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Engineering biocompatible hydrogen titanate
nanocarriers with blood brain barrier (BBB)
crossing potential for doxorubicin delivery to
glioma cellst
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H,TizO; nanotubes are investigated as promising biocompatible and effective drug delivery systems for
cancer therapy. These nanotubes demonstrated high drug encapsulation efficiency of up to 67% for the
doxorubicin (Dox) chemotherapeutic agent, translating into a significant drug loading capacity of about
33%. In vitro studies demonstrated the successful BBB permeabilizing ability of these nanotubes. The
Dox-loaded nanotubes further demonstrated their concentration-dependent cancer cell-killing ability,
indicating their adeptness to induce cytotoxicity, DNA degradation and inhibit tumor growth. In addition,
assays revealed their ability to generate reactive oxygen species (ROS), particularly hydroxyl radicals,
which enhanced the anticancer mechanisms of the Dox-loaded nanotubes. These findings underscore
the multifunctionality of H,TizO, nanotubes in efficiently delivering chemotherapeutic drugs and generat-
ing ROS, making them a promising nanomedicine for targeted cancer therapy. Further detailed in vitro
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1. Introduction

One-dimensional (1-D) nanostructures can be described as
elongated compositions, which mostly have their diameter in
the nanometre range. These 1-D nanostructures comprise
nanowires, nanorods, nanotubes, and self-assembled struc-
tures. Out of all these structures, nanotubes have gained sig-
nificant attention in drug delivery because of their unique
physicochemical properties like high surface-to-volume ratio,
ease of functionalization, etc. Loading of therapeutic entities
onto or into nanotube systems occurs through steps like
adsorption, encapsulation, bonding, etc. Controlled release of
such loaded moieties, however, depends on the surface pro-
perties and morphology of the carrier nanotube. Nanotube-
based drug delivery systems often respond to external stimuli
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and in vivo studies are needed to fully understand their anticancer potential and safety profile.

such as light, temperature, and pH, which facilitate the
demand-specific release of drugs at specific locations within
the body. It should be kept in mind that in designing an
effective nano-drug delivery system for therapeutic use, the
system must be engineered to be biocompatible to reduce
potential toxicity concerns. Several ongoing research efforts
have been focused on the optimization of the designed syn-
thesis of nanotubes to harness their full potential in the field
of drug delivery and attempting to address challenges such as
biocompatibility, toxicity, large-scale production, etc.!

Within the family of one-dimensional nanostructures,
carbon nanotubes (CNTs) have emerged as one of the most
promising alternatives and efficient tools for transporting
therapeutic entities as they can be functionalized with bio-
active molecules and can efficiently deliver the cargo to
specific cells and organs.>* In nanomedicine, other than
CNTs, nanostructures of semiconducting materials with
unique physical and chemical properties have also been
explored because of their high selectivity and stability.
Titanium dioxide (TiO,) is one such semiconducting material
that has shown its versatile application in localized drug deliv-
ery. Most titania nanotubes, fabricated by anodic oxidation of
titanium substrates, are used as drug carriers.” However, the
anodization process is tricky, and translation to a commercial
scale is challenging. This opens up the possibility of exploring

This journal is © The Royal Society of Chemistry 2025
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one of its polymorphs, hydrogen titanate (H,Ti;0-), for various
applications.

Hydrogen titanate nanostructures are a class of one-dimen-
sional (1D) materials composed of titanium, oxygen, and hydro-
gen atoms. These nanostructures can take various forms, such as
nanotubes, nanowires, and nanobelts, with diameters ranging
from a few to hundreds of nanometres and lengths up to several
micrometres. Their unique 1D morphology provides a high
surface area-to-volume ratio, which is beneficial for applications
such as drug delivery, catalysis, and energy storage. Hydrogen
titanate nanostructures are typically synthesized using hydro-
thermal methods, where titanium-based precursors are treated
under high temperature and pressure conditions in the presence
of a base, such as sodium hydroxide. The resulting sodium tita-
nate nanostructures can then be converted to hydrogen titanate
by acid treatment, which replaces the sodium ions with protons.
The protons in hydrogen titanate nanostructures can participate
in hydrogen bonding interactions, contributing to their stability
and potential for functionalization. These unique properties
make hydrogen titanate nanostructures promising candidates for
various applications, particularly in the field of drug delivery,
where their large surface area and tunable properties can be
exploited for efficient drug loading and targeted release.

Hydrogen titanate was first synthesized by Kasuga et al. in
1998° and since then hydrogen titanate has been explored
for its application potential in the fields of catalysis,® solar
energy,” field emitters,® ion exchange,” supercapacitors,'
battery materials,"" gas storage,'” etc. Interestingly, only a
handful of studies have been focused on hydrogen titanate as
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a drug delivery carrier. Ray et al. reported the formation of a
nano-bioconjugate between H,Ti;O, nanotubes and the vital
respiratory protein, cytochrome c."® Ranjous et al. compared
the physicochemical properties of hydrogen titanate with
carbon nanotubes and suggested that the titanate could be a
promising material for drug delivery because of its appealing
properties such as processability, wettability, and biocompat-
ibility."* H,Ti;0, nanotubes are strongly hydrophilic’® in
nature and hence are expected to show no or minimum
accumulation in the human body, which in turn causes less
toxicity in the body.'® The presence of surface hydroxyl (-OH)
groups allows direct conjugation of drugs with the nano-
structures for the efficient transport of those drugs.

Numerous hydrophilic anticancer medications are currently
employed for therapeutic applications, with doxorubicin (Dox)
being recognized as a prominently utilized agent among
them.' Dox has numerous modes of action, out of which its
principal mechanism is the intercalation in the DNA strand. It
destabilizes DNA structures and causes strand breakages and
damage. Furthermore, this drug has a high capacity to inhibit
topoisomerase II, an enzyme required for DNA replication and
cell division in cancer cells.'® Dox has been demonstrated to
contribute to breaking DNA double-strands and generating
ROS, which leads to apoptosis, senescence, autophagy, and
immunomodulatory functions in a cancerous environment."”

In this study, we successfully loaded Dox onto H,Ti;O, nano-
tubes through hydrogen bonding interactions, and the efficacy
of this drug delivery system in permeabilizing the BBB against
glioblastoma was investigated and reported (Scheme 1).

H,Ti;O0, nanotubes

Doxorubicin

Dying Cancer. Cells

Scheme 1 Schematic illustration of H,TizO; nanotube synthesis and Dox loading for targeted anti-glioma therapy applications. (Created in

BioRender. Choudhury, S. (2025) https:// BioRender.com/e3j13qm).
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2. Experimental details
2.1. Synthesis of H,Ti;O, nanotubes

In a typical synthesis procedure, 1 g of commercially available
TiO, (Sigma-Aldrich, 99% purity) was added to an aqueous
solution of 10 M NaOH. The mixture was stirred for 30 hours
to ensure homogenization and then transferred to a Teflon-
lined vessel, which was subsequently autoclaved at 150 °C for
16 hours. After cooling to room temperature, the product was
collected by filtration. During filtration, the resulting white
powder was thoroughly washed with dilute HCI (prepared by
mixing 1 mL of concentrated HCl with 20 mL of deionized
water) until the pH of the filtrate reached neutral. Finally, the
washed powder was dried in ambient air for 24 hours.

2.2 Characterization of H,Ti;O, nanotubes

Crystallographic details of nanostructures in their of the as-
prepared state was obtained with a Rigaku Ultima IV (Japan)
X-ray diffractometer using Cu Ka radiation of 1 = 0.154 nm
over a 26 range of 10°-90°. Morphological characterization was
performed using a Zeiss Supra field emission scanning elec-
tron microscope (FESEM). The details of morphology and
structure were further studied using a Tecnai G2 20 Twin FEI
transmission electron microscope (TEM). 1 mg of powder
sample was dispersed in ethanol by vigorous ultrasonication
and 1 drop of suspension was placed on a carbon-coated
copper grid for TEM measurement. UV-visible absorption
spectra of the prepared powder were recorded in diffuse reflec-
tance mode with BaSO, as reference using a Shimadzu UV
2450 spectrophotometer. Fourier transform infrared spectra
were obtained from 400-4000 cm™" (Thermo Scientific Nicolet
iS20 Smart iTX-Diamond ATR-IR spectrometer). The Brunauer-
Emmett-Teller (BET) surface area, pore volume, and pore size
distribution were obtained from the physisorption of nitrogen
at 77 K using a Microtrac BELSORP MINI X surface analyzer.
Approximately 100 mg of sample was degassed at 4.5 kPa and
100 °C before nitrogen adsorption. Raman spectroscopy
measurements were carried out using a Jobin Yvon
T64000 micro-Raman spectrometer.

2.3 Cellular biocompatibility assay of H,Ti;O, nanotubes

The biocompatibility of the H,Ti;O; nanotubes was assessed
using a mouse fibroblast cell line (L929) by incubating the
cells with the nanotubes for 24 hours to evaluate their impact
on the cells. The cell viability assay involves adding MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide)
reagent to the cells and measuring their absorbance signal at a
wavelength of 570 nm generated based on the conversion of
MTT to formazan crystals by metabolically active cells. The
assay is sensitive to changes in cell viability and can detect
cytotoxicity induced by the nanotubes.

Immortalized L929 (mouse fibroblast) and C6 (rat glioma)
cell lines were acquired from the National Centre for Cell
Science (NCCS) Pune. The cells were incubated in Dulbecco’s
Minimal Essential Medium (DMEM) containing with fetal
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bovine serum (FBS) and antibiotics (penicillin and streptomy-
cin) in a humidified incubator at 37 °C under 5% CO,.

2.4 Dox loading onto H,Ti;O, nanotubes and
characterization

The powdered H,Ti;O, nanotubes were dispersed in double-dis-
tilled water, followed by probe sonication at 30 A for 30 minutes
to obtain a well-dispersed white solution. Then equivalent con-
centrations of Dox were added to the nanotubes. The drug was
permitted to interact with the nanotubes for 96 hours via physi-
sorption, and the drug loading percentage was then deter-
mined. The drug-loaded nanotubes were further characterized
using XPS, FESEM, TEM, FTIR, Raman, and UV techniques.

2.5 Drug release kinetics of Dox-loaded H,Ti;O, (Dox-
H,Ti;0,) nanotubes

To establish a standard curve for Dox, a series of dilutions
were prepared by serially diluting 1 mg mL™ Dox solution.
The optical density of each dilution was then measured at a
wavelength of 485 nm using a multimode plate reader (MPlex
Pro 200, Tecan Ltd). The resulting absorbance values were
plotted against the corresponding Dox concentrations to gene-
rate a concentration versus absorbance graph. 1 mg of free Dox
and an equivalent amount of Dox loaded onto H,TizO; nano-
tubes were introduced into separate dialysis tubes with a mole-
cular weight cut-off of 6 kDa. These tubes were then immersed
in phosphate-buffered saline (PBS) at pH 7.4, and the system
was maintained at 37 °C with continuous stirring. The concen-
tration of released Dox was quantified at specific time intervals
using a multimode plate reader (MPlex Pro 200, Tecan Ltd).
The percentage of the drug released was calculated by dividing
the concentration of the released drug by the initial drug con-
centration. This experimental setup allowed for the evaluation
of the release kinetics of Dox from both the free-form and Dox-
loaded H,Ti;0; nanotubes, providing insights into their drug
release profiles under physiological conditions.**

2.6 Cellular uptake of Dox-H,Ti;O; nanotubes

The internalization of Dox and Dox-H,Tiz;O, nanotubes into C6
cells was investigated using confocal laser scanning microscopy
(CLSM-880 with AiryScan, Zeiss). C6 glioblastoma cells were cul-
tured for 24 hours in a 6-well plate with a density of 1 x 10° cells
per well on coverslips. Afterwards, the cells were treated with
Dox and Dox-H,Ti;O, at equivalent concentrations. Following
an incubation period of 6 hours, the treatment medium was dis-
carded, and the cells were rinsed three times with PBS. The
cells were fixed using 4% paraformaldehyde for 15 minutes
before being examined under the microscope. This experi-
mental setup allowed for the visualization and comparison of
the uptake efficiency of Dox and Dox-H,Ti;O, by the Cé6 cells,
providing insights into the potential benefits of using nano-
tubes as potential drug delivery vehicles.”!

2.7 Cellular toxicity assay (MTT assay)

To evaluate the cellular toxicity caused by the Dox-H,TizO,
nanotubes, the cellular viability of C6 cells was determined in

This journal is © The Royal Society of Chemistry 2025
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the presence of the nanotubes. C6 cells were seeded onto a
96-well plate and, after reaching up to 70% confluency, these
cells were treated with various concentrations (25-200 pg
mL_l) of Dox and Dox-H,Ti;0O,. For comparative analysis, the
cells were also exposed to H,Ti;O, at concentrations equi-
valent to their respective amounts in the Dox-H,Ti;O, nano-
tubes, followed by incubation in a CO, incubator at 37 °C
under 5% CO, for 24 hours. After incubation, the treatment
medium was removed and replaced with fresh medium sup-
plemented with MTT reagent (5 mg mL™" in PBS) and the
sample was next incubated for 4 hours at 37 °C. Formazan
crystals formed were dissolved in DMSO. The absorbance was
recorded at 570 nm using a multimode plate reader (MPlex
Pro 200, Tecan Ltd).>*

2.8 The effect of Dox-loaded nanotubes on cancer cell
viability, as determined using calcein AM dye

The percentage of live cells was estimated following drug-
loaded nanotube treatment at 25-200 pg mL™", followed by
cell seeding in a 96-well plate for 24 hours. The cells were
rinsed with PBS twice and subsequently stained with calcein
AM dye (5 pM) for 15 min. The cells were again gently rinsed
with PBS to remove excess dye. The fluorescence emitted by
these cells was visualized using a confocal laser scanning
microscope (CLSM 880) and quantified using an imaging and
multimode reader (Cytation 5 Agilent Biotek) to evaluate the
impact of Dox-H,TizO- on cell viability.*?

2.9 Investigation of the impact of Dox-H,TizO, on the wound
closure ability of C6 cells

The effects of Dox-H,Ti;O; nanostructures on the migration of
C6 cells were evaluated using an artificial wound-healing assay
on a monolayer of C6 cells.

For comparative analysis, the cells were also exposed to
H,Ti;O, at concentrations equivalent to their respective
amounts in the Dox-H,Ti;O, nanotubes. This assay estimates
the cellular migration and proliferation in response to a
wound created on the cell layer. C6 cells were incubated for
24 hours with various treatment groups, and wound closure
was monitored at intervals of 0, 6, 12, and 24 hours.?® The area
of the wound and wound closure % were quantitatively ana-
lyzed using an Image] plugin. The percentage of wound
closure was calculated using the formula:**

% wound closure = [(wound areaat 0 h
—wound area at x h) /wound areaat 0 h] x 100

2.10 Intracellular and extracellular reactive oxygen species
(ROS) analysis

To examine the ROS production ability of the Dox-H,Tiz;O;
nanostructures, the nanostructures were incubated with ter-
ephthalic acid (TA) at a concentration of 500 nM for 30 min.
The conversion of TA to hydroxyterephthalic acid (HTA), a fluo-
rescent compound in the presence of hydroxyl radicals, was
estimated at a specific wavelength of 424 nm. The fluorescence

This journal is © The Royal Society of Chemistry 2025
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intensity was measured using a multimode plate reader (MPlex
Pro 200, Tecan Ltd).>*

For intracellular ROS production, the cells were subjected
to 100 pg mL ™" H,Ti;0, nanotubes, Dox, and the Dox-H,Ti;0,
nanotubes, followed by washing with PBS thrice.
Subsequently, the cells were incubated with DCFH-DA dye at a
concentration of 10 uM for 20 min, followed by washing of the
cells with PBS. The intensity of fluorescence produced within
the cells was estimated using an imaging and multimode
reader (Cytation 5, Agilent Biotek) to assess the extent of ROS
generation induced by the nanostructures.>®

2.11 Comet assay for assessing DNA damage induced by
Dox-H,Ti;0,

The comet assay was performed here to investigate how Dox-
H,Ti;0, affects DNA. The comet assay is a sensitive technique
for observing DNA damage at the single-cell level.>” In this pro-
cedure, the cells were mixed with low melting point agarose
gel and placed on microscope slides. They were then treated
overnight with a strong alkaline medium along with a deter-
gent such as SDS, which breaks down the cell membranes,
releasing the DNA. Following lysis, the slides were made to
undergo electrophoresis under alkaline conditions, allowing
damaged DNA fragments to migrate towards the anode,
forming a characteristic “comet” appearance.”’” The extent of
DNA damage was assessed from the DNA fragmentations
observed under confocal laser scanning microscopy
(CLSM-880 with AiryScan, Zeiss). This methodology enabled a
comprehensive analysis of the genotoxic effects of Dox-
H,Ti;0,, contributing to our understanding of its potential
implications in cellular toxicity.”®

2.12 Determination of H,Tiz;O, permeability across an
in vitro BBB Transwell model

The ability of H,Ti;O, nanostructures to traverse an in vitro
BBB model was assessed through a dual-layer setup, where
the upper chamber contained bEnd.3 endothelial cells and
the lower chamber housed C6 glioma cells. For this, rhoda-
mine 6G-loaded H,Ti;O, nanotubes were utilized.>® Briefly,
bEnd.3 cells were cultured in the upper compartment of a
Transwell plate at 5 x 10" cells per well within a 12-well plate
system. The culture medium was monitored daily to maintain
optimal cell health and transendothelial electrical resistance
(TEER) values were measured each day to evaluate the integ-
rity of the cell monolayer. TEER values were calculated using
the formulas:

R(tissue) = Riotal (Q) — Rplank (Q)
TEER(tissue) = Marea (cm?)/R(tissue) (Q)

where the area of each well was 3.5 cm? for the 12-well plates.
Once TEER values exceeded 180 Q-cm?, the medium in the
upper chamber was replaced with a suspension of H,Ti;O,
nanoparticles (100 ug mL™") dispersed in pH 7.4 HEPES buffer.
The cell monolayer was incubated at 37 °C for 24 hours to
facilitate interaction. Post incubation, the absorbance of the
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H,Ti;0,-containing solution in the upper chamber (4,) was
measured using UV-vis spectroscopy. The permeability ratio
was calculated using the formula:

%Transport = (1 — Ay /A) x 100

where A, represents the absorbance of the H,Ti;O, solution in
the upper chamber after 24 hours, and A denotes the initial absor-
bance of the H,Ti;O; solution prior to incubation. This method-
ology enabled us to assess the ability of H,TizO;’s to traverse the
BBB model in a quantifiable manner, providing insights into its
potential for drug delivery applications targeting glioblastoma.*

3. Results and discussion

3.1 Physico-chemical properties of the as-grown H,Tiz;O-
nanotubes

Fig. 1a represents the FESEM image of the as-grown powder,
revealing the formation of nanotubes of one-dimensional,
elongated morphology with a diameter range of 15-20 nm and
length in microns, as shown in the histogram presented as the
lower inset of Fig. 1la. This observation matches the earlier

study by Ray et al."® The crystallography phase analysis (upper
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inset of Fig. 1a) of the as-prepared nanostructured sample
revealed the presence of diffraction lines at 26 of ~24.3° and
48.4°, matching with the (002) and (020) planes of the mono-
clinic crystal structure of hydrogen titanate (JCPDS card no. 41-
0192). The lines indicated by ‘R’ match with the rutile phase of
TiO, (JCPDS card no. 21-1276), which might appear due to the
presence of unreacted precursor powder.

Furthermore, the detailed morphology of individual one-
dimensional nanostructures was determined using high-resolu-
tion transmission electron microscopy (HRTEM) (Fig. 1b). It
clearly shows that the individual nanostructures were hollow
and tubular (Fig. 1b), as reported previously by Chatterjee
et al.®" The diameter of individual nanotubes was around 10 +
1 nm, as represented in Fig. 1a. The lattice spacing, as seen in
the inset of Fig. 1b, was calculated to be 0.3 nm, which corres-
ponds to the (003) plane of hydrogen titanate. The EDX spectra
of individual nanotubes recorded during TEM measurements
also clarified the absence of any impurity in the system
(Fig. 1c). The N, adsorption-desorption isotherm of the as-pre-
pared nanotubes described the BET-specific surface area, pore
volume, and average pore diameter. According to the IUPAC
classification, the isotherm was typical type IV (Fig. 1d) in
nature. The BET surface area was found to be 159 m” ¢~ and

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure P/P

(a) Scanning electron micrograph of the as-prepared H,TizO; nanostructures, X-ray diffractogram of the same sample (upper inset), and dis-

tribution of the diameter of the nanostructures (lower inset). (b) Transmission electron micrograph of the as-prepared H,TizO; nanotubes and
HRTEM image of a single nanotube (inset). (c) EDS spectrum of the same sample. and (d) Nitrogen adsorption—desorption isotherms of the as-pre-

pared nanotubes and pore size distributions of the same sample (inset).
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the total pore volume measured at P/P, = 0.99 was 31 cm® g™,
The corresponding pore size distribution was calculated using
the BJH method and is presented in the inset of Fig. 1d, and
the average tube diameter was found to be 7.9 nm.

The large surface area and elongated morphology with a
high surface-to-volume ratio of the as-prepared nanotube
prompted us to check its application as a nano-carrier in drug
delivery. Therefore, Dox, a model drug, was loaded onto the as-
grown H,Ti;O; nanotubes, and the loaded nanotubes were
characterized for further suitable applications.

3.2 Physico-chemical properties of Dox-H,Ti;O, nanotubes

To investigate the effect of Dox loading onto the hydrogen tita-
nate nanotubes, FESEM and TEM were performed with the Dox-
H,Ti;O, sample (Fig. 2). There was no distinct change in the
nature and width of the particle diameter after Dox loading.
The Dox-loaded nanotubes were further characterized with
HRTEM, further confirming the structural integrity of the nano-
tubes even after Dox loading (Fig. 2b and c). The loading of Dox
onto the H,Tiz;O; nanotubes was confirmed by UV-vis absorp-
tion spectroscopy (Fig. 2d). The pristine H,Ti;O, nanotubes
showed a strong absorption peak below 300 nm that may be cor-
roborated by the band-edge absorption of hydrogen titanate.® In
the case of the Dox-H,Ti;O, nanotubes, along with the typical

30, %
Diametor (nm)
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band-edge absorption of H,Ti;O,, a prominent broad peak was
observed near 495 nm. This peak represents the characteristics
absorption peak of Dox.** Loading of Dox onto the hydrogen
titanate nanotubes was further confirmed by Raman spec-
troscopy (Fig. 2e). The Raman spectrum of the pristine H,Ti;O-,
nanotubes did not show any peak in the range of 1100 cm '~
1900 cm™. In contrast, a distinct broad peak was observed in
the same range in the case of the Dox-H,Ti;O, sample.
Previously, Din et al. reported the presence of Dox-specific
bands in this region that originate from skeletal ring vibrations
(1445 cm™" and 1570 ecm™) and the presence of C-O, C-O-H
and C-H bonds in Dox (between 1200 cm ™" and 1300 cm™).*?
The presence of such a broad peak indicated and confirmed the
adsorption of doxorubicin onto the surface of H,Ti;O;. Such a
shift in the Raman peak position indicated and confirmed the
adsorption and bond formation between Dox and H,Tiz;O;. The
FTIR spectrum of the pure H,Ti;O, nanotubes showed a strong
and broad O-H stretching peak at 3300 cm™* and an H-O-H
bending peak at 1630 cm ™" (Fig. 2f). A decrease in the intensity
of these two peaks in the Dox-H,Ti;O, sample as compared to
those of the pristine sample indicated an electrostatic inter-
action between the Ti-O sites at the nanotube surface and the
Dox molecule that in turn possibly removed some water mole-
cules from the surface of the nanotubes.
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(a) Scanning electron micrograph of the Dox-H,TizO; nanostructures, the inset shows the distribution of the diameter of the nanostructures;

(b) HRTEM image of the Dox-H,TizO; nanostructures; (c) high-magnification HRTEM image of the Dox-H,TizO; nanostructures that shows tubular
nature even after Dox loading; (d) UV-visible spectra of the H,TizO; and Dox-H,TizO; nanotubes; (e) Raman spectra of the H,TizO; and Dox-nano-

tubes; and (f) FTIR spectra of the H,TizO; and Dox-H,TizO7 nanotubes.
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Fig. 3 XPS analysis of hydrogen titanate nanotubes. (a) and (b) Ti 2p
spectra showing characteristic peaks for the Ti** oxidation state; (c) and
(d) O 1s spectra showing the successful drug incorporation.

X-ray photoelectron spectroscopy (XPS) is a highly sensitive
technique for characterizing surface defects and chemical
composition. The survey scan of the pristine H,Ti;O, nano-
tubes confirmed the presence of titanium (Ti) and oxygen (O)
(Fig. S1at). The Dox-loaded H,Tiz;O, nanotubes showed the
presence of Ti, O, and nitrogen (N) (Fig. S1bt), which con-
firmed the loading of Dox onto the surface of these nanotubes.
Fig. 3a and b show the Ti 2p spectra of the as-grown hydrogen
titanate nanotubes and doxorubicin-loaded hydrogen titanate
nanotubes, respectively. Both spectra exhibited prominent
peaks at approximately 458.5 eV and 464.3 eV, corresponding
to Ti 2ps,» and Ti 2py,,, which were characteristic of the Ti**
oxidation state. Noteworthy changes were observed in the fine-
structured O 1s spectra shown in Fig. 3¢ and d, indicating dis-
tinct chemical shifts associated with various oxygen environ-
ments. Deconvolution of the broad spectra using Gaussian
peak fitting revealed three components centered at around
530, 531, and 533 eV. The peak at ~530 eV (denoted as I) corre-
sponded to lattice oxygen in the hydrogen titanate matrix. The
second peak, at ~531 eV (denoted as II), is attributed to oxygen
deficiency,*"** while the third peak at ~533 eV (denoted as III)
is associated with the surface hydroxyl (-OH) groups. A
notable difference in the relative peak area of component III
was observed between the two samples. The increased inten-
sity of this peak in the Dox-loaded sample suggested a higher
concentration of -OH moieties, confirming the successful
incorporation of doxorubicin into the hydrogen titanate nano-
tube framework.

3.3 Assessment of the cellular biocompatibility of H,Ti;0-,
nanotubes

To assess the cellular biocompatibility of these nanotubes,
which were to be employed as drug delivery vehicles, it is
essential to evaluate their safety and compatibility within bio-
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logical systems. This assessment is crucial in preventing
adverse reactions, cytotoxicity, or wundesirable immune
responses that may arise when these nanotubes interact with
living cells and tissues. This procedure involves assessing how
the nanotubes interact in vitro in cellular models such as the
L929 cell line, which is a fibroblast cell line of mouse origin,
to minimize the risk of adverse outcomes and maximize their
therapeutic potential.

The cells were treated with the nanotubes, and their viabi-
lity and proliferation were assessed using the MTT assay,
which demonstrated significant cellular viability in a concen-
tration-dependent (25-200 pg mL ') manner with the nano-
tubes. The cell viability following incubation with the nano-
tubes, as depicted in Fig. 4, indicated approximately 90% via-
bility, highlighting the use of nanotubes as a favorable option
for drug delivery applications.

3.4 Dox loading and release kinetic studies of Dox-H,Ti;O,
nanotubes

The loading of Dox onto the nanotubes was determined collec-
tively with release kinetics. This contributes to the understand-
ing of the loading and release mechanism along with the
therapeutic efficacy of Dox. Dox interacted with H,Ti;O, nano-
tubes via hydrogen bonding, which was aided by the hydroxyl
groups on the nanotube surface. These hydrogen bonding
interactions play an important role in the binding mechanism
between Dox and the H,Ti;O, nanotubes, impacting the
adsorption, stability, and release kinetics of the drug from the
carrier system.>”> The inclusion of hydroxyl groups on the nano-
tube surface increases the affinity and specificity of their inter-
action with Dox, improving the overall efficacy and controlling
the drug release behavior for possible therapeutic uses. We
observed that the loading of Dox onto the H,Ti;O, nanotubes
reached approximately 33%, while its encapsulation percen-
tage was around 67%.

The observed loading of Dox onto the H,Ti;O, nanotubes
suggested the role of these nanotubes as a carrier for the drug
with potential drug delivery applications, offering a promising
approach for controlled release and targeted therapy in cancer
treatment. The stability studies of Dox-loaded H,Ti;O,; nano-
tubes were carried out in 10% FBS and PBS at pH 7.4 for
72 hours, as shown in Fig. S2.7 In PBS (pH 7.4), the nanotubes
appeared to maintain their structural integrity and remained
well-dispersed even after 72 hours. Minimal aggregation was
observed, suggesting good stability under physiological pH
conditions. In FBS, these nanotubes demonstrated evidence of
some aggregation compared to under the PBS conditions. This
suggested that the complex protein environment of serum
might have promoted some degree of particle clumping due to
protein corona formation.*®

These results suggested that the Dox-H,Tiz;O, nanotubes
exhibited reasonable stability in PBS (pH 7.4) but might be
prone to aggregation in serum-containing media due to
protein corona formation when exposed for longer durations.
However, the overall tubular structure of the nanotubes was
retained even under incubation with FBS for 72 hours.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 MTT assay results demonstrating the biocompatibility of H,TizO; nanotubes towards L929 cells, as the nanotubes exhibited minimal cytotoxicity
and maintained cell viability above 90% after 24 hours of incubation (Created in BioRender. Choudhury, S. (2025) https://BioRender.com/k0c2v34).

The release kinetics of Dox and the Dox-H,Ti;O, nanotubes
under physiological conditions at pH 7.4, utilizing PBS as the
medium for over 24 hours, are shown in Fig. S3.1 The concen-
tration of the released drug and the drug release percentage
were determined using the Dox standard curve, providing an
insight into the release behavior and kinetics of Dox and the
Dox-H,Ti;O; nanotubes in this controlled environment. The
release profiles were plotted, and it was observed that whereas
free Dox exhibited rapid and extensive release with approxi-
mately 70% release achieved within 72 hours, Dox-H,Tiz;O-,
nanotubes demonstrated sustained release, reaching 70%
release after 8 days.

This observation suggests that the nanotubes could effec-
tively retain and release the drug in a controlled manner,
enhancing its therapeutic efficacy and reducing the side effects
associated with high doses of free Dox. The enhanced release
profile of Dox from the H,Ti;O, nanotubes highlights their
potential as a carrier for drug delivery applications.

3.5 Cellular internalization of Dox-H,Ti;O, nanotubes

It was previously discussed that one-dimensional nanotubes
have a higher surface-to-volume ratio, which allows them more
surface contacts with specific cell receptors, resulting in better
targeting capabilities than zero-dimensional nanomaterials.>?
This improved targeting ability allows for the selective accumu-
lation of these nanoparticles at the appropriate spot, increas-
ing their cellular uptake and efficacy.

The results showed an increased fluorescence intensity in
the case of the Dox-H,Ti;O, nanotubes, indicating a more
efficient uptake of the nanotubes by the cells. The uptake of
the nanotubes was further confirmed by staining the nucleus
of the cells with DAPI, a fluorescent dye that binds to DNA. In
the case of cells treated with only Dox or the H,Ti;O; nano-
tubes, the intensity of DAPI staining was found to be high,
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indicating the presence of intact nuclei. However, in the case
of cells treated with the Dox-H,Ti;O; nanotubes, the intensity
of DAPI staining was significantly reduced, suggesting Dox-
induced DNA damage as previously reported by Miiller et al.,*”
leading to cell death and morphological changes, as shown in
Fig. 5. As per sources in the literature, TiO, NPs demonstrate
pH-responsive drug release (80% at pH 6.5 vs. 20% at pH
7.4),>® which aligns with the potential of H,Ti;O, nanotubes
for glioma-specific delivery. The nanotube structure enhanced
the drug-loading capacity and enacted controlled release, and
helped in improving drug delivery in acidic tumor microenvir-
onments.’® Hence, these results suggest that the H,Ti;O,
nanotubes could effectively deliver an increased amount of
Dox to the cancer cellular environment, resulting in enhanced
anticancer activity.

3.6 Invitro anticancer evaluation of Dox-H,Ti;O, nanotubes

The anticancer properties of the Dox-H,Tiz;O, nanotubes were
evaluated by measuring the cell viability of the treated C6
cancer cells. The MTT assay, a widely used technique, was
employed to quantify the metabolic activity of the cells as an
indicator of their viability.

The results from the MTT assay provided valuable insights
into the potential of the H,Tiz;O, nanotubes as a biocompati-
ble carrier for delivering Dox to cancer cells. The Dox-H,Ti;O,
nanotubes displayed a controlled release profile of the drug,
leading to the exhibition of targeted therapeutic behavior, and
only around 30% viable cancer cells were observed at a concen-
tration of 200 ug mL™" after an incubation period of 24 hours.
This was in contrast to the treatment with free Dox, which
resulted in a 20% lower cytotoxic effect on the cells in compari-
son with the Dox-H,Ti;O, nanotubes at a similar concen-
tration, as shown in Fig. 6. The controlled release and targeted
delivery of Dox achieved through the H,Ti;O, nanotubes led to
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Fig. 5 Investigation of the in vitro cellular uptake of the Dox-loaded H,TizO; nanotubes in C6 cells. The delivery of Dox to the glioma cells and sub-
sequent release of the drug within the cells were monitored using confocal laser scanning microscopy (scale bar: 10 pm).
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Fig. 6 Enhanced anticancer efficacy of the Dox-H,TizO; nanotubes, demonstrating through controlled drug release and targeted therapeutic
action against glioma cells. Cell viability analysis via the MTT assay highlighting the potential of these nanotubes as a biocompatible drug delivery
system. The data are depicted in a bar graph illustrating the cell viability percentage. The samples were taken at equivalent Dox concentrations
based on the amount of drug loaded on the nanotubes. Subsequently, a two-way ANOVA analysis, followed by Dunnett’s test was utilized to evaluate
the statistical significance between the control groups and the treated samples. The results were reported as the mean + SD with significance levels
denoted by *p < 0.05 and **p < 0.01 (Created in BioRender. Choudhury, S. (2025) https://BioRender.com/yq43mhu).
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enhanced anticancer activities compared to the free drug. The
tubular morphology (~100-200 nm) of the H,Tiz;O, nanotubes
may favor prolonged circulation and tumor targeting via the
enhanced permeability and retention (EPR) effect, similar to
that of carbon nanotubes.’® These one-dimensional H,Ti;O,
nanotubes exhibit superior drug-loading capacities attributed
to their increased surface-to-volume ratio. Their expanded
surface area allows for more efficient drug encapsulation and
delivery, enhancing the therapeutic potential of these nano-
tubes. The unique structural characteristics of one-dimen-
sional nanotubes offer a promising platform for optimizing
drug loading efficiency and efficacy, paving the way for
advanced drug delivery systems with enhanced performance
and targeted delivery capabilities.

3.7 Assessing cell viability with calcein AM dye

To investigate the reduction in cell viability induced by the
Dox-H,Ti;O; nanotubes, the cells were exposed to optimized
concentrations of the nanostructures, ranging from 25 to
200 pg mL™". Following this treatment, the cells were stained
with calcein AM dye for 15 minutes. This fluorescent dye is a
valuable tool for assessing cell viability, as it is taken up by live
cells and then enzymatically cleaved by esterases within the
cells to produce highly fluorescent calcein. The calcein mole-
cule is retained within viable cells, allowing for the visualiza-
tion of the number of living cells in the sample.

Here in, the control cells exhibited a strong green fluo-
rescence, indicating a high number of viable cells. In contrast,
the cells treated with the Dox-H,Ti;O, nanotubes and those
treated with free Dox displayed a significant decrease in green
fluorescence intensity. This reduction in fluorescence intensity
is a direct indicator of the decrease in cellular viability,
suggesting that the treatment with the Dox-H,Ti;0, nanotubes
and free Dox resulted in a concentration-dependent reduction
in the number of viable cells, as shown in Fig. 7a and b. The
cells were also treated with H,Ti;O, nanotubes and they
demonstrated a similar green fluorescence intensity to that of
the control cells, confirming their viability in the presence of
the carrier (Fig. S4t). Thus, we can conclude from our results
that the nanotubes can serve as an effective drug delivery
system, potentially improving the therapeutic efficacy and
reducing the side effects associated with the direct adminis-
tration of Dox.

3.8 Evaluation of the wound closure rate and cellular
migration characteristics

The wound closure assay was performed on C6 cells that were
subjected to various treatment groups. In this experiment, a
wound was created on a confluent monolayer of C6 cells using
a microtip. The cells were then incubated with different treat-
ment groups for 24 hours at two concentrations: 50 pug mL ™"
and 100 ug mL™",

Microscopic imaging of the wound area was conducted at
regular intervals at 0, 6, 12, and 24 hours to evaluate the
dynamics of wound closure. At the initial time point (0 hours),
all treatment groups exhibited similar wound areas.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Impact of the Dox-H,TizO; nanotubes on the viability of C6 cells
as visualized through calcein AM staining. (a) A qualitative assessment of
the decrease in fluorescence intensity observed in cells treated with
control in comparison with those treated with the Dox and Dox-H,TizO,
nanotubes. (b) Concentration-dependent decrease in fluorescence
intensity in the cells treated with Dox and Dox-H,TizO; nanotubes in
comparison with the untreated cells and the biocompatible H,TizO;
nanotubes. This was demonstrated through a bar graph representation
of the data (scale bar: 100 pm). The samples were taken at equivalent
Dox concentrations based on the amount of drug loaded on the
nanotubes.

A significant reduction in the wound area was observed
across all groups after 24 hours. Notably, both the control
group and the H,TizO, treatment group demonstrated nearly
complete wound closure, achieving percentages close to 100%,
which indicated strong healing capabilities under these treat-
ment conditions. In contrast, the groups treated with Dox and
Dox-H,Ti;0; showed considerably lower percentages of wound
closure, with values of around 30% at the highest concen-
tration (100 pg mL™"), as illustrated in Fig. 8a and b.

The findings drawn from the wound closure assay results
indicated that the treatment of C6 cells with Dox-H,Ti;0; sig-
nificantly impaired cell migration and wound healing com-
pared to the control and H,Ti;O, groups. This suggests that
the presence of Dox in the drug-loaded carrier system nega-
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tively affected the migratory capacity of cancer cells, potentially
due to its cytotoxic effects.

3.9 Estimating reactive oxygen species (ROS) production

Dox is recognized for its ability to generate ROS through various
pathways, leading to the production of highly reactive hydroxyl
radicals.”" TA was employed as a fluorescent probe to quantify
the generation of hydroxyl radicals by the Dox-H,Ti;O; nano-
tubes. Upon incubation with these nanostructures, TA reacts
with the produced hydroxyl radicals, leading to the formation of
a product, HTA. The HTA emits a fluorescence signal at a
specific wavelength of 424 nm, which was utilized to estimate
the production of hydroxyl radicals by the Dox-H,Ti;O; nano-
tubes, as shown in Fig. 9a. The potential of these nanotubes in
generating reactive oxygen species was also estimated in the
intracellular environment. DCFH-DA was utilized to detect the
ROS produced in the cells. The compound is sensitive to oxi-
dation, and in the presence of intracellular ROS, DCFH-DA is
metabolically oxidized to fluorescent DCF in the cells.*” The
fluorescence intensity generated by the cells at a treatment con-
centration of 100 pg mL ™" was determined. It was noted that
when the cells were incubated with the Dox-H,Ti;O; nanotubes,
an increased fluorescence intensity was observed throughout the
samples in comparison with other treatment groups, establish-
ing that a higher amount of ROS is being produced in the cells
treated with the Dox-H,Ti;O, nanotubes, as shown in Fig. 9b.

3.10 Assessment of DNA damage using the comet assay

The analysis of DNA damage in C6 cells treated with various
treatment groups at a concentration of 100 ug mL™" revealed
significant findings. Notably, the formation of visible comets
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was observed in the cells treated with Dox and the Dox-
H,Ti;O, nanotubes, indicating the presence of DNA strand
breaks. To quantify this damage, we employed the CometScore
application to evaluate the comet tail length and the percen-
tage of tail DNA. Utilizing the images captured through con-
focal microscopy, we accurately measured these parameters,
which are critical indicators of DNA integrity.

As illustrated in Fig. 10a, cellular changes were documented
following treatment with different groups, followed by DNA
extraction in a highly alkaline medium and subsequent elec-
trophoresis to visualize comet formation. Fig. 10b and c
present the quantified tail length and percentage of tail DNA
for each treatment group post-electrophoresis. In total, 20
comets were analyzed for each group, and the data were
graphically presented to facilitate comparison. The results
indicated that the cells treated with the Dox-H,Ti;O; nano-
tubes exhibited a significantly greater tail length and a higher
percentage of tail DNA compared to that in the other treatment
groups. This suggests that exposure to Dox-H,Tiz;O, led to
increased DNA damage, highlighting its potential genotoxic
effects on C6 cells.

3.11 Assessment of H,Ti;O, permeability using an in vitro
BBB Transwell model

The BBB is a highly selective and semipermeable membrane
that serves as a critical protective barrier between the blood-
stream and the central nervous system (CNS). Composed of
tightly packed endothelial cells, its selective permeability is
crucial for maintaining the brain’s microenvironment.*?
However, its restrictive nature poses significant challenges for
drug delivery in treating CNS disorders, as various therapeutic

Control

H,Ti;0,

Fig. 9 Comparative analysis of TA and DCFH-DA assays providing a comprehensive understanding of ROS detection and quantification. (a)
Graphical representation of a heat map demonstrating the quantified fluorescence intensity produced by the TA assay, which specifically targets the
hydroxyl radicals ("OH). (b) DCFH-DA assay reports qualitatively detecting intracellular ROS produced by the cells treated with free Dox and Dox-

H,TizO, nanotubes (scale bar: 200 pm).
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Fig. 10 Assessment of DNA damage in C6 cells treated with various treatment groups analyzed using the comet assay. (a) Confocal microscopic
images illustrating cellular changes post-treatment followed by DNA comet formation. (b) Quantification of the comet tail length for each treatment
group, indicating the extent of DNA damage. (c) Percentage of tail DNA observed after electrophoresis, demonstrating the level of DNA fragmenta-
tion (scale bar: 100 um for the brightfield images and 10 um for the fluorescence images).

modalities struggle to cross this barrier effectively. Therefore,
an effective drug carrier must be capable of penetrating the
BBB to deliver therapeutic agents specifically to glioma cells.
Hence, the successful traversal of the BBB by nanotubes
was simulated using a Transwell system, where bEnd.3 cells
served as a model for assessing cellular permeability.** This
approach not only mimics physiological conditions but also
provides a controlled environment to study the interaction
between drug carriers and the BBB.*> To evaluate the per-

12216 | Nanoscale, 2025, 17,12204-12219

meability characteristics of the H,Ti;O, nanotubes, we con-
ducted a qualitative and quantitative analysis by loading them
with rhodamine 6G dye. In this setup, the Transwell apparatus
consisted of a 0.4 pm insert in a 12-well plate, allowing for the
measurement of TEER as an indicator of barrier integrity.
Once the TEER value exceeded 180 Q-cm?, the upper chamber
was replaced with the H,Ti;O, nanotubes dispersed in HEPES
buffer (pH 7.4). The nanotubes were then incubated in the
chamber for 24 hours to evaluate their ability to cross the

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Schematic representation of the TEER calculation method, illustrating the rhodamine 6G-loaded nanotubes as they traverse the bEnd.3 cell
layer and enter C6 cells, supported by confocal microscopic images that confirm their successful uptake. TEER values were obtained over a 7-day
period (scale bar: 10 pm) (Created in BioRender. Choudhury, S. (2025) https://BioRender.com/q43mvxr).

endothelial layer and reach the lower chamber containing
C6 glioma cells. We also performed confocal microscopy,
where we observed red fluorescence in the cells, indicating
that the rhodamine 6G-loaded nanotubes successfully tra-
versed the bEnd.3 endothelial cell layer and were subsequently
taken up by C6 cells, as shown in Fig. 11. The potential mecha-
nism of BBB permeabilization by the H,Ti;O; nanotubes was
inferred from the Transwell BBB model studies conducted in
Fig. 11. Studies on titanium dioxide (TiO,) nanoparticles
suggest that the size and shape critically influence BBB per-
meabilization, with smaller spherical particles (<50 nm) exhi-
biting superior diffusion.”®*” The H,Ti;O, nanotubes are
slender rods with an approximate diameter of 15-20 nm and
their elongated structure could facilitate localized membrane
interactions, promoting cytoskeletal reorganization (e.g., F-actin
stress fiber formation) and transient paracellular gap formation,
as seen in TiO,-NP studies.® These findings align with those of
broader nanocarrier research, where tailored geometries (e.g.,
nanotubes and nanorods) are optimized for BBB traversal,*’
suggesting that the H,Ti;O, nanotubes might exploit passive
paracellular leakage for permeabilization of the BBB.

After 24 hours of incubation, the permeability ratio (%) of
H,Ti;0, was calculated using UV-vis spectrophotometry. The per-
meability ratio was determined to be 28.05% using the equation
mentioned in section 2.12. This finding highlights the potential
of the H,Tiz;O, nanotubes as effective carriers for drug delivery
across the BBB. The ability of these nanotubes to penetrate the
BBB and deliver therapeutic agents directly to tumor cells could
significantly enhance the treatment efficacy for brain tumors.

4. Conclusion

The findings from this investigation underscore the significant
potential of H,Tiz;O, nanotubes as a biocompatible and

This journal is © The Royal Society of Chemistry 2025

effective drug delivery system in cancer therapy. The encapsula-
tion of the chemotherapeutic agent Dox into H,TizO, nano-
tubes demonstrated an impressive drug loading capacity of
approximately 33%, with an encapsulation efficiency reaching
up to 67%. These results indicate that the H,Ti;O, nanotubes
can serve as excellent platforms for the targeted delivery of anti-
cancer drugs, potentially enhancing therapeutic efficacy while
minimizing off-target effects. The controlled-release kinetics
associated with these nanotubes results in better treatment out-
comes and reduced side effects in cancer patients.

In addition to their drug delivery capabilities, in vitro studies
revealed a concentration-dependent reduction in cell viability
when the Dox-H,Ti;O, nanotubes were incubated with cancer
cells, suggesting their effectiveness in inducing cytotoxicity
and inhibiting tumor cell growth. The assessment of ROS gene-
ration using the TA and DCFH-DA assays further elucidated
the mechanisms by which Dox-H,Ti;O, enhances anticancer
activity, as increased ROS production, particularly hydroxyl rad-
icals, contributes to the cytotoxic effects of these nanoparticles.

Furthermore, the wound healing study demonstrated that
while H,Ti;O, facilitated significant wound closure, the pres-
ence of Dox in the drug-loaded nanotubes notably impaired
cell migration, with wound closure percentages significantly
lower than those observed in the control groups. This dual
analysis of wound healing and DNA damage via the comet
assay highlighted that treatment with Dox-H,Ti;O- resulted in
increased DNA damage, as evidenced by greater comet tail
lengths and higher percentages of tail DNA compared to other
treatment groups.

The H,Ti;O, nanotubes demonstrated a permeability ratio
of 28.05% across the BBB model, indicating their potential as
effective drug carriers. Additionally, the successful uptake of
rhodamine 6G-loaded nanotubes by C6 glioma cells suggests
that these nanotubes could be promising candidates for tar-
geted therapeutic delivery in treating brain tumors.
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While our study primarily explores the fundamental pro-
perties and potential of the H,Tiz;O, nanotubes for glioma
therapy, significant future work in this direction is suggested
to address these important factors. Regarding scalability, we
believe that the H,Ti;O, nanotubes can be effectively upscaled
due to the cost-effectiveness of the raw materials required for
their production. This economic feasibility is a significant
advantage in moving towards large-scale manufacturing.
Additionally, the drug used in our study, Dox, is already widely
utilized in clinical settings for treating various types of cancer.

Overall, these findings illustrate that the nanotubes offer a
promising strategy for effective drug delivery and possess mul-
tifunctional properties that enhance their permeability and
anticancer potential. The ability to efficiently load and release
chemotherapeutic agents while generating ROS further
demonstrates the versatility of this one-dimensional nano-
particle system. Continued exploration through further in vitro
and in vivo studies is essential to fully elucidate the therapeutic
efficacy and safety profile of Dox-loaded H,Ti;O; nanotubes as
a novel nanomedicine for cancer treatment.
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