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KEYWORDS Abstract In this study, titanium dioxide nanoparticles (NPs) were synthesized using the home

Titanium dioxide nanoparti- microwave method, and the effect of the microwave irradiation time on the structure of NPs was
cles; investigated. In addition, the morphological effect of these NPs on the toxicity of HDMSCs cells
was investigated. The crystalline structure and morphology of the NPs were analyzed using X-
ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and field emission scan-
ning electron microscopy (FE-SEM); the cytotoxicity was determined by the methyl thiazolyl tetra-
zolium (MTT) assay. X-ray diffraction analysis revealed that all thin films had a polycrystalline
nature with an anatase phase of TiO,. It was also found that the crystallite size increased with
increasing microwave radiation time. The FTIR spectrum showed Ti-O-Ti properties by the peak
in the range between 527 and 580 cm™!. Further, the FE-SEM images showed that the grain size
increased with increasing irradiation time. The MTT assay results showed that the accumulation
of NPs leads to toxicity.
© 2022 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Microwave;
Toxicity

1. Introduction

The significant interest in the research and development of nanomate-
rials, especially NPs, is due to their attractive properties, which are evi-
dent in their small size, remarkably high surface area activity, and
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excellent catalytic, optical, and electrical properties (Azim et al.,
2015). Among various nanomaterials, titanium dioxide (TiO,) NPs
occupy a special position due to their high availability, high photocat-
alytic activity, high thermal stability, and low price, making them use-
ful for the production of paints, plastics, paper, cosmetics, medicine,
food, furniture, etc. (Ahmad et al., 2020, Kurban et al., 2020,
Mancuso et al., 2020, Safiay et al., 2021, Subagyo et al., 2022). Some
methods for the synthesis of titanium dioxide NPs include sol-gel
(Muthee and Dejene 2021), solvothermal (Dubey et al., 2020),
Hydrothermal (Santhi et al., 2020), and microwave (Falk et al.,
2018). The microwave method, which includes both industrial and
household microwaves, is a practical option to significantly reduce
the synthesis time. With this method, rapid and high-quality synthesis
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can be achieved. In this method, the sample is directly heated by micro-
waves and has a shorter heat transfer time than conventional heating
(Horikoshi and Serpone).

Titanium dioxide occurs naturally in polymorphic crystalline
forms, such as stable rutile, brookite, and anatase, synthesized in
the laboratory. Anatase is a low-temperature and chemically stable
phase, while rutile is a thermodynamically essential form of tita-
nium dioxide. Anatase can be converted to rutile at higher temper-
atures by phase transformation. This conversion of anatase to rutile
occurs at high temperatures above 400 °C. However, with opti-
mized synthesis parameters, this phase transformation can also
occur at room temperature (Madhusudan Reddy et al., 2003,
Ayyaz et al., 2020).

Titanium dioxide is a food additive with no nutritional value. It
is commonly used in processed foods to provide a whitening effect.
Concern about the use of NPs in food has recently been increasing,
and studies on the determination and quantification of food-grade
TiO, in commercial foods have risen with it (Hwang et al.,
2019).

The special properties of NPs, such as small size, high number per
given mass, and large specific surface area, have raised worldwide
concern about their fate in biological systems. Moreover, NPs can
accumulate in the liver, kidney, spleen, lung, heart, and brain and
cause various inflammatory responses (Azim et al., 2015). For exam-
ple, titanium dioxide caused cytotoxicity in pulmonary alveolar
macrophages. In addition, a correlation between particle size and
lung injury has been found (Liu et al., 2013). Although the bulk form
of titanium dioxide is biologically inert, the nano-sized forms exhibit
interesting physical, chemical, and biological properties related to
size. For example, NPs with a diameter of < 30 nm undergo drastic
changes that increase their interfacial reactivity and modulate toxico-
logical properties (Demir et al., 2015). Despite the crystallinity of
TiO, NPs, their genotoxicity mainly depends on their particle size.
Smaller titanium dioxide NPs have a stronger genotoxic effect than
larger ones because they easily penetrate the nucleus and cytoplasm
of the cell. Larger agglomerations of titanium dioxide NPs cause
DNA damage (Rashid et al., 2021). The special properties of NPs,
such as small size, high number per given mass, and large specific sur-
face area, have raised worldwide concern about their fate in biolog-
ical systems. Moreover, NPs can accumulate in the liver, kidney,
spleen, lung, heart, and brain and cause various inflammatory
responses (Azim et al., 2015). For example, titanium dioxide caused
cytotoxicity in pulmonary alveolar macrophages. In addition, a cor-
relation between particle size and lung injury has been found (Liu
et al., 2013). Although the bulk form of titanium dioxide is biologi-
cally inert, the nano-sized forms exhibit interesting physical, chemi-
cal, and biological properties related to size. For example, NPs
with a diameter of < 30 nm undergo drastic changes that increase
their interfacial reactivity and modulate toxicological properties
(Demir et al., 2015). Despite the crystallinity of TiO, NPs, their geno-
toxicity mainly depends on their particle size. Smaller titanium diox-
ide NPs have a stronger genotoxic effect than larger ones because
they easily penetrate the nucleus and cytoplasm of the cell. Larger
agglomerations of titanium dioxide NPs cause DNA damage
(Rashid et al., 2021). Most toxicologists believe that NPs have higher
toxicity due to their larger surface area, increased chemical reactivity,
and easier cell penetration (Xie et al., 2015). Titanium dioxide NPs
are currently one of the most widely used nanomaterials in everyday
life, and their production and consumption are increasing worldwide.
The use of these NPs makes it necessary that the toxic effects of these
NPs on human health be studied.

In this study, TiO2 NPs were synthesized using the microwave
method. Then, the effect of the irradiation time on the structure
of the NPs was investigated. The toxicity of the synthesized NPs
on bone marrow stem cells in an in vitro model was also investi-
gated to determine the effect of the nanoparticle size on their
toxicity.

2. Experimental procedures

To synthesize titanium dioxide NPs, 0.3 g of N-
vinylpyrrolidone (PVP) was dissolved in 15 ml of dry ethanol.
This solution was stirred at 30 °C for 30 min until a clear solu-
tion was obtained. In parallel, 3 ml of titanium isoproxide was
added dropwise in 30 ml of absolute dry ethanol and then stir-
red at 30 °C for 15 min until a clear milky solution was
obtained. Then the obtained PVP solution was slowly added
to the titanium isoproxide solution. The finished solution
was transferred to a Pyrex bottle and placed on the bottom
of the microwave oven (input 300 W, 2.45 GHz, SAMSUNG
brand). The sintering times were 3, 4,2 + 2,5, and 3 + 2 min
and were designated F;, F,, F3, Fy, and Fs, respectively. For
the two-step irradiation times 2 + 2 and 2 + 3, the solutions
were first irradiated in the microwave oven for 3 and 2 min,
respectively, and then irradiated again for 2 min each after a
40-second break. The resulting suspension was centrifuged at
4000 rpm for 5 min to separate the liquid phase from the solid.
After centrifugation, white precipitated solid particles were
obtained. They were then placed in an oven at 90 °C for
24 h. Finally, the obtained powder was calcined at 500 °C
for one hour to remove the residual organic reagents and to
obtain the crystal structure of TiO,. The structural properties
were investigated by X-ray diffraction (XRD) using a D8
Advance Bruker X-ray diffractometer with Cu-Ka radiation
(A = 0.154056 nm) spectra in a 26 range of 10°-80°. Surface
morphology was studied by field emission scanning electron
microscopy (FE-SEM; HITACHI S-4160). FTIR spectroscopy
in the wavenumber range from 400 to 4000 cm ™' at room tem-
perature using a VERTEX 80 V spectrometer.
Human-derived bone marrow mesenchymal stem cells
(HDMSCs) were obtained from the Pasteur Institute cell bank
in Iran. The cells were treated with antibiotics (penicillin
100 TU/mL, streptomycin 100 mg/mL). HDMSCs were main-
tained in an incubator at 37 °C and 5% CO-. The culture cells
with round spindle morphology observed (Fig. 1). For expo-
sure studies, HDMSCs were cultured in 96-well dishes in
DMEM supplemented with 10% FBS one day before expo-
sure. For the exposure studies, the suspension of TiO, NPs

I

Fig. 1 morphology of Human bone marrow stem cells
(HDMSCs).
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was diluted in DMEM and added to the cells. For the control,
the cell culture medium was diluted with water to ensure that
the dilution of the medium by the aqueous TiO, NPs suspen-
sion did not affect the cell performance.

MTT assays were performed to measure cellular mitochon-
drial activity as previously described by Mosmann (1983) with
some modifications. Briefly, the cells (1 x 104 /well) were incu-
bated in DMEM in the presence or absence of TiO, NPs for
24 h at 37 °C and 5% CO,. The test medium was then
removed, and the cells were cultured in DMEM supplemented
with 100 pl of MTT (0.5 2%) for 1 h at 37 °C and 5% CO,. The
MTT solution was then removed, and DMSO was added to
each well. The optical density (OD) was measured using an
Eliza reader (Bio-Rad, Hercules, CA) at a wavelength of
570 nm (Rashid et al., 2021). The mean OD ratio of treatment
wells to control wells was considered the cell survival rate for
each treatment. The desired experimental concentrations were
3,6, 12, 24 £ and the cells were exposed to TiO, NPs for 24
and 48 h. All experiments were performed in 4 replicates. All
data were analyzed using IBM SPASS version 24. After testing
the statistical distribution and confirming normality with the
Shapiro’s test, differences between groups were examined with
the One-Way ANOVA and the TUKEY supplemental test.
For all analyses, (P < 0.05) was considered statistically
significant.

3. Results and discussions

3.1. Structural characterization

The XRD peaks provide information about crystallite size,
structure, and lattice strain. Fig. 2 shows the XRD diffraction
patterns of the TiO, samples. From the plots, the anatase
phase was confirmed by peaks at 20 ~ 25.3°, 37.8°, 48°, 54°,
55°, and 62.6°, corresponding to orientation planes (101),
(004), (020), (015), (121), and (024), respectively. All the
peaks observed in these spectra were in good agreement with
the existing JCPDS data No. 21-1272 (Arabi et al., 2020).
The highest intensity of the diffraction peak at ~ 25.3°, corre-
sponding to plane (101), shows a oriented anatase polycrystal
structure for all samples, consistent with previous reports of
microwave synthesized TiO, (Mohadesi and Ranjbar 2016,
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Fig. 2 XRD patterns of samples F1, F,, F;, F; and Fs,

Andrade-Guel et al., 2019, Ayyaz et al.,, 2020, Madurai
Ramakrishnan et al., 2020).

The crystallite size (Ds) was estimated using the Scherrer
formula (Ikram et al., 2020):

K
* " BcosO

where k, called the shape factor, is a constant (~0.9) for spher-
ical particles, A represents the wavelength of the incident X-
ray, B is the full width at half maximum, and 6 defines the
Bragg angle. Table 1 shows the results for the crystallite size
(Ds). The crystallite size for plane (101) is larger for all sam-
ples, indicating that crystal growth was higher on this plane.
The average crystallite size of the samples was determined
using the Halder-Wagner method, where the full width at half
maximum of the physical profile can be written as follows:

Bis = BBt + Bz, (2)

Where, f, and f3; are the full width at half maximum of the
Lorentzian and Gaussian functions.

This method gives more weight to the peaks in the lower
and middle angular regions, where the overlap of the diffract-
ing peaks is insignificant. The relation between the crystallite
size and the lattice strain according to the Halder-Wagner
method is given as follows (Rebhi et al., 2009):

ﬁ711)2 1 By . [8\2
hk — Pty (€ 3
(d;kl Dy_w a"wz (2) (3)

Pk €08 Oy __ 2sin0 ;
Where 8, = #4225 and d),, = 2222, The plot of equation

(1)

. SN2
(3), with term <f,+“2> along X-axis and (%) along the Y-axis
hkl hkl

for each peak of the XRD pattern is shown in Fig. 3. The slope
of the plotted straight lines indicates the average crystallite
size, while the intercept indicates the intrinsic strain of samples
Fi, F», F3, F4, and Fs. The values of € and Dyy.w are detailed in
Table 1.

Lattice constants (a and c) were calculated using the follow-
ing equation (Mancuso et al., 2020):

1 :<M+#>+F @

2 2 2
oy a ¢

Table 1 shows the results of the lattice constants. These
results agree well with the JCPDS map No. 21-1272. Accord-
ing to the results of Table 1. The average crystallite size and
strain of the nanocrystals in the F3 sample are larger than in
the F» sample. They are also larger in the F5 sample than in
the F4 sample. In the cases with continuous irradiation, the
particles have more collisions due to the irradiation time,
and these intense collisions cause more sub-grain boundaries;
an increase in grain boundaries makes the average crystallite
size smaller. In contrast, interruptions in radiation cause more
crystal disturbances and defects, resulting in higher strain. Fur-
thermore, when the irradiation time increases from 3 s (F) to
5 s (F,), the average crystallite size increases, releasing addi-
tional strain. This leads to a lower strain.

The chemical composition of the synthesized NPs was ana-
lyzed by FTIR spectra in the range of 4004000 cm ™' to deter-
mine the quality and chemical conformation of the TiO, NPs.
Fig. 4 shows the FTIR spectra of the samples. In this range, no
absorption peak of KBr is visible because the absorption coef-
ficient of KBr is far below 400 cm ™, so only a complete spec-
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Table 1 The results of the XRD characterization of samples F;, F,, F3, F4, and Fs.

Sample (hkl) 20 (°) FWHM (°) Ds (nm) Dy.w (nm) € a= c
(x10%) (4) (4)
Fy (101) 25.31 0.45 18 22.51 1.15 3.7891 9.4322
004) 37.82 0.5 17
020) 47.98 0.59 15
(015) 53.94 0.69 13
121) 54.99 0.55 16
024) 62.64 0.7 13
F, (101) 25.32 0.33 25 19.89 1.28 3.7854 9.4624
(004) 37.85 0.7 12
020) 48.03 0.46 19
(015) 53.98 0.95 9
121 55.06 0.45 20
(024) 62.59 0.96 10
F; (101) 25.3 0.34 24 26.84 1.44 3.8092 8.2184
(004) 37.83 0.62 14
020) 48.04 0.49 18
(015) 53.95 0.65 14
azn 55.06 0.47 19
024) 62.59 0.94 10
Fy (101) 25.34 0.32 25 27.29 1.12 3.7898 9.3433
004) 37.78 0.56 15
020) 47.97 0.36 24
(015) 53.88 0.52 17
121 55 0.5 18
(024) 62.58 0.8 12
Fs (101) 25.27 0.31 26 42.12 1.38 3.7891 9.5399
004) 37.78 0.37 23
020) 47.98 0.32 27
(015) 54.96 0.6 15
(121) 55.11 0.6 15
024) 62.63 0.73 13
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Fig. 3 Typical Williamson-Hall plots of samples F;, F,, F3, Fy4, and Fs,
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g. 4 FTIR patterns for samples Fy, F,, F3, F,, and Fs.

trum of the sample can be seen. The range from 527 to
580 cm ™! was used to observe the absorption band and associ-
ated bending vibrations of the TiO, lattice bond (O-Ti-O),
which confirm the crystalline phase of TiO, (Lal et al.,
2021). The weak band at 1381 cm™! indicates C-H rock alke-
nes (Rajeswari et al., 2021). The peak at ~ 1636 cm™! corre-
sponds to the stretching of titanium carboxylate due to
titanium tetraisopropoxide and ethanol precursors (Rathore
et al., 2020, Sharma et al., 2020). In addition, it could be due
to the stretching and bending vibrations of the water molecule.
The weak band at 2,920 cm ™' was attributed to the stretching
vibration of C-H in the PVP molecular structure (Jang et al.,
2016). The observed absorption peaks with a broad range from
3391 cm~! to 3413 em™! are due to the interaction with the
hydroxyl group (OH) of the water molecule (H20) on the
TiO, surface (Cheng et al.,, 2016, Dahham et al., 2020,
Magdalane et al., 2021, Rajeswari et al., 2021). The peak at
3420 cm™! corresponds to O-H stretching (Jang et al., 2016,
Sagadevan et al., 2018). With increasing the duration of micro-
wave irradiation, a shift of the peaks associated with the OH
stretching to a higher wavelength is observed in the spectra.

Fig. 5 shows the FE-SEM images of the TiO, NPs of F,
F,, F3, F4, and Fs. It shows that the growth of agglomerates
is almost spherical and has a uniform distribution. The size
of NPs generally increases with irradiation time. The agglom-
erates of F, are about triple denser than F, because the irradi-
ation time of sample F, is longer than that of sample F;. When
the irradiation process is interrupted, the material cools down,
hindering the nucleation process and reducing the reaction
rate. This results in the grain size of sample F, being larger
than that of sample F;. The irradiation times of samples F,
and Fs are the same, but the irradiation of sample F, is contin-
uous, resulting in the grain size of sample F, being larger than
that of sample Fs. The grain size of sample F4 is larger than
that of the others. This is because the irradiation time of this
sample is longer and continuous. In our research, we found
that the reaction time and pressure are crucial for the forma-
tion of TiO, NPs.

SEM HV: 10.0KV
View fold: 461 pm
SEM MAG: 30.0 kx.

MIRA3 TESCAN

Washhad (MUMS)

Fig. 5 FE-SEM images for samples F,, F,, F3, Fy, and Fs,

3.2. In vitro cytotoxicity of TiO, NPs

Before studying the toxicity of NPs, it is important to obtain
information about the factors and properties that cause their
toxicity. The physicochemical properties of NPs have an
important influence on their toxicity. The results of other stud-
ies show that smaller NPs are more toxic than larger NPs [15,
34, 35]. This is because by reducing the size of nanoparticles,
their cellular uptake occurs more easily and they can penetrate
into the cell.

These studies show that the size of NPs contributes to their
toxicity to living organisms. The size of NPs also affects their
adsorption mechanism and storage capacity [36, 37]. Recent
studies have not addressed the synthesis method and the eval-
uation of toxicity as a function of nanoparticle morphology
[38-40].

The results of the MTT assay are shown in Figs. 6-13.
Overall, the MTT assays showed a significant decrease in the
viability of the cells in sample F4. According to the results of
FE-SEM for sample F,, the agglomerates were fully com-
pressed into a spherical shape, and this compression reduced
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Fig. 6 HDMSCs were treated with a concentration of TiO, NPs 3 mgml for 24 h, then cell proliferation was assessed by the MTT assay.
P < 0.05 was considered statistically significant.
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Fig.7 HDMSCs were treated with a concentration of TiO, NPs 3 mgml for 48 h, then cell proliferation was assessed by the MTT assay.
P < 0.05 was considered statistically significant.
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Fig. 8 HDMSCs were treated with a concentration of TiO, NPs 6 mgml for 24 h, then cell proliferation was assessed by the MTT assay.
P < 0.05 was considered statistically significant.
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Fig. 9 HDMSCs were treated with a concentration of TiO, NPs 6 mgml for 48 h, then cell proliferation was assessed by the MTT assay.
P < 0.05 was considered statistically significant.
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Fig. 10 HDMSCs were treated with a concentration of TiO, NPs of 12 mgml for 24 h, then cell proliferation was assessed by the MTT
assay. P < 0.05 was considered statistically significant.
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Fig. 11 HDMSCs were treated with a concentration of TiO, NPs 12 mgml for 48 h, then cell proliferation was assessed by the MTT
assay. P < 0.05 was considered statistically significant.
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Fig. 12 HDMSCs were treated with a concentration of TiO, NPs 24 mgml for 24 h, then cell proliferation was assessed by the MTT
assay. P < 0.05 was considered statistically significant.
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Fig. 13 HDMSCs were treated with a concentration of TiO, NPs 24 mgml for 48 h, then cell proliferation was assessed by the MTT
assay. P < 0.05 was considered statistically significant.
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the subsidiary precincts, which in turn reduced the mobility
and displacement of the NPs.

Examination of the results in Table | shows that increasing
the irradiation time from 4 min (F,) to 5 min (F,) reduces the
network strain. This decrease increases the density of agglom-
erates in the F4 sample and results in decreased mobility and
displacement of nanoparticles. The decreased mobility and dis-
placement of nanoparticles increases cell killing and increases
the toxicity of the F, sample. Although the average crystallite
size is smaller in the F, sample than in the F; sample, the
results of the MTT assay show that the percentage of cell via-
bility is lower in the F4 sample. A 40-second pause in the Fs
synthesis process exerts pressure on and breaks the nanoparti-
cle structure compared to Fy4, resulting in increased strain and
lattice failure. The increase in strain leads to the formation of
subgrain boundaries and increases the irregularity of the
agglomerates in sample F5 compared to sample F4. Therefore,
according to the results of the MTT test, the survival rate of
the cells in the F, sample is lower than the Fs sample. It was
shown that the accumulation of NPs leads to toxicity. In addi-
tion, cell viability was significantly higher in sample F, than in
F3. This is likely due to a 40-second pause in the irradiation
time in the synthesis process, which affected the number of
subsidiary precincts, leading to the high mobility of NPs.
The same is true for NPs F, and F3. The cell viability of sample
F; was significantly higher than that of F,. As the duration of
the MTT assay increased, so did cell viability. The FE-SEM
images show that the synthesis of NPs without a break during
irradiation leads to increased compaction of the agglomerates.
These agglomerates may reduce the mobility and inactivity of
the NPs, leading to their accumulation and toxicity (Little
et al., 2021). The toxicity evaluation in our study showed that
the main cause of toxicity of these NPs was the compaction of
the agglomerates, and the more compact the agglomerates
were, the more toxicity the NPs showed (Kose et al., 2020).
Although the dependence of toxicity on nanoparticle size has
been reported, the MTT assay results of our samples for differ-
ent concentrations and times showed no dependence of toxicity
on crystallite or agglomerate size (Zhang et al., 2012).

4. Conclusions

In this work, we synthesized titanium dioxide NPs in a microwave
oven and studied the toxicity of these particles. The results showed that
at constant microwave oven power, the size of the crystals increases
with increasing the duration of microwave irradiation. Moreover, a
40-s interruption of microwave irradiation during the synthesis of
the nanoparticles leads to agglomerate densification. Furthermore,
an increase in the microwave irradiation time also leads to the densifi-
cation of the agglomerates. Therefore, the size and densification of
NPs can be controlled during microwave synthesis. The MTT assay
results showed no dependence of toxicity on crystallite size. On the tox-
icity of the NPs was found to depend on the densification of the
agglomerates. Thus, a higher density of agglomerates leads to more
toxicity.
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