic
size) and zeta potential of NPs could be used as characteristic parameters in biochemical studies.

In addition, we have utilized pure Zn NPs in cytotoxicity studies. Therefore, characterization data of Zn NPs
is given in supplementary Fig. S2.

Cytotoxic effect of pure and Zn-doped TiO, NPs in MCF-7 cells. MCEF-7 cells were exposed to pure
and Zn-doped TiO, NPs as well as pure Zn NPs at the concentrations of 50, 100 and 200 pg/ml for 24h and
cytotoxicity was determined by MTT assay, LDH assay and cell cycle analysis. MTT data demonstrated that
Zn-doped TiO, NPs decreased the viability of MCF-7 cells and incremental Zn-doping resulted in lower cell
viability (Fig. 4a). Contrary, pure TiO, and Zn NPs did not decrease the viability of MCF-7 cells.

LDH assay demonstrated that Zn-doped TiO, NPs induced membrane damage and LDH leakage effect was
incremental with increasing the concentration of Zn-doping (Fig. 4b). However, exposure to pure TiO, and Zn
NPs had no effect on LDH leakage in MCF-7 cells. Selection of 50-200 ug/ml dosage range of NPs for cytotoxicity
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Figure 4. Cytotoxic activity of pure and Zn-doped TiO, NPs in MCF-7 cells. (a) Cell viability determined by
MTT assay. This assay measures the mitochondrial function by determining the ability of living cells to reduce
MTT into blue formazon product. Cells were treated with 50, 100 & 200 pg/ml of pure and Zn-doped TiO, NPs
as well as pure Zn NPs for 24 h. Cells not exposed to NPs served as a negative control. (b) Lactate dehydrogenase
(LDH) assay. LDH is an enzyme widely present in the cytosol that converts lactate into pyruvate. When plasma
membrane integrity is disrupted, LDH leaks into culture media and its extracellular level is elevated. Exposure
of NPs to cells was similar as in MTT assay. Data represented are mean + SD of three identical experiments
made in three replicate. *Significant difference as compared to control (p < 0.05).

studies was based on a preliminary dose-response study (Supplementary Fig. S4). Prepared library of Zn-doped
TiO, NPs did not cause cytotoxicity to MCF-7 cells below the concentration of 50 pg/ml.

We further observed that Zn-doped TiO, NPs induce cell cycle arrest in MCF-7 cells. For example, exposure
of Zn-doped (10%) TiO, NPs caused the appearance of 11.9% cells in SubG1 phase as compared to 5.9% cells of
control group (Supplementary Fig. S5). On the other hand, pure TiO, and Zn NPs did not cause cell cycle arrest
in MCF-7 cells. Overall, our results are in agreement with several earlier reports showing that pure TiO, NPs did
not induce cytotoxicity to human cells®>->!1.

Oxidant (ROS) and antioxidant (GSH) levels in MCF-7 cells after exposure to pure and Zn-doped
TiO, NPs.  Oxidative stress plays a critical role in toxicity of nano-scale materials whether by the excessive
production of reactive oxygen species (ROS) or by depletion of cellular antioxidant levels'. Metal oxide NPs has
potential to induce oxidative damage to cellular components?****. We studied the intracellular ROS generation in
MCE-7 cells by exposure to 50, 100, and 200 pg/ml of pure and Zn-doped TiO, as well as Zn NPs for 6h. ROS level
was measured by the fluorescence-based assay. Results have shown that increased ROS level was dose-dependent
and proportional to the concentration of Zn-doping in TiO, NPs (Fig. 5a). However, pure TiO, and Zn NPs did
not induce ROS generation. Besides, treatment with N-acetyl-cysteine (NAC), an ROS scavenger significantly
prevented the ROS generation induced by Zn-doped TiO, NPs (Fig. 5b).

Excessive generation of ROS is potentially toxic to cells because of their ability to oxidize a range of biomol-
ecules, including the glutathione (GSH), which plays an important role in maintaining cellular redox homeo-
stasis through its antioxidant effects. Exposure to pure and Zn-doped TiO, NPs at 50, 100, and 200 p.g/ml for
6h induced a dose-dependent depletion of GSH, proportional to the amount of Zn-doping (Fig. 5¢). Contrary,
exposure of pure TiO, and Zn NPs did not cause GSH depletion. As a positive control buthionine sulphoximine
(BSO) also induced GSH depletion in MCEF-7 cells. BSO is a well-known inhibitor of c-glutamyl-cysteine syn-
thetase in the pathway of GSH biosynthesis*.. In addition, treatment with NAC restored cellular GSH in cells
challenged with Zn-doped TiO, NPs or BSO. Antioxidant NAC is known to replenish cellular GSH preventing
the cell death®’. Moreover, we also observed that NAC effectively prevented the cytotoxic effects of MCF-7 cells
caused by Zn-doped TiO, (Supplementary Fig. S6).

Effect of pure and Zn-doped TiO, NPs on SOD and HO-1 levels in MCF-7 cells.  Superoxide dis-
mutase (SOD) enzyme is a first line of the antioxidant defense system. SOD converted superoxide (O,*~) radicals
into hydrogen peroxides (H,0,). In human cells, there are three forms of SOD: cytosolic Cu/Zn SOD (SOD1),
mitochondrial MnSOD (SOD2) and extracellular SOD*. We have utilized Western blotting technique to examine
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Figure 5. Oxidant ROS and antioxidant GSH levels in MCF-7 cells after exposure to pure and Zn-doped
TiO, NPs. (a) Intracellular generation of ROS was measured by 2,7-dichlorofluorescin diacetate (DCFH-DA)
fluorescence-based assay. Cells were treated with 50, 100 & 200 p.g/ml of pure and Zn-doped TiO, NPs as well
as pure Zn NPs for 6 h. Cells not exposed to NPs served as a negative control. (b) Intracellular ROS levels in the
presence or absence of N-acetyl cysteine (NAC). (c) GSH level was determined by Ellman’s reagent. Exposure
of NPs to cells was similar as in ROS assay. (d) Intracellular GSH levels in the presence or absence of buthionine
sulphoximine (BSO) and NAC. The BSO is an inhibitor of GSH biosynthesis. GSH levels were expressed in
terms of nmole/mg protein. Data represented are mean = SD of three identical experiments made in three
replicate. *Significant difference as compared to the control (p < 0.05). *Significant inhibitory effect of NAC on
ROS generation and GSH depletion (p < 0.05).

the protein levels of SOD1 & SOD2 in MCF-7 cells exposed to pure and Zn-doped (10%) TiO, NPs at a concen-
tration of 200 pg/ml for 6 h. Results showed that Zn-doped TiO, NPs decreased the protein level of SOD 1 and
SOD2 (Fig. 6a,b). However, pure TiO, NPs did not produce any effect on the protein levels of either form of SOD.

Western blotting was further used to assess the effect of pure and Zn-doped TiO, NPs on heme oxygenase-1
(HO-1) protein level. We observed increased level of HO-1 protein in MCEF-7 cells exposed to 200 pg/ml of
Zn-doped (10%) TiO, NPs as compared to control (Fig. 6a,b). However, pure TiO, did not change the expression
level of HO-1protein. The HO-1 is a novel enzyme with potent anti-inflammatory, antioxidant, and antiprolifer-
ative effects***>. The HO-1 is a rate-limiting enzyme that converts heme into biliverdin, releasing free iron and
carbon monoxide. Biliverdin is rapidly metabolized to bilirubin, which is a powerful antioxidant. It is likely that
HO-1 activity is a component of the cellular defense mechanism against oxidative stress"!*%.

We further investigated the effect of pure and Zn-doped TiO, NPs on the activity SOD enzyme. We found
that that Zn-doped (10%) TiO, NPs significantly decreased the activity of SOD enzyme supporting the western
blotting results (Fig. 6¢). In addition, we studied whether decreased antioxidant level plays a crucial role in the
cytotoxicity of Zn-doped TiO, NPs. The MCEF-7 cells were exposed to Zn-doped (10%) TiO, NPs in the presence
or absence of SOD enzyme extract. Results showed that SOD effectively abrogated the cytotoxicity caused by
Zn-doped TiO, NPs (Fig. 7d). These results again suggested that Zn-doped TiO, NPs induced cytotoxicity in
MCE-7 cells through the oxidative stress pathway.

Cellular uptake and dissolution of pure and Zn-doped TiO, NPs in MCF-7 cells.  Since metal
ion dissolution can lead to metal oxide NPs toxicity, the ionization of pure and Zn-doped TiO, NPs in culture
medium was measured as described elsewhere'®. The NPs in DMEM medium (100 jig/ml) were incubated at 37 °C
for 24h, and the supernatants were collected after centrifugation for acid treatment. Following the quantitative
assessment of elemental Ti and Zn content by ICP-MS, it was clear that the Zn NPs had very low rates of disso-
lution while TiO, NPs did not show any dissolution in culture medium (Supplementary Fig. S7a). Hence, these
results rule out the potential cytotoxic activity of NPs through ionic dissolution.

Besides dissolution of metal ions from the surface of NPs, cellular uptake is another factor to consider in
cytotoxic activity of metal oxide NPs!®1°. Cellular uptake of pure and Zn-doped TiO, NPs in MCF-7 cells was

SCIENTIFIC REPORTS | 6:30196 | DOI: 10.1038/srep30196 6



www.nature.com/scientificreports/

b
25 4
, &
N mControl
S 27
S ™ mTio2
X v v
& Ko M)
¢; A AN ¥1s 4 mTi02-Zn (1076)
e e OD1 (Cu-zn 50D) =
=
s - S0D2 (Mn SOD) %
— — () -]
—— e a—  [}-3¢ 10

sSOD1 SOD2 HO-1

'S
J
o
o

120 4

w
w
L

' 100

SOD activity (U/ml}
=} N
S UV o= 1NN W
MTT cell viability (% of control)
g 8 8B
L L 1
u

Control TIO2-Zn (1076)  TIO2-Zn{107%)+50D

Figure 6. Effect of pure and Zn-doped TiO, NPs on superoxide dismutase (SOD) and heme oxygenase 1
(HO-1) genes in MCF-7 cells. (a) Western blot analysis of SOD1 (CuZn-SOD), SOD2 (Mn-SOD) and HO-1
protein levels. Cells were treated with 200 pg/ml pure and Zn-doped TiO, NPs for 6 h. Cells not exposed to
NPs served as a negative control. The treated and untreated cells were lysed in RIPA buffer and cell extract
subjected to western blots with anti-SOD1, anti-SOD2 & anti-HO-1 antibodies. The 3-actin blot is a loading
control. (b) Protein levels were also analyzed by desitometric analysis using AlphaEase TM FC StandAlone
V.4.0.0 software. Results are expressed as a fold change over the control group. (c) SOD enzyme activity in
MCE-7 cells after exposure to pure and Zn-doped TiO, NPs. Cells were treated with 200 ug/ml of pure and Zn-
doped TiO, NPs as well as pure Zn NPs for 6h. SOD activity was expressed in terms of U/ml. (d) SOD enzyme
extract attenuates Zn-doped TiO, NPs induced cytotoxicity. Cells were treated with 200 pg/ml of Zn-doped
TiO, NPs in the presence or absence of SOD enzyme extract. Data represented are mean + SD of three identical
experiments made in three replicate. *Significant difference as compared to the control (p < 0.05). *Significant
inhibitory effect of SOD on cell viability reduction (p < 0.05).

studied by measuring the cellular Ti content by ICP-MS. After cellular exposure to 100 ug/ml pure and Zn-doped
NPs for 24 h, ICP-MS analysis showed the presence of 0.06-0.13 pg Ti/pg protein in MCF-7 cells (Supplementary
Fig. S7b).

Zn-doped TiO, NPs also induced cytotoxicity and oxidative stress in other human cancer cells.
In this section, we studied whether Zn-doped TiO, NPs caused cytotoxicity to other human cancer cells. Human
lung (A549) and liver (HepG2) cancer cells were treated with pure and Zn-doped (10%) TiO, NPs as well as pure
Zn NPs and cytotoxicity and oxidative stress parameters were determined. Results have shown that similar to
MCE-7 cells, Zn-doped TiO, NPs induced cell viability reduction, cell membrane damage, ROS generation and
GSH depletion in both A549 and HepG2 cells (Supplementary Fig. S8). Pure TiO, and Zn NPs did not induce
any toxicity to A549 and HepG2 cells. These observations suggested that Zn-doping provokes cytotoxicity and
oxidative response of TiO, NPs in A549 and HepG2 cells in similar fashion as it was in MCF-7 cells.

Taken together, our key finding was that Zn-doping decreases the size while increases the band gap energy
level of TiO, NPs. In addition, Zn-doped TiO, NPs induced cytotoxicity and oxidative stress in MCF-7 cells and
incremental Zn-doping resulted in more toxicity. The Zn-doping contributes electron energy level high in band
gap of TiO,, so that electrons can be easily excited into conduction band, which causes Fermi level to be shifted
towards conductions band (blue shift). Movement of electrons (e~) across the band gap to conduction band cre-
ates a hole (h™ ) in valence band. The positive charged (holes h*) are powerful oxidants and they can react with
H,0, or surface-bound chemisorbed hydroxyl group (HO-) to produce hydroxyl (HO®) radicals. The conduction
band electrons (e~) are good reducing agents, and can move to the particle surface and be trapped in metastable
surface states, or react with electron acceptors or oxidants such as adsorbed O, to generate superoxide (0,*")
radicals. These free oxygen radicals react with cellular components and caused oxidant injury (Fig. 7). This might
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Figure 7. Possible mechanism of cytotoxicity caused by Zn-doped TiO, NPs. Pure TiO, NPs was not able

to elicit cellular response because of lack of electrons (e™) or holes (h™) on the surface of NPs. However,
integration of Zn impurities contributes electron energy levels high in semiconductor band gap so that electrons
can be easily excited into conduction band, which causes Fermi level to be shifted towards conductions band.
Movement of electrons (e~) across the band gap to conduction band creates a hole (h*) in valence band. The

free holes (h™) can generate hydroxyl radicals ("OH), while the free electrons (e~) could lead to formation of
superoxide radicals (O,*”). These free oxygen radicals might be responsible for oxidant injury to cellular systems.

be one of the potential mechanisms of ROS mediated cytotoxicity of Zn-doped TiO, NPs. Increasing of band gap
energy with decreasing the size of NPs is also reported by other studies?*?2.

Conclusion

We investigated the role of Zn-doping in ROS-mediated cytotoxicity of TiO, NPs in MCF-7 cells. We have pre-
pared a library of Zn-doped (1-10 at wt%) TiO, NPs. TEM, XRD and Raman studies suggested that Zn ions
were incorporated into the lattice of host TiO,. The particle size of TiO, NPs was decreases (38 to 28 nm) while
band gap energy was increases (3.35eV-3.85eV) with increasing the concentration of Zn-doping. The Zn-doped
TiO, NPs were found to induce cytotoxicity and cell cycle arrest in MCF-7 cells and toxic intensity was increases
with increasing the level of Zn dopant. The Zn-doped TiO, NPS were also found to induce ROS generation and
GSH depletion in a dose-dependent manner and proportional to the level of Zn-doping. Western blotting data
revealed that super oxide dismutase (SOD) gene was down-regulated while heme oxygenase-1 gene (HO-1) was
up-regulated in MCF-7 cells exposed to Zn-doped TiO, NPs. Furthermore, Zn-doped TiO, NP-cytotoxicity was
effectively prevented by N- acetyl-cysteine (NAC) suggesting that ROS generation might be one of the plausible
mechanisms of cytotoxicity. Taken together, for the first time we demonstrated that Zn-doping decreases the size
and increases the band gap as well the oxidative stress-mediated cytotoxicity of TiO, NPs in MCF-7 cells. This
study warrants further investigations to see the effects of metal ions doping on physicochemical behavior as well
as the toxic potential of TiO, NPs at in vivo level.

Materials

Dulbecco’s modified eagle’s medium (DMEM), hanK’s balanced salt solution (HBSS), fetal bovine serum (FBS)
and penicillin-streptomycin were bought from Invitrogen Co. (Carlsbad, CA). N-acetyl cysteine (NAC), 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide (MTT), 2, 7-dichlorofluorescin diacetate (DCFH-DA),
buthionine sulphoximine (BSO), 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB), reduced glutathione (GSH),
superoxide dismutase (SOD) and O-phthalaldehyde (OPT) was purchased from Sigma-Aldrich (St. Louis, MO).
Anti-SOD1, anti-SOD2, Anti-HO-1 and anti-3-actin antibodies obtained from Cell Signaling Technology Inc
(Danvers, MA). Secondary antibodies, RIPA buffer and sodium dodecyl sulphate (SDS) were bought from Santa
Cruz Biotechnology Inc (Santa Cruz, CA). All other chemicals utilized in this study were of highest purity avail-
able from commercial sources

Methods

Synthesis of pure and Zn-doped TiO, NPs.  Pure and Zn-doped TiO, NPs were prepared by a simple
sol-gel method. Titanium (IV) isopropoxide Ti[OCH(CH,),], and zinc nitrate [Zn(NO;),.6H,0] were used as
precursor materials. In brief, 10 ml of titanium (IV) isopropoxide was dissolved in 50 ml of absolute ethanol. The
mixture solution is stirred 15 minutes. The resultant solution is mixed with 10 ml of distilled water and the solu-
tion was stirred for 1h to obtain a clear solution. Now the mixture was transformed in to gel. After aging 24 hours
the gel is filtered and dried. Then, prepared TiO, samples were calcined at 450 for 2h. The Zn-doped TiO, NPs
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with different amounts of Zinc concentration (1-10 at wt%) were prepared by impregnation of pure TiO, nanop-
owder suspension in water, with addition of appropriate amount of zinc nitrate while continuous stirring for 1h.
The samples were then filtered, wash and dried at 60 °C for overnight. Then, prepared Zn-doped TiO, samples
were calcined at 450 for 2h.

Physicochemical characterization of pure and Zn-doped TiO, NPs.  The phase purity and crys-
tal structure of pure and Zn-doped TiO, NPs were analysed by XRD instrument (PanAnalytic X'Pert Pro)
using Cu-K, radiation ( A =0.15405 nm, at 45kV and 40 mA). Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) were conducted using a JEOL JEM-2100F microscope with an acceleration
voltage of 200kV. The samples were prepared by drop casting a sample dispersed in ethanol on carbon coated
Cu-grids and dried in a vacuum. Micro-Raman analysis was carried out at room temperature using a Raman
Scope system (JY-Horiba-T64000) in conjunction with a He-Cd Kimmon continuous wave laser operating at a
wavelength of 325 nm as the excitation source in the range from 200 cm~'to 1000 cm~!. UV-visible absorption
spectra were obtained using a UV-visible spectrophotometer (UV-2550, Shimadzu, Japan) over a wavelength
range of 250 nm to 800 nm.

Hydrodynamic size and zeta potential of pure and Zn doped TiO, NPs in deionized water and complete cul-
ture medium (DMEM with 10% FBS) was measured by DLS (Nano-ZetaSizer-HT, Malvern, UK) as reported by
Murdock and co-workers®2. In brief, NPs was suspended in deionized water and culture medium at the concen-
tration of 200 pg/ml. This suspension was sonicated at room temperature for 15 minutes at 40 W and studied on
DLS. We have chosen 200 pg/ml of NPs concentration for DLS measurement because this was the highest dosage
level used in cytotoxicity studies.

Cell culture. Human breast (MCF-7), lung (A549) and liver (HepG2) cancer cell lines were purchased from
American Type Culture Collection (ATCC) (Manassas, VA). Cells were cultured in DMEM medium supple-
mented with 10% FBS and 100 U/ml penicillin-streptomycin at 5% CO, and 37 °C. At 85% confluence, cells were
harvested using 0.25% trypsin and were sub-cultured for biological studies.

Nanoparticle exposure to cells.  Cells were allowed to attach on the surface of culture flask for 24 h before
the NPs exposure. Dry powder of NPs was suspended in DMEM medium at a concentration of 1 mg/ml and
diluted to appropriate dosages (0.5-200 pg/ml). The different concentrations of NPs were then sonicated at room
temperature for 15min at 40 W to avoid agglomeration of NPs before exposure to cells. In some experiments,
cells were pre-exposed for 1 h with NAC (10 uM), BSO (200 pM) or SOD (50 U/ml) before co-exposure with or
without NPs.

Cell viability assay. Cell viability was assessed following the method of Mossman*® with few specific
changes*. This assay measures the mitochondrial function by determining the ability of living cells to reduce
MTT into blue formazon product. Briefly, 1 x 10*cells/well were seeded in 96-well plates and exposed to different
concentrations of NPs for 24 h. After the exposure time completed, culture medium was taken out from each
well to avoid interference of NPs and replaced with new medium containing MTT solution in an amount equal
to 10% of culture volume and incubated for 3h at 37 °C until a purple-colored formazan product developed. The
resulting formazan product was dissolved in acidified isopropanol. Then, 96-well plate was centrifuged at 2300g
for 5min to settle down the remaining NPs. Further, 100 pul supernatant was transferred to new 96-well plate, and
the absorbance was taken at 570 nm utilizing a microplate reader (Synergy-HT, BioTek, Winooski, VT).

Lactate dehydrogenase assay. LDH assay was carried out using a LDH-cytotoxicity colorimetric assay
kit (Bio-Vision Inc., Milpitas, CA). In brief, 1 x 10*cells/well were seeded in 96-well plates and exposed to dif-
ferent concentrations of NPs for 24 h. After the exposure period had elapsed, each 96-well plate was centrifuged
at 2300 g for 5min to settle the NPs present in the solution. Then 100 pl of the supernatant was transferred to
new 96-well plate that already contained 100 ul of the reaction mixture from the BioVision kit and incubated for
30 min at room temperature. At the end of incubation time, absorbance of the solution was measured at 340 nm
using the microplate reader (Synergy-HT, BioTek, Winooski, VT). The LDH levels in the culture medium versus
those in the cells were quantified and compared with the control values according to the manufacturer of the kit’s
instructions.

ROS assay. Intracellular ROS level was measured using 2,7-dichlorofluorescin diacetate (DCFH-DA) as
described by Wang and Joseph*” with some specific modifications*. Briefly, cells (1 x 10*cells/well) were seeded
in 96-well black-bottomed culture plates and allowed to adhere for 24 h in a CO, incubator at 37 °C. Then, cells
were exposed to different concentrations of NPs for various exposure times. At the end of the exposure time,
cells were washed twice with HBSS before being incubated in 1 ml of working solution of DCFH-DA at 37 °C for
30 min. Following this, cells were lysed in alkaline solution and centrifuged at 2300 g for 15 min to settle down
the cell debris and NPs. A 200 jul supernatant was transferred to a 96-well plate, and fluorescence was measured
at 485 nm excitation and 520 nm emission using a microplate reader (Synergy-HT, BioTek, Winooski, VT). The
values were expressed as a percent of fluorescence intensity relative to the control cells.

GSH assay. GSH content was estimated by the fluorometric assay*®. Cells were treated with different concen-
trations of NPs for various exposure times. At the end of exposure time, cells were washed with PBS and lysed
in distilled water containing 0.1% deoxycholic acid & 0.1% sucrose by four cycles of freeze-thaw and centri-
fuged at 10,000 g for 10 min at 4 °C. Then, supernatant was precipitated at 0.25% trichloroacetic acid and centri-
fuged at 10,000 g for 10 min at 4°C. A 20 ul from the protein precipitated sample was mixed with 160l of 0.1 M
phosphate-5mM EDTA buffer, pH 8.3 and 20 pl OPT(1 mg/ml in methanol) in a black 96-well plate. After 2.5h
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of incubation at room temperature in the dark, fluorescence was measured at an emission wavelength of 460 nm
along with similarly prepared standards of GSH. GSH levels were expressed in terms of nmole/mg protein.

Western blotting. MCF-7 cells were cultured in 6-well plates and exposed to NPs at the concentration of
200 pg/mL for 6 h. The harvested cell pellets were lysed in RIPA lysis buffer (1X TBS [0.5 MTris-HCl and 1.5
MNaCl] pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide) in the presence of a
protease inhibitor. The cell lysates were then analyzed for protein content using SDS-Page immunoblotting. The
membrane was then probed with SOD1, SOD2, HO-1 and (3-actin antibodies to determine the level of proteins.

Superoxide dismutase activity assay. Activity of SOD enzyme was determined using a commercially
available kit (Cayman Chemical Company, Ann Arbor, MI). This assay utilizes a tetrazolium salt for detection of
superoxide radicals generated by xanthine oxidase and hypoxanthine. Cell extract was prepared for SOD assay.
Briefly, cells were cultured in 75-cm? culture flask and exposed to NPs for various exposure times. At the end of
the exposure time, cells were harvested in ice-cold phosphate buffer saline by scraping and washed with phos-
phate buffer saline at 4 °C. The cell pellets were then lysed in cell lysis buffer [1 x 20 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1 mM Na,EDTA, 1% Triton, 2.5 mM sodium pyrophosphate]. Centrifugation (15000 g for 10 min
at 4°C) was performed to get supernatant without cell debris and NPs. This supernatant was used for SOD assay
as per the manufacturer’s instruction.

Protein assay. The protein content in cell extract was determined by the Bradford method* using Bradford
reagent (Sigma-Aldrich) and bovine serum albumin as the standard.

Statistical analysis. Statistical analysis was done by one-way analysis of variance followed by Dunnett’s
multiple comparison tests. Significance was ascribed at p < 0.05. All analyses were conducted using the Prism
software package (GraphPad Software).
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