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A B S T R A C T

Interest in nanostructures such as titanate nanotubes (TNT) has grown notably in recent years due to their
biocompatibility and economic viability, making them promising for application in the biomedical field.
Quercetin (Qc) has shown great potential as a chemopreventive agent and has been widely studied for the
treatment of diseases such as bladder cancer. Motivated by the possibilities of developing a new hybrid na-
nostructure with potential in biomedical applications, this study aimed to investigate the incorporation of
quercetin in sodium (NaTNT) and zinc (ZnTNT) titanate nanotubes, and characterize the nanostructures formed.
Qc release testing was also performed and cytotoxicity in Vero and T24 cell lines evaluated by the MTT assay.
The effect of TNTs on T24 bladder cancer cell radiosensitivity was also assessed, using cell proliferation and a
clonogenic assay. The TNT nanostructures were synthesized and characterized by FESEM, EDS, TEM, FTIR, XRD
and TGA. The results showed that the nanostructures have a tubular structure and that the exchange of Na+ ions
for Zn2+ and incorporation of quercetin did not alter this morphology. In addition, interaction between Zn and
Qc increased the thermal stability of the nanostructures. The release test showed that maximum Qc delivery
occurred after 24 h and the presence of Zn controlled its release. Biological assays indicated that the NaTNTQc
and ZnTNTQc nanostructures decreased the viability of T24 cells after 48 h at high concentrations. Furthermore,
the clonogenic assay showed that NaTNT, NaTNTQc, ZnTNT and ZnTNTQc combined with 5 Gy reduced the
formation of polyclonal colonies of T24 cells after 48 h. The results suggest that the nanostructures synthesized
in this study interfere in cell proliferation and can therefore be a powerful tool in the treatment of bladder
cancer.

1. Introduction

Bladder cancer (BC) is the second most common urinary tract ma-
lignancy in the world, with the ninth highest incidence, at 430,000 new
cases annually [1,2]. It can be categorized as non-muscle-invasive
(NMIBC) or muscle-invasive (MIBC) in 75 and 25% of cases, respec-
tively [3,4]. MIBC or metastatic disease is the clinical stage most lethal
[5,6].

For decades, radical cystectomy with bilateral pelvic lymphade-
nectomy has been the gold standard surgical treatment for MIBC [7,8],
but has high rates of morbidity and postoperative complications [8,9].
Trimodal therapy is an alternative approach that demonstrated a
median 5-year survival of 57% of patients submitted to multimodal

therapy versus 52% undergoing radical cystectomy [10]. Trimodal
treatment is a combination of surgery (transurethral bladder tumor
resection), chemotherapy and radiotherapy [9,11,12]. With respect to
the non-surgical parameters of this therapy, tumor response to che-
moradiation therapy is superior to that of radiation therapy alone [9].
In this respect, it is important to gain a better understanding of the
disease process and explore new tools to improve radiotherapy efficacy.

The search for strategies capable of eliminating cancer cells is one of
the greatest medical challenges and as such, nanotechnology has been
the focus of increasing attention [13]. Nanomedicine is an emerging
area of nanotechnology applied to disease diagnosis, treatment and
monitoring, and the unique properties make nanotechnology an im-
portant medical revolution [14–19]. Nanomaterials are effective
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carriers of multiple therapeutic and diagnostic agents and the various
types, including nanoparticles, quantum dots and superparamagnetic
nanoparticles, are used in cancer treatment [20–22].

A range of nanomaterials has been studied and important results
have been obtained with hybrid nanomaterials such as metal-based
hybrid nanoparticles (MHNs). High-Z elements and functional compo-
nents such as noble metals and organic materials not only enhance
radiation, but also act as important biomedical agents [23]. Some ex-
amples reported in the literature include core-shell gold and selenium
applied to radiation therapy [24] and quantum dots or nanocrystals to
photothermal therapy [25,26].

On the other hand, quercetin is a natural flavonoid that can be
extracted from apples, wine and tea. Medical applications include the
treatment of soft tissue injuries and cancer cell growth inhibition
[27–29]. Moreover, some studies have shown that treating cancer cells
with quercetin leads to apoptotic effects by activating the mitochon-
drial pathway, thereby improving the efficacy of anti-cancer drugs
[30–32]. The use of quercetin carrier systems is just one of the in-
novative possibilities provided by nanomedicine. Silica-based hybrid
systems with quercetin have shown promising results in neurodegen-
eration [33]. Hybrid systems using different silica supports (SBA15,
SBA 16 and MCM-41) and quercetin in dermal formulations have also
been studied [34,35]. Research on the use of quercetin as a functional
component poses new challenges, characterized by the development of
systems that can be used as support for future investigations.

Titanate nanotubes (TNTs) are hollow multiwall nanostructures
with a unique morphology and easily modifiable structure [36,37],
making them useful in several fields, as catalysts [38–40], fillers in
polymer matrices [41,42], and antibacterial nanomaterial [43], among
others. In addition, studies on TNT application in nanomedicine have
demonstrated their biocompatibility and cytotoxicity to tumor cells, in
addition to enhancing the efficacy of radiation therapy [44–47].
However, to date there are no studies that describe titanate nanotubes
as nanocarrier of quercetin in nanomedicine. In this context, and in
order to contribute to nanomedicine research for cancer treatment, the
present study aims to synthesize new hybrid nanostructures with
quercetin-coated titanate nanotubes (NaTNTQc and ZnTNTQc) and
evaluate their action in invasive muscle bladder cancer cells (T24) as-
sociated with radiotherapy.

2. Methods

2.1. Materials

Titanium dioxide (JB Química, TiO2, 98% anatase phase), sodium
hydroxide (Vetec, 99%), zinc chloride (Vetec, 99%), dimethyl sulfoxide,
DMSO (Sigma-Aldrich, 99,5%) and quercetin (Sigma-Aldrich, 95%)
were used as received. The following materials were used for cellular
management: RPMI and DMEM media (Dulbecco's Modified Eagle
Medium), fetal bovine serum (FBS), penicillin-streptomycin (10,000 U/
mL), and amphotericin B (Fungizone), obtained from Gibco, MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution –
MTT 5 mg/mL in PBS and 90% culture medium supplemented with
10% FBS), and calcium and magnesium-free medium (CMF).

2.2. Preparation of nanostructures

Sodium titanate nanotubes (NaTNT) were synthesized using the
hydrothermal method, as described in the literature [48,49]. In a ty-
pical procedure, 1.5 g (18.7 mmol) of TiO2 was added to 120 mL of
10 mol.L−1 NaOH aqueous solution under magnetic stirring, for 30 min
at room temperature. The solution was then transferred to a stainless
steel reactor (200 cm3) internally coated in Teflon®, and maintained at
135 °C for 72 h. Next, a white precipitate was separated by cen-
trifugation, washed with distilled water until pH = 8, dried at 80 °C for
6 h and placed in a desiccator. Titanate nanotubes synthesis with zinc

(ZnTNT) was based on the method described in the literature [34]. A
typical procedure consisted of adding 0.5 g (1.65 mmol) of NaTNT to
100 mL of a 0.5 mol.L−1 ZnCl2 aqueous solution (50 mmol) under
magnetic stirring, for 15 min at room temperature. Next, the suspension
was filtered under reduced pressure and washed with distilled water
until complete chloride ion removal (silver nitrate test). The white solid
obtained was dried at 80 °C for 12 h and placed in a desiccator.

The preparation of quercetin-coated titanate nanotubes (NaTNTQc
and ZnTNTQc) was adapted from a method described in the literature
[34]. To prepare NaTNTQc, 0.5 g (1.66 mmol) of NaTNT and 0.5 g
(1.65 mmol) of quercetin were added to 50 mL of ethanol under
magnetic stirring, for 60 min at room temperature. The suspension was
then centrifuged and the orange solid obtained washed 3 times with
25 mL of distilled water. Next, the solid was dried at 40 °C for 12 h and
stored in a desiccator. ZnTNTQc (brown solid) was obtained from
ZnTNT using the same procedure described for NaTNTQc.

2.3. Characterization of nanostructures

The morphology of the quercetin-coated titanate nanotubes was
assessed by field emission scanning electron microscopy (FESEM), using
samples coated with a thin platinum film via ion sputtering (FESEM, FEI
Inspect F50, in the secondary electron beam), and transmission electron
microscopy of samples deposited onto 300 mesh carbon film-coated
copper grids (TEM, FEI Tecnai G2 T20). Energy dispersive spectroscopy
(EDS) was used to qualitatively identify the metals in the nanotubes.
The external diameters of nanostructures were obtained by transmis-
sion electron microscopy (TEM), using Image J software (15 measure-
ments). All samples were analyzed in powder form. Fourier-transform
infrared spectroscopy (FTIR) was performed on a PerkinElmer spec-
trometer (Spectrum One), using powder samples at room temperature
in UATR mode, with a range of 4000–650 cm−1. The crystalline
structure of titanate nanostructures was analyzed by X-ray diffraction
(XRD) (Shimadzu XRD 7000), using copper Kα radiation (λ= 1.542 Å),
40 kV, 30 mA, 5°–70° 2θ, a scanning speed of 0.02°/min and counting
time of 2.0 s. The interlamellar distance was calculated based on Bragg's
Law, with a reference peak at 2θ = 10.5° [50]. The thermal stability
and quercetin content of TNT nanostructures were evaluated by ther-
mogravimetric analysis (TA Instruments Q600). The percentage of
quercetin incorporation was determined by TGA at a heating rate of
10 °C/min, from room temperature to 1000 °C, under nitrogen flow.
The samples were analyzed in powder form.

2.4. Drug release tests

Analysis of quercetin release from titanate nanotubes (NaTNTQc
and ZnTNTQc) was adapted from methods described in the literature
[35,51], whereby 5 mg of TNT-based nanostructures were placed in
50 mL of a PBS/ethanol solution (90:10 v/v; pH = 5.5). The assay was
performed at 37 °C and 120 rpm for 7 days, with aliquot collection in
the first 12 h of tests, followed by one collection per day. At appropriate
time intervals (1, 2, 3, 4, 5, 6, 12, 24 and 48 h), 3 mL samples were
taken from the release medium. The medium was replenished with the
same volume of fresh PBS/ethanol solution to ensure infinite dilution.
The aliquot collected was analyzed using a UV–Vis spectrophotometer
(Perkin Elmer Lambda 35, wavelength of 372 nm). The quercetin
concentration released was calculated according to a calibration curve,
prepared under the same test conditions (r = 0.9989).

2.5. Cell lines and cell culture

A human urinary bladder cancer cell line (T24), and normal African
green monkey kidney cell (Vero) (American Type Culture Collection)
were used for the experiments. The T24 cell lines were maintained in
RPMI cell culture medium and Vero cells in DMEM, both supplemented
with 10% FBS, 0.5 U/mL of penicillin and streptomycin. The cells were
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kept in a humidified cell incubator (37 °C, 5% CO2, and 95% humidity)
until the experiment, when they were lifted from the subconfluent
cultures with 0.5% trypsin in 5 mM EDTA, counted on a hemocyt-
ometer, and plated at the appropriate density according to the experi-
mental protocol.

2.6. Cell viability by MTT assay

Cell viability was determined by the MTT colorimetric assay for
metabolic activity [52,53]. Vero and T24 cell lines were seeded at a
density of 5 × 103 cells/well on a 96-well plate, with 100 μL of culture
medium. After 24 h, the cells were treated with different concentrations
of Qc, NaTNT, NaTNTQc, ZnTNT and ZnTNTQc (25, 50, 100 and
200 μg/mL) for 24 and 48 h. Cells treated with medium served solely as
controls. At the end of treatment period, the medium was removed, the
cells were washed with PBS (pH = 7.2–7.4), added with 100 μL of MTT
and incubated for 3 h. The formazan crystals were dissolved in 100 μL
of DMSO. Optical density was measured in 96-well plates (SpectraMax
Plus) at 570 nm. Absorbance was linearly proportional to the number of
live cells with active mitochondria. The results were determined as a
percentage of the absorbance of treated cells in relation to controls.
Four independent experiments were performed for each concentration,
all in triplicate. Relative cell viability was expressed as percentage (%)
relative to the untreated control cells.

2.7. Evaluation of TNT cell internalization by TEM

T24 cells were seeded in 6-well plates at 100 × 103 cells per well.
After 24 h of incubation, the RPMI cell culture media were replaced by
2 mL of fresh medium containing 25 μg/mL of NaTNT, NaTNTQc,
ZnTNT and ZnTNTQc, and incubated for 8 days. Semi-confluent T24
cells were trypsinized, centrifuged and washed twice before adding
phosphate buffer (pH 7.2–7.4). Next, the bladder cells were fixed in a
mixture of 4% paraformaldehyde and 2.5% glutaraldehyde, buffered
with 0.1 M PBS (pH 7.2–7.4) at room temperature, and then postfixed
in osmium tetroxide in the same buffer for 45 min before dehydration.
Dehydration was performed in a graded acetone series (30–100%) and
embedding in araldite (Durcupan ACM, Fluka), for 72 h at 60 °C. Thin
sections (100 nm) were stained with 2% uranyl acetate, followed by
lead citrate. Ultrastructural analysis was performed by transmission
electron microscopy (TEM, FEI Tecnai G2 T20).

2.8. Cytotoxicity of TNT combined with irradiation

The T24 cells (7 × 103 cells/well) were seeded in 24-well plates and
grown for 24 h. After confluence, they were treated with 25 μg/mL
NaTNT, NaTNTQc, ZnTNT and ZnTNTQc for 24 and 48 h. After the
proposed treatment time for each test group, irradiation was performed
with gamma radiation at a single dose of 5 Gy, using a Cobalt source
from Theratron Phoenix (Theratronics Ltda., Ontario, Canada), with a
distance of 54.5 cm between the source and target. The radiosensitivity
of T24 cells was determined by two tests: (a) cell counting, and (b) the
clonogenic assay (to determine the effect of radiation after 10 days),

according to the method previously described in the literature [46]. For
each treatment condition (control and TNT), a non-irradiated group
(0 Gy) corresponded to 100% survival, in order to assess only the cy-
totoxic effect of ionizing radiation.

After radiation, the T24 cell line was incubated in a cell incubator
for 24 h and the biological response assessed based on the number of
live cells observed in a cell counter (Countess FL, Life Technologies),
using the Trypan Blue dye exclusion protocol [12]. The results were
expressed as percentage of live cells in relation to the non-irradiated
control group.

A clonogenic assay was performed to evaluate the clinical response.
After cell counting, T24 cell lines (2 × 102 cells/well) were plated in 6-
well plates with RPMI medium, supplemented with 10% FBS without
the respective treatments, and maintained in culture for 10 days. The
medium was renovated every 2 days. At the end of the experiment, the
cells were washed with PBS, fixed with 4% formaldehyde for 20 min,
and stained with gentian violet for 10 min. Next, they were washed
twice with PBS and dried at room temperature. The results were ex-
pressed as absolute number of colonies. The irradiation dose in this
study was determined according to the literature [12,46].

2.9. Statistical analysis

The in vitro experiments were repeated at least four times, all in
triplicate. Results were expressed as standard error of the mean and
assessed for statistical significance by one-way analysis of variance
(ANOVA), followed by Tukey's post-hoc test (Prims GraphPAD® 7.0).
Significance was set at p < 0.05.

3. Results and discussions

Exposure to ionizing radiation does not only affect tumor cells, but
also provides a favorable microenvironment for metastatic cells re-
sistant to radiotherapeutic treatment [54–56]. The radiosensitization
effect of titanate nanotubes makes them a promising new tool in ra-
diation therapy for cancer treatment [46]. However, further research is
needed on the radiosensitization and cytotoxicity mechanisms of TNTs.
In the present study, in order to contribute to nanomedical research on
bladder cancer treatment, we synthesized titanate nanotubes (NaTNT,
and ZnTNT) and quercetin-coated titanate nanotubes (NaTNTQc and
ZnTNTQc) to increase the effectiveness of radiotherapy treatment in
invasive muscle bladder cancer cells.

The TEM images obtained (Fig. 1) show that titanate nanotubes
preserved their tubular morphology after the exchange of sodium ions
(Fig. 1a) for zinc (Fig. 1b) and quercetin coating (Fig. 1c, d). Nanotubes
modified with zinc (Fig. 1b) have an irregular surface (indicated by
arrows in Fig. 1b and c), caused by the presence of zinc. The same is
true in ZnTNT nanotubes containing quercetin (Fig. 1d). This effect was
also observed after incorporating metals such as Sn, Ce and Pd in ti-
tanate nanotubes, attributed to metal-support interaction [57–59].
However, the quercetin-coated NaTNT nanotubes (Fig. 1c) have a si-
milar structure to those without the flavonoid (Fig. 1a), since sodium
ions are located primarily in the interlamellar region, unlike zinc ions,

Fig. 1. TEM images for (a) NaTNT, (b) ZnTNT, (c) NaTNTQc and d) ZnTNTQc, at 440 k magnification.
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which are found on the nanotubes surface. The external diameters of
the nanostructures are 9 ± 1 nm (NaTNT), 12 ± 5 nm (ZnTNT),
9 ± 2 nm (NaTNTQc) and 10 ± 1 nm (ZnTNTQc).

EDS analysis was used to confirm the exchange of sodium ions for
zinc. Characteristic signals for titanium, oxygen and sodium atoms were
observed in the NaTNT spectrum (Fig. 2a) and titanium, oxygen and
zinc elements in the ZnTNT spectrum (Fig. 2b). These results indicate
an effective exchange of sodium ions with the zinc present on the
NaTNT surface, leading to the formation of ZnTNT.

The FTIR spectrum of NaTNT (Fig. 3a) show characteristic bands at:
3500–3200 cm−1, corresponding to the stretching vibration of the
surface hydroxyl groups (Ti-OH), 1640–1630 cm−1, to the deformation
of the OH bond of Ti-OH, and 892 cm−1, to the vibrational mode of the
TieO bond (nonbridging oxygen atoms coordinated with Na+ ions),
indicating the presence of sodium in the nanotubes [49,60,61]. The
quercetin spectrum is similar to that reported in the literature [35,51],
showing characteristic bands at: 3500–3200 cm−1, corresponding to
the stretching vibration of the hydroxyl groups, 1660 cm−1, to the
carbonyl stretching vibration of aryl-ketone, 1600–1400 cm −1, to the
vibration of the C]C bond of the aromatic ring, 1350 cm−1, to the
hydroxyl flexion vibration of the phenols, 1310 cm−1, to the vibration
of the CeH bond of the aromatic ring, and 1288 cm−1, attributed to
CeO stretching. In the NaTNTQc spectrum, the band at
3500–3000 cm−1 is wider than that of the NaTNT spectrum. Ad-
ditionally, two weak bands are present at 2941 and 2880 cm−1, cor-
responding to the presence of aliphatic CeH bonds of quercetin. The
wide band at 1630 cm−1 can be attributed to the overlapping bands at
1660 and 1600 cm−1, representing the quercetin incorporated into the
nanotubes, while the band at 892 cm−1 indicates the presence of so-
dium in the titanate nanotubes. This suggests that the composition of
the NaTNT nanostructure remained unchanged even after the in-
corporation of quercetin. Other bands characteristic of quercetin can
also be observed in the NaTNTQc spectrum, as well as slight displace-
ment of the band at 1640 cm−1, suggesting that the flavonoid was ef-
fectively incorporated into the NaTNT structure.

The FTIR spectrum of ZnTNT (Fig. 3c) exhibits the same bands
found in the NaTNT spectrum, except for the band at 892 cm−1 at-
tributed to the presence of sodium, indicating that the sodium ion ex-
change with zinc was effective [62]. Fig. 3d shows the ZnTNT and
ZnTNTQc spectra, with characteristic quercetin bands in the ZnTNTQc

spectrum at 1740 cm−1 corresponding to the stretching vibration of
C]O (quercetin), which interacts with the zinc atoms present in the
ZnTNT structures [63]. These results are corroborated with other stu-
dies that observed the quercetin complexation with the zinc through the
metal‑carbonyl interaction of quercetin [64].

The crystallinity of NaTNT, ZnTNT, NaTNTQc and ZnTNTQc was
analyzed by XRD (Fig. 3e). All the TNT nanostructures exhibited
characteristic diffraction peaks at 2θ = 10°, 24°, 28° and 48°, corre-
sponding to the crystalline planes of a typical MxTi3O7 structure. Ap-
plying the Bragg equation to the peak located at 2θ = 10° made it
possible to obtain the interlamellar distance of the nanostructures
(0.87, 0.92, 0.88 and 0.90 nm for NaTNT, NaTNTQc, ZnTNT and
ZnTNTQc, respectively). The increase in interlamellar distance in the
quercetin-coated nanostructures may be due to interaction between the
flavonoid and the nanotubes [42,61]. In addition to the previously
discussed peaks, ZnTNT showed diffraction peaks near 2θ = 34° and
36°, related to the formation of zinc oxide in the nanostructure [65].
The low intensity peak at 2θ = 28° compared to the peak at 24° in-
dicates effective Na+ ion exchange [66]. These results corroborate
those obtained in EDS and FTIR analyses.

Thermogravimetric analysis (TGA) of NaTNT, NaTNTQc, ZnTNT,
ZnTNTQc was carried out to estimate the amount of quercetin in-
corporated into the nanotubes and evaluate thermal stability. Fig. 4
compares the TG and DTG profiles of the nanostructures. Samples
NaTNT and ZnTNT (Fig. 4a and b) exhibit two degradation steps at-
tributed to absorbed (40°–100 °C) and interlayer water temperatures
(100–200 °C); as observed in previous studies by our group, these
materials are thermally stable at higher temperatures [42,49]. The
quercetin-coated nanotubes show a third degradation step (200–400 °C
for NaTNTQc and 600–1000 °C for ZnTNTQc), corresponding to quer-
cetin degradation (Fig. 4c).

This displacement at higher temperatures in the third step of
ZnTNTQc suggests a strong interaction between zinc and quercetin,
corroborating the FTIR results. Other studies have also reported an
increase in the thermal stability of quercetin-loaded nanostructures
after zinc incorporation, suggesting a strong quercetin-Zn interaction
that leads to the formation of complexes capable of stabilizing the fla-
vonoid [34,35].

The amount of quercetin incorporated was estimated based on the
difference in weight loss between 200 and 1000 °C of NaTNT or ZnTNT
and NaTNTQc or ZnTNTQc, according to the method described in the
literature [49]. Quercetin incorporation was around 12.5% for
NaTNTQc and 27.7% for ZnTNTQc.

The in vitro release mechanism from nanoparticles involves two
phases: (a) burst and (b) controlled release. In the first, flavonoid mo-
lecules are released from the nanostructure surface and in the second,
via diffusion through the nanostructure. The second phase is associated
with flavonoid-nanostructure interaction. In order to evaluate the in-
fluence of quercetin-nanostructure interaction on quercetin release, the
in vitro release of NaTNTQc and ZnTNTQc in PBS was investigated
(pH = 5.5). This medium was used to mimic the biological environ-
ment of cancer that would be encountered during diffusion towards the
target cells.

Fig. 5 shows the quercetin release profiles of the NaTNTQc and
ZnTNTQc nanostructures, with higher release values for NaTNT when
compared to ZnTNT throughout the assay. After 6 h, approximately
44% of quercetin had been released in NaTNTQc and 10% in ZnTNTQc.
Controlled release behavior was observed after 12 h. The diffusion-
dependent phase showed that NaTNTQc released about 63% quercetin
after 24 h, while only 18% was released in ZnTNTQc over the same
period. Release remained constant after 48 h.

ZnTNTQc showed a slower release profile, suggesting that this na-
nostructure is better able to stabilize quercetin than NaTNTQc. This
behavior may be associated with the difference between the nanos-
tructures, where the presence of zinc on the surface causes quercetin
complexation, resulting in stronger zinc-quercetin interaction. As such,

Fig. 2. EDS spectra of (a) NaTNT and (b) ZnTNT.
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the ZnTNT nanostructure retains more of the flavonoid and releases it
slowly. These results are consistent with the literature [51], which re-
ported a similar quercetin release profile from silica nanoparticles in
medium (pH = 5.6), with greater flavonoid release in the first 10 h.
Similar findings were obtained for quercetin release (100%) from an
SBA-15 silica matrix after 4 h [35]. Furthermore, flavonoid release was
more controlled in zinc-modified SBA-15, indicating that zinc can delay
quercetin release from silica nanoparticles or titanate nanotubes.

The cytotoxic effect of three new synthesized nanostructures
(NaTNTQc, ZnTNT and ZnTNTQc) on the proliferation of T24 human
bladder cancer cells and normal monkey kidney (Vero) cell lines was

assessed by MTT assay after 24 and 48 h. Quercetin and NaTNT were
also evaluated for comparison purposes (Fig. 6).

As shown in Fig. 6 (a–d), Qc and NaTNT were considered non-cy-
totoxic to Vero cell viability. Furthermore, 100 and 200 μg/mL of
quercetin promoted a significant reduction in cell viability after 48 h of
treatment (T24 cell viability). For NaTNT, the profile observed was
considered non-cytotoxic in T24 cells for both times assessed. In addi-
tion, T24 cells treated with 50 and 100 μg/mL of NaTNT increased
mitochondrial metabolism in 24 and 48 h.

In contrast to the NaTNT profile, NaTNTQc, ZnTNT and ZnTNTQc
exhibited different effects on cell viability. The results of the MTT assay

Fig. 3. FTIR spectra for (a) NaTNT, Qc and NaTNTQc, (b) 1800–650 cm−1 region, (c) NaTNT, ZnTNT, (d) comparison between ZnTNT and ZnTNTQc, (e) XRD
patterns.
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(Fig. 6e and f) showed that NaTNTQc promoted an increase in cell
viability in the Vero lineage (200 μg/mL at 24 h, and 50 to 200 μg/mL
at 48 h). Additionally, NaTNTQc reduced T24 cell viability at a con-
centration of 200 μg/mL for both times tested. However, Vero and T24
cells treated with 200 μg/mL ZnTNT showed decreased viability after
24 and 48 h (Fig. 6g and h). Moreover, greater mitochondrial meta-
bolism was observed in Vero cells treated with 50 and 100 μg/mL of
ZnTNT after 48 h. ZnTNT also inhibited T24 cell viability at the highest
concentrations (100 and 200 μg/mL) after 24 h. A significant inhibitory
effect on T24 cells was also observed at 200 μg/mL after 48 h. As shown

in Fig. 6 (i and j), ZnTNTQc promoted greater mitochondrial metabo-
lism in Vero cells (25 and 100 μg/mL after 48 h). For T24 cells, viability
was inhibited after 24 h with 200 μg/mL of ZnTNTQc and after 48 h
with 50 to 200 μg/mL. However, this nanostructure was considered
non-cytotoxic when compared with its precursor (ZnTNT) for both
treatment times tested.

Previous studies have demonstrated the antiproliferative effect of
quercetin on T24 cells [67]. Despite its recognized antitumor activity,
the low bioavailability of quercetin is the main barrier to its use
[68,69]. Cytotoxicity results suggest that quercetin coating on the ti-
tanate nanotubes significantly improved antitumoral action when
compared with their precursors (without the flavonoid). This may be
due to a synergistic effect in the quercetin-coated TNT nanostructures,
since the oxidative characteristics of quercetin promote cell protection
[70]. This effect is evident when comparing the viability of Vero cells
treated with ZnTNT and ZnTNTQc (concentration of 200 μg/mL).
Toxicity decreases with ZnTNTQc, suggesting it may be associated with
the presence of Zn in the nanotubes (ZnTNT). Since quercetin interacts
with the zinc atoms in the nanotubes (ZnTNTQc), as shown in FTIR
analysis (Fig. 3), some atoms may no longer be available, thereby af-
fecting their toxicity.

The cytotoxicity results of NaTNT and ZnTNT demonstrated that the
nanostructures are stable and viable for quercetin coating as potential
candidates for drug delivery due to their significant surface changes.
These structures also showed greater selectivity for tumor cells, with
potential application in biomedicine.

The biocompatibility of TNTs was investigated in Vero and T24 cells
at four concentrations, ranging from 25 to 200 μg/mL. Few studies have
investigated the cytotoxicity of TNT. According to Magrez et al., TiO2

nanofilaments showed toxicity against H596 lung carcinoma cells at a
concentration of 2 μg/mL [45], while other authors reported no cyto-
toxicity in U87MG and SNB-19 glioblastoma cells [46,71], and that
nanoparticle cytotoxicity is highly dependent on the cell type and
morphology of the nanostructure [71,72]. In our study, TNTs were
biocompatible after 2 days of exposure to Vero and T24 cells at a
concentration of 200 μg/mL for NaTNT, 50 times higher than the
concentrations reported in the literature [45]. The other synthesized
titanate nanostructures also showed biocompatibility in Vero and T24
cells at concentrations below 200 μg/mL. Based on the results obtained
in the MTT assay, a non-cytotoxic dose (25 μg/mL of TNTs) was chosen
for subsequent experiments with T24 cell lines.

Since the nanostructure exhibited biocompatibility, bladder cancer
cell internalization was evaluated. To our knowledge, few studies have
investigated TNT internalization in cells. Some authors reported the
internalization of titanate nanotubes in glioblastoma multiform cells

Fig. 4. (a) TG and (b) DTG curves of NaTNT, ZnTNT, NaTNTQc and ZnTNTQc.
(c) DTG of Qc.

Fig. 5. Profiles for quercetin release from the NaTNTQc and ZnTNTQc nanos-
tructures.
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Fig. 6. Effect of (a-b) Qc, (c-d) NaTNT, (e-f) NaTNTQc, (g-h) ZnTNT, and (i-j) ZnTNTQc on the viability of Vero and T24 cell lines. At 80–90% confluence, cells were
treated with the respective nanostructures (25, 50, 100, and 200 μg/mL) for 24 and 48 h. The data were analyzed for statistical significance using one-way ANOVA,
followed by Tukey's post-hoc test. *** p < 0.001, ** p < 0.01, * p < 0.05.
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[46,71]. In the present study, the internalization of NaTNT, NaTNTQc,
ZnTNT and ZnTNTQc nanotubes was analyzed by TEM after 8 days of
incubation (Fig. 7).

Following incubation, the T24 cells had internalized a significant
number of nanotubes (Fig. 7c and e), while fewer had been internalized
by other cells (Fig. 7a and g). Some nanotubes were also found inside
the vesicles (Fig. 7d) or cytosol (Fig. 7g) of T24 cells. Endocytosis was
observed in nanotubes internalization by tumor cells (Fig. 7j), as well as
the presence of nanostructures outside the T24 cells, suggesting pos-
sible TNT exocytosis (Fig. 7l).

This study is the first to report the internalization of TNTs in T24
cells and our results indicate that internalization may be associated

with incubation time and TNT morphology. Indeed, the high con-
centration of TNT cells internalized may be related to the tubular
morphology of the nanostructure and the length of time the cell is in-
cubated with TNTs [71]. Titanate nanotubes with sodium were inter-
nalized by glioblastoma multiforme cells via different processes (en-
docytosis and diffusion) [46]. Baati et al. also reported TNT
internalization by U87-MG cancer cells, after 1 h of incubation, and
observed nanostructures inside vesicles or escaping from them into the
cytosol [71]. Our results suggest that this is a continuous process, likely
associated with the availability of TNTs in the extracellular environ-
ment. TEM images obtained after 8 days of incubation also demonstrate
the biocompatibility of TNTs, evident in the normal morphology of the

Fig. 7. TEM images of TNT incubated with T24 cells for 8 days: image (a-b) internalized NaTNT nanostructures found inside the cell. (c-d) high rate of NaTNTQc
internalization. (e-f) ZnTNT found inside vesicles. (g-h) ZnTNTQc nanostructures detected in the cytosol. (i) control T24 cell. (j) internalization pathway observed
(endocytosis). (k) nanostructures detected outside the cells, despite washing. The letter N indicates the nucleus.

Fig. 8. Effect of TNTs on T24 cell proliferation. At 80–90% confluence, cells were treated with 25 μg/mL of the respective nanostructures for 24 h (a) and 48 h (b).
Next, one group was irradiated (5 Gy) and the other not (0 Gy). 24 h after irradiation, the cells were detached and counted. Controls were considered 100%. Data
were analyzed for statistical significance by one-way ANOVA, followed by Tukey's post-hoc. *** p < 0.001.
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nucleus during incubation when compared to control cells.
Ionizing radiation delivered during radiotherapy acts directly or

indirectly, triggering a cascade of events (physical, chemical, biological
and clinical) in cellular molecules and damaging DNA [73,74]. After
exposure to ionizing radiation, energy transfer occurs, promoting the
ionization and excitation of atoms and molecules (physicochemical
effects). This triggers biological events such as cell death, causing ir-
reparable DNA damage [75,76].

In this study, the biological response of T24 cells treated with
quercetin and TNT was measured by cell counting (Fig. 8). As shown in
Fig. 8, response differed at 24 and 48 h. Intracellular TNT concentra-
tions may be related to the difference in cell number percentages at the
two treatment times assessed. Baati et al. (2016) used ICP-MS to mea-
sure the intracellular concentration of TNTs after 1, 4, 24, 48 and 72 h
of incubation with titanium nanotubes and found that intracellular ti-
tanium concentration increased from 1 to 48 h. In addition, TNT con-
centration was practically the same at 72 and 48 h, suggesting possible
cell saturation by TNTs [71]. For T24 cells treated with 25 μg/mL of
quercetin or nanostructures (NaTNT, NaTNTQc, ZnTNT and ZnTNTQc)
and incubated for 24 h, there was no significant variation in the number
of cells between irradiated and nonirradiated groups (Fig. 8a); however,
intergroup differences in cell number were observed in T24 cells treated
under the same conditions and incubated for 48 h. NaTNT, NaTNTQc
and ZnTNT promoted a significant decrease on the number of irradiated
T24 cells (Fig. 8b). These results are similar to those reported in the

literature, indicating that sodium titanate nanotubes reduced the
number of glioblastoma cells when associated with radiotherapy [46].
The response profiles of ZnTNT and ZnTNTQc also differed from those
obtained for sodium titanate nanotubes. As shown in Fig. 8b, 25 μg/mL
of ZnTNT combined with irradiation reduced the number of cells in the
T24 cell line, which did not occur for ZnTNTQc 48 h after irradiation.

These results can be explained by several factors that influence
biological response, such as linear energy transfer, dose and treatment
time [76,77]. The dose was fixed at 5 Gy, while the incubation time
with the TNT varied. Incubation time is directly related to the rate of
TNT internalization by the T24 cells. The TNT internalization rate
changed in cells treated for 24 h or 48 h [71], which could explain the
possible difference in cell numbers between the irradiated groups (24
and 48 h). Since the amount of energy deposited by gamma ray is re-
latively small [76], TNTs may indirectly absorb ionizing radiation and
deliver the energy over time. Additionally, the rate of internalization
increased up to 48 h, drastically reducing the number of living cells.
These results suggest that the incubation time of TNTs is a crucial
parameter in the radiosensitization process.

It is also important to note that nanotube structure may also be
associated with the behavior profile of the cells. Comparison of Fig. 8a
and b shows that the chemical nature of the nanostructures may in-
fluence the treatment response when combined with radiation. Both
titanate nanotubes with sodium exhibited a reduction in the number of
cells, whereas only ZnTNT showed the same inhibitory profile.

Fig. 9. Ability of T24 cells to form new colonies after treatment with 25 μg/mL of TNTs treatment with 5 Gy. A clonogenic assay was performed to assess the
influence of TNT combined with irradiation on cell proliferation after 10 days. Evaluation of polyclonal cell population (a) and quantification of colony number (b).
Each column represents the mean ± SEM, *** p < 0.001, ** p < 0.01, and * p < 0.05, with results expressed in relation to control cells. All experiments were
performed in triplicate.
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However, other parameters should also be taken into account, such as
controlled flavonoid release and the rate of nanostructure internaliza-
tion.

Cell death refers to the irreversible cessation of vital functions (loss
of clonogenic integrity and ability to proliferate indefinitely) [78,79].
Since cell numbers did not decline in the 24 h cell group, these cells
were selected for 48 h incubation and exposed to radiation for the
subsequent experiments. The proliferative effect on TNT-treated T24
cells was measured by clonogenic assay after 48 h of TNT cell incuba-
tion (Fig. 9). The results indicated a significant decrease in proliferative
capacity for T24 cell lines exposed to TNT combined with irradiation.
As such, only the cytotoxic effect of ionizing radiation was evaluated,
comparing the nonirradiated and irradiated groups, with controls from
the nonirradiated group (0 Gy) corresponding to 100% survival.

Cytotoxicity was also assessed for each treatment condition when
compared to the group irradiated through inhibition of colony forma-
tion. Ten days after treatment with NaTNT, NaTNTQc and ZnTNT fol-
lowing irradiation, there was a significant decline in the number of
polyclonal colonies and their diameter in relation to controls (Fig. 9a).
Moreover, ZnTNTQc showed no antiproliferative effect on cell number,
but significantly inhibited the number of T24 colonies.

The effect of nanostructures radiosensitization was observed in both
experimental groups, with a significant decrease in the number of T24
colonies formed (Fig. 9a, b). This effect of radiosensitization by the
reduction of clonogenic integrity was previously reported in the lit-
erature [80–83].

Moreover, the number of colonies formed is substantially lower
when the results between each treatment condition of the irradiated
group are compared with those of the respective controls (Fig. 9b).
These findings are similar to those reported in the literature, whereby
sodium titanate nanotubes interrupted the cell cycle of glioblastomas
through the production of ROS (reactive oxygen species) [46]. Fur-
thermore, studies indicate that nanoparticle internalization may acti-
vate cellular autophagy (removal of unnecessary or dysfunctional
components) in response to the stress caused by cell adaptation to the
internalized structure [46,84,85]. Thus, the increase in the effect of
cellular radiosensitization observed here may have occurred due to
nanostructure internalization by T24 cells before irradiation.

Another relevant aspect may have influenced the results obtained by
ZnTNT and ZnTNTQc is the presence of the zinc ion, which may interact
with γ radiation (photoelectric effect). Previous studies have demon-
strated that ZnFe2O4 nanoparticles can not only increase the efficiency
of radiotherapy, but are also easily separated from the cell environment
via an external magnetic field after radiotherapy [86]. Although the
tests conducted here answer the initial questions, further research is
needed to elucidate the mechanisms of action. Based on the results
obtained here, the nanostructures studied reduced the survival of tumor
cells and may be a promising tool in the future treatment of bladder
cancer.

4. Conclusion

In this study, new hybrid nanostructures based on sodium and zinc
titanate nanotubes coated with quercetin were successfully synthesized.
Thermogravimetric analysis showed strong interaction between Qc and
ZnTNT, used as support, while FTIR indicated possible interaction be-
tween Zn atoms and the flavonoid. The nanostructures synthesized in
this study showed biocompatibility with the concentrations used and
time. The in vitro results of internalization assays demonstrated that
TNT (NaTNT, NaTNTQc, ZnTNT and ZnTNTQc) can penetrate human
bladder cancer cells and remain in the cytosol for 8 days, with no signs
of cytotoxicity. These results suggest that TNTs increased the effec-
tiveness of in vitro radiotherapy in T24 cells. The development of these
TNTs may constitute a new tool in bladder cancer research and clinical
therapy.
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