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Treating lung and prostate cancer cells is a major health problem that may be solved through the 
interactions of laser beams with nanoparticles. In the paper, Au-H2Ti3O7 nanotubes (NTs) are proposed 
as a treatment agent and the interactions of different laser beams with the nanostructure are 
considered to solve the mentioned health problem. Also, the NTs are employed to treat the cancers in 
dark conditions. The results are motivating because Au-H2Ti3O7 NPs do not affect healthy cells, while 
they strongly affect cancer cells, and the viability percentage of LNCap cells reaches 16% for incubation 
times of 48 h. Furthermore, treating LNCap cells using the irradiated Au-H2Ti3O7 NTs by NIR beam at 
808 nm has no cytotoxicity, while cytotoxicity of 92% is obtained using an irradiation laser beam at 
532 nm. Also, applying the laser beam at 635 nm to the NTs leads to a cytotoxicity of ∼53% in lung 
cancer (A549 cells). In total, the Au-H2Ti3O7 NTs have a selective effect on cancer cells and greatly 
reduce the viability in the given dark and irradiation conditions, leading to the introduction of them as 
a promising agent for the non-invasive treatment of prostate cancer and a moderate candidate for lung 
cancer therapy.
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Photodynamic therapy (PDT) is an innovative medical treatment that integrates the use of light with a 
photosensitizing agent to selectively target and destroy cancer cells or other abnormal tissues. The process entails 
the administration of a photosensitizer, which selectively accumulates in the target area. Upon activation by 
specific wavelengths of light, the photosensitizer generates reactive oxygen species, leading to cellular damage 
and subsequent destruction of the target tissue1,2. PDT has gained significant attention due to its minimally 
invasive nature and potential for localized treatment. It has shown promising results in various cancer types, such 
as skin, lung, and esophageal cancers, as well as in treating certain non-cancerous conditions. This therapeutic 
approach offers several advantages, including reduced side effects and the ability to repeat treatments. PDT 
continues to evolve as a valuable treatment modality, offering a unique option in the oncology field2–5.

Nanotechnology has revolutionized the field of cancer treatment, particularly in photodynamic therapy 
(PDT), by enhancing the effectiveness and specificity of the treatment. More effective and selective treatment 
is obtained by tailoring the optical and antibacterial properties of nanostructures, leading to the use of 
nanotechnology in new ways in optoelectronics and medicine6–8. The application of nanotechnology in PDT 
offers several advantages over conventional cancer therapies. Firstly, nanoparticles can be engineered to 
target cancer cells specifically, minimizing damage to healthy tissues. The functionalization of nanoparticles 
with targeting ligands enables their selective accumulation in tumor tissues, improving treatment efficacy and 
reducing off-target effects9. Additionally, nanoparticles can efficiently encapsulate and deliver photosensitizing 
agents to the tumor site, enhancing their stability and solubility. The modification and immobilization of metal 
oxides serve as efficient carriers for a variety of applications due to their distinctive characteristics, such as 
biological activity, lack of toxicity, compatibility with living organisms, stability, and absence of carcinogenic 
tendencies10–12. This targeted and controlled delivery of photosensitizers improves the therapeutic outcome 
of PDT13. In contrast, conventional cancer therapies often lack such targeting capabilities, leading to systemic 
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toxicity and damage to healthy cells. The utilization of nanotechnology in PDT has demonstrated significant 
potential in advancing cancer treatment strategies14.

Titanium-based nanotubes (TNTs) have exhibited a prominent role in advanced photodynamic therapy 
(PDT). These nanomaterials possess unique properties, including high surface area, customizable dimensions, 
and excellent biocompatibility, making them well-suited for drug delivery and therapeutic applications2. In 
PDT, TNTs can serve as photosensitizers alone or as carriers for photosensitizing agents (nanoparticles loaded 
with photosensitizers). The high surface area of TNTs enables a larger loading capacity, facilitating the efficient 
delivery of photosensitizers to the tumor site. Furthermore, TNTs can be functionalized with targeting ligands, 
enhancing their selective uptake by cancer cells, thereby improving treatment specificity and minimizing damage 
to healthy tissues15,16.

H2Ti3O7 nanotubes (NTs) typically have a higher surface area compared to TiO2 nanotubes, which can lead 
to improved catalytic activity and reactivity. also, it leads to enhanced photocatalytic properties and superior 
photocatalytic properties of H2Ti3O7 NTs compared to TiO2 NTs, which makes them more effective in processes 
like cancer treatment, water purification, and pollutant degradation. H2Ti3O7 NTs can facilitate better charge 
separation and migration of photoinduced charge carriers, leading to enhanced electron-hole pair utilization 
in photocatalytic reactions. Also, H2Ti3O7 NTs offer the possibility of tuning their properties through doping, 
surface modifications, or varying synthesis conditions, providing flexibility for specific applications and all the 
mentioned advantages of H2Ti3O7 nanotubes over TiO2 nanotubes make them promising candidates for various 
applications in areas like non-invasive cancer treatment, environmental remediation, energy conversion, and 
sensor technology. Jiménez et al. have synthesized and engineered novel and cost-effective photo-responsive 
folate-conjugated titania and alumina nanotubes, showcasing responsiveness in the visible light spectrum17. 
Their results demonstrated that the nanocomposites exhibit photodynamic activity under visible light irradiation, 
whereas the folate-free nanotubes show a negligible photo-response under identical conditions. Furthermore, 
utilizing the same formulation, the photodynamic efficacy of folate-conjugated materials as inhibitors of cell 
proliferation has been demonstrated after 1 h of visible light irradiation (at 450 nm, 100 Wm− 2) in 4 mg/mL solid 
suspensions. Zhang et al. have produced four different types of titanium oxide nanofibers (NFs) to treat Hela cells 
using UV light, and the NFs especially mixed-phased NFs have shown significant lethal for killing HeLa cells 
and high PDT efficiencies achieved using the photosensitizers18. The enhanced photodynamic therapy (PDT) 
efficiency of the mixed-phase nanofibers in treating Hela cells can be attributed to the alignment of bandgap 
edges and the stable interface between TiO2(B) and anatase phases within a single nanofiber. This configuration 
inhibits the recombination of photogenerated electrons and holes, leading to facilitating charge separation and 
increasing the production of reactive oxygen species (ROS). Moreover, Moosavi et al. have prepared N-doped 
titania nanoparticles and used them to treat Leukemia K562 cells under visible light19. They demonstrated the 
direct dependence of treatment efficiency on nanoparticle concentration and visible light doses. Maher et al. 
has reported that the interaction of laser light with H2Ti3O7 NTs (with a mean crystallite size of 16.0 nm) in the 
vicinity of lung and prostate cancer and the effects of various concentrations of bare H2Ti3O7 NTs at different 
incubation times, laser fluence, and laser wavelength to estimate the effectiveness of the photodynamic therapy 
by the NTs5. Treating lung and prostate cancers (A549 cells and LNCap cells) was the main goal of the paper and 
their results indicated that H2Ti3O7 NTs can be a promising candidate for treating lung and prostate cancers.

Gold nanoparticles (Au NPs) coated on metal oxide nanoparticles like titania nanotubes (TiO2 NTs) have 
emerged as a promising combination to obtain synergic effects of photodynamic (PDT) and photothermal 
(PTT) therapy in cancer treatment. The integration of Au NPs with TiO2 nanotubes offers synergistic benefits 
for enhanced PDT. Au NPs possess unique plasmonic properties, such as localized surface plasmon resonance 
(LSPR), which can enhance the generation of reactive oxygen species (ROS) during PDT20. The coating of 
Au NPs onto TiO2 NTs provides dual functionality, TiO2 acting as a carrier for photosensitizers and Au NPs 
acting as enhancers for ROS generation and light absorption leading to PTT. Additionally, the surface plasmon 
resonance of Au NPs enables improved light absorption and energy transfer to the surrounding photosensitizers, 
resulting in enhanced therapeutic effects. Au NPs can absorb incident light and turn into powerful sources of 
heat and ablation of tumors21,22. Therefore, adding Au NPs to H2Ti3O7 NTs can be an excellent choice to achieve 
better results in non-invasive treatments. For instance, Zhu et al. found that gold nanoparticles decorated titania 
nanotubes exhibit enhanced antibacterial activity and a preferable effect in stopping the growth of Escherichia 
coli and Staphylococcus aureus even in dark conditions which was attributed to the photocatalytic memory 
effect23. Yang et al. have synthesized carbon-nanodot coated on TiO2 nanotubes and used them for photodynamic 
therapy under a laser beam at 650 nm in vitro and in vivo assays24. They found that the nanocomposite was an 
excellent therapeutic agent and the reason for its success was explained by them.

According to the mentioned advantages, in the paper, a novel and facile photodynamic and photothermal 
agent based on gold and H2Ti3O7 nanotubes (Au-H2Ti3O7 NTs) is proposed to treat prostate and lung cancers 
through dark and laser irradiation conditions. According to the authors’ best knowledge, no reports can be 
found in the scientific literature on the investigation of the nanostructure in non-invasive cancer treatment until 
now. The results declare the success of these nanoparticles in non-invasive cancer treatment, especially prostate 
cancer (LNCap cells), and introduce it as a worthy candidate for the treatment.

Material and method
Synthesis and characterization of Au-H2Ti3O7 NTs
In the first step, H2Ti3O7 NTs were synthesized using the method reported in2 and then the co-precipitation 
method was employed to add Au nanoparticles and provide Au-H2Ti3O7 NTs25. The characterization of Au-
H2Ti3O7 NTs was conducted through the Takram N1-541 Raman spectrometer and Shimadzu 8400 S Fourier 
transform infrared (FTIR) spectrometer to explore the structure and vibration modes of Au- H2Ti3O7 NTs. The 
crystalline structure of Au-H2Ti3O7 NTs was investigated by X-ray diffraction (XRD), ADVANCE-D8 model, 
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with Cuka radiation source (λ = 1.5406 Å) using silicon as a standard reference material. Also, morphology and 
elemental compositions of the nanostructure were determined by Field emission scanning electron microscopy 
(FESEM), and dispersive X-ray analysis (EDX) using the TESCAN model MIRA3 microscope. Transmission 
electron microscopy (TEM) was done by transmission electron microscope of PHILIPS EM 208. Optical 
properties of Au-H2Ti3O7 NTs were investigated using an ultraviolet-visible-infrared (UV-Vis-IR) spectrometer, 
Shimadzu UV-165 PC double-beam spectrophotometer, and diffuse reflectance spectroscopy (DRS), Avaspec-
2048-TEC device. The zeta potential, hydrodynamic particle size, and suspension stability were measured 
using Malvern Zetasizer Nano ZS (London, UK). Differential scanning calorimetry (DSC), thermogravimetric 
analysis (TGA), and differential thermal analysis (DTA) were done on the Au-H2Ti3O7 NTs using LINSEIS 
70/2171 device to investigate the thermal stability of the sample.

Cell culture of prostate cancer (LNCap) and lung cancer (A549)
The frozen vials contained prostate, lung, and Vero cell lines acquired from the tissue culture laboratory at 
the College of Medicine, University of Babylon, and the growth was maintained in a 25 ml culture flask with a 
complete growth medium containing 10% FBS and antibiotics, and incubated at 37˚C. Crystal violet assay as a 
useful method was applied to measure the cytotoxic effect of photo biomodulation using Au-H2Ti3O7 NTs on 
different cell lines in dark conditions and under laser irradiation. The three types of cell lines including normal 
(Vero) cells, lung (A549), and prostate (LNCap) cancer cells were seeded in 96-well plates with 5 × 105 cells/
well of density and incubated at 37 °C for 24 h. Then, cells including normal and cancer cells (lung and prostate 
cells) were treated with different concentrations of Au-H2Ti3O7 NTs (15.6–500 µg/ml). After each experiment, 
the medium was discarded and the cells were washed with 100 µL of cold PBS, then 100 µL of 0.5% crystal violet 
staining solution was added to each well. After an incubation time of 20 min at room temperature, the plate was 
washed three times with tap water. Afterward, the cytotoxicity was measured according to reference2,26,27 for 
each well with a microtiter plate reader at the optical wavelength of 570 nm.

Laser irradiation of cells incubated with Au-H2Ti3O7 NTs
Laser irradiation was applied to incubated Au-H2Ti3O7 NTs to investigate the cytotoxic effect of photo-
biomodulation on different cells. The three types of cell lines including normal (Vero) cells, lung (A549), and 
prostate (LNCap) cancer cells were seeded in 96-well plates with 5 × 105 cells/well of density and incubated at 
37 °C for 24 h. Cells were treated with different concentrations of Au- H2Ti3O7 NTs (15.6–500 µg/ml) on normal 
and cancer cells (lung and prostate cells) under laser irradiations at different fluence and wavelengths (near 
IR at λ = 808 nm, red laser at λ = 635 nm, and green laser at λ = 532 nm). The laser was positioned vertically 
above each well at a distance of 10 cm from the bottom of the plate28. The energy density (fluence) (J/cm2) was 
calculated by multiplying the exposure time (s) by the laser power density W/cm2. After each experiment, the 
medium was discarded and cells were washed with 100 µL of cold PBS and then 100 µL of 0.5% crystal violet 
staining solution was added to each well. After an incubation time of 20 min at room temperature, the plate was 
washed three times with tap water. Afterward, the cytotoxicity was measured according to reference26,27 for each 
well with a microtiter plate reader at the optical wavelength of 570 nm.

Results and discussion
Chemical structure and vibration modes
To inform about the chemical structure and vibration modes of the nanostructures, Fourier-transform infrared 
(FTIR) spectroscopy was carried out and the spectrum of the sample is displayed in Fig. 1a in the range of 400–
4000 cm-1. Five absorption peaks located at wavenumbers 445, 690, 912, 1637, and 3454 cm-1 can be seen in the 
spectrum. The absorption peak centered at 445 and 690 cm− 1 are attributed to the stretching vibrations of Ti–O–
Ti bonds29 and the peak at 960 cm-1 is due to the presence of Ti–O bond in the sample30 which demonstrates 
the formation of titanium oxide molecules in the sample. The sharp and intense peak at 1636 cm− 1 and broad 
absorption peak in the range of 2900–3700 cm− 1 are related to the molecular water bending mode of water Ti-
OH and stretching vibration of –OH from absorbed water, respectively31,32. This FTIR absorption peak related 
to Ti-OH vibration declares the formation of hydrated titanium oxides in the sample.

To find more information about the bonds created in the hydrated titanium oxide sample and confirm the 
FTIR results, Raman spectroscopy was applied to the sample, and the Raman spectrum is shown in Fig. 1b. 
Several peaks can be observed in the Raman spectrum of the sample. To obtain precise information about 
the chemical bonds of the sample, the Raman spectrum can be deconvoluted into individual Gaussian peaks 
using Origin software and fitting multi-Gaussian functions to the Raman spectrum. The constitutive Gaussian 
functions (green solid lines) are also plotted in Fig. 1b, and the center of each Gaussian peak is mentioned at the 
top of the peak. The Raman spectrum of the sample has several major (175.6, 442.8, and 733.0 cm-1) and minor 
(109.4, 513.7, 559.0, 827.8, and 827.8 cm-1) peaks related to 2Eg (276), Eg (443 cm-1), A1g (559), 2B1g(733 cm-1), 
and 2B1g + Eg (912 cm-1) of site symmetries of the Ti and O which interpreted by using the group theory33,34.

The conjugating gold to H2Ti3O7 NTs changes the bond energy, leading to a difference in the Raman shift of 
the peaks in Fig. 1b compared to H2Ti3O7 NTs in reference2. However, there is no evidence of gold in the FTIR 
or Raman spectra which is due to no molecular bond related to gold atoms. So, FTIR and Raman spectroscopies 
cannot confirm the existence of gold in the samples and other analyses should prove it. In addition, the intensity 
and full width at half maximum (FWHM) of the constituent Gaussian components are a measure of the 
crystalline properties, and higher crystallinity causes higher intensity and lower FWHM of the peaks. Therefore, 
a comparison of the Raman spectra of the samples with the H2Ti3O7 NTs in reference2 reveals the formation 
of partly the same structure. Furthermore, the obtained intensity of the Raman peaks for the current sample 
is lower than the structure in2 due to the existence of gold atoms in the structure, and less crystalline order of 
hydrated titanium oxides in the current structure. In addition, the pertly small difference between the Raman 
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peak shift of the constituent components obtained for the current sample compared to the H2Ti3O7 NTs occurs 
due to the different chemical bond lengths of these two types of molecules which can happen due to various 
reasons such as the existence of gold molecules in the structures, different nanoparticle size, crystalline phase 
and size of the nanoparticles.

Crystallinity
The XRD pattern of the sample is depicted in Fig. 2. The pattern was analyzed by X’Pert High Score Plus software 
and it was compatible with the standard card 00-041-0192. It is demonstrated that the diffraction peaks labeled 
by stars, *, are associated with monoclinic hydrogen titanium oxide, H2Ti3O7, with the lattice parameters of 
a = 15.990 Å, b = 3.738 Å, c = 9.172 Å which is consistent with the results of previous analysis (chemical structure 
and vibration modes studies). Also, according to the standard card 96-901-1613, a sharp peak labeled by 
diamond at 2θ = 38.27° is related to the cubic phase of Au with the lattice parameters of a = b = c = 4.0650 Å and 
space group of F m -3 m which verify the existence of Au and its crystalline nature in the sample.

Furthermore, to estimate the mean crystallite size of the sample, the XRD pattern of the Au-H2Ti3O7 sample 
is considered using the Scherrer equation (dsh = kλ/(β cos θ)), where, K and λ are shape factor and X-ray 
radiation’s wavelength (1.5418 Å); and d, θ, and β are the mean crystallite size, the Bragg angle, and the FWHM 
(full width at half maximum) of the main diffraction peak, respectively35,36. The mean crystallite size of hydrogen 
titanium oxide ((310) plane) and Au ((111) plane) are 44.2 Å and 329.4 Å, respectively.

Also, the specific surface area (SSA) of the Au-H2Ti3O7 sample can be calculated in dense and monodispersed 
nanoparticles approximation by SSA = 6/(ρ× d), whereρ is the particle density of hydrogen titanium oxide 
and Au which are 3.19 and 19.97 gr/cm3 according to standard card 00-041-0192 and 96-901-1613 of X’Pert 
high score software. The calculated SSA values of hydrogen titanium oxide and Au are 42.5 m2/g and 0.92 m2/g, 
respectively.

Morphology
Field emission scanning electron microscopy (FESEM) images of Au-H2Ti3O7 sample with two different 
magnifications are shown in Fig.  3a to study the morphology of the nanostructure. The results confirm the 
growth of rod-like or maybe nanotube nanostructures. Furthermore, the low magnification FESEM image of the 
sample in the inset of Fig. 3a indicates the uniformity of the formed nanostructure. Furthermore, the average 

Fig. 1.  (a) Fourier-transform infrared (FTIR) and (b) Raman spectra of the Au-hydrated titanium oxides.
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diameter of the Au-H2Ti3O7 sample, <d>, and data dispersion,σD, may be calculated using Digimizer software 
by fitting the following log-normal function in Origin software37–39:
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Fig. 3.  (a) Field emission scanning electron microscopy (FESEM) images with two different magnifications, 
(b) The distribution histogram of nanorods diameters, and (c) energy dispersive X-ray plot (EDX) including 
the atomic percentages of the elements detected in the Au-H2Ti3O7 nanostructure. The fitting log-normal 
function to the distribution histogram of nanostructure diameters is shown with a solid red line in the 
histogram plot.

 

Fig. 2.  X-ray diffraction pattern of Au-H2Ti3O7.
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where x denotes the diameter or other dimensional quantities of nanostructure that are desirable to measure. 
y is the frequency count of every size, and x0, y0, and w are also fitting parameters obtained by fitting the log-
normal function to the distribution histogram of the desirable dimension of the nanostructures as mentioned 
in Fig. 3b. The average diameter of nanorods is 21.75± 0.28 nm, which indicates the uniformity of Au-H2Ti3O7 
nanostructure.

For further investigation, transmission electron microscopy (TEM) analysis was done on the sample, and 
high and low magnifications TEM images are shown in Fig.  4a,b. The results declare that Au-H2Ti3O7 NTs 
were grown. The distribution histogram of shell thickness and the outer diameter of the Au-H2Ti3O7NTs and 
log-normal functions fitted to data are presented in Fig. 4c,d. The calculated average shell thickness and the 
outer diameter of the nanotubes are equal to 2.24±0.03 nm and 7.10±0.12 nm, respectively. Furthermore, data 
dispersion percentages of nanotube shell thickness and the outer diameter are 1.25% and 1.72%, respectively, 
which confirm the good quality of the nanostructure used in the research. As you can observe, the estimated 
average of outer diameters obtained using FESEM and TEM images are different, which is due to the lower 
accuracy of FESEM analysis compared to TEM analysis and the inability of FESEM in identifying and 
distinguishing the Au-H2Ti3O7 nanotubes.

EDX analysis was done on Au-H2Ti3O7 nanotubes to investigate its chemical elements and the result is shown 
in Fig. 3c. The result confirms the existence of Ti, O, and Au in the sample with atomic percentages of 20.87%, 
79.12%, and 0.01%, respectively, with no undesirable elements in the sample meaning the purity of the Au-
H2Ti3O7 nanotubes.

Optical properties
The absorption and reflection spectra of Au-H2Ti3O7 nanotubes are the most important optical quantities, 
especially in phenomena related to the interactions of light with nanostructure, such as cancer treatment with 
photothermal and/or photodynamic therapies or even wastewater treatment by photodegradation of dyes or 
else40. Diffuse reflectance spectroscopy (DRS) and UV-Vis-NIR spectroscopy are also two common methods 
for studying the optical properties of nanostructures that were carried out to investigate the optical properties 
of Au-H2Ti3O7 NTs and the results are depicted in Fig. 5a,b, respectively. According to Fig. 5a, the absorption 
of Au-H2Ti3O7 NTs contains two peaks centered at 249 and 435  nm, and the first one is more intense. The 
first absorption peak is related to the absorption of H2Ti3O7 nanotubes and the second is due to the LSPR 
phenomenon occurring in gold nanoparticles. The lower absorption peak at 435 nm compared to 249 nm can be 
understood by the lower value of gold in the Au-H2Ti3O7 NTs compared to H2Ti3O7 which was demonstrated by 
the EDX analysis results (0.01% of Au and 79.12% of Ti in the sample).

Fig. 4.  (a and b) Transmission electron microscopy (TEM) plots of Au- H2Ti3O7 nanotubes in two different 
magnifications, the distribution histogram of (c) shell thickness and (d) outer diameter of Au- H2Ti3O7 
nanotubes with fitted log-normal functions.
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Also, the sample reflectance in Fig.  5b shows that the reflectance of the Au-H2Ti3O7 NTs in the visible 
region is about 80%. In addition, significant low reflections are observed around the wavelengths of 200 nm 
(R∼40%) and 1.02 microns (R∼65%) which are mentioned in the inset of Fig. 5b. The Kubelka-Munk function, 
F (R), is proportional to the absorption coefficient, α, and the function can be calculated using equation 
F (R) = (1−R2)/(2R)41,42, where R is the reflection coefficient of the Au-H2Ti3O7 NTs. The Kubelka-Munk 
function versus photon energy is plotted in the inset of Fig. 5b and it reveals that most absorptions occur at high 
energies and in the ultraviolet region.

Also, the Tauc method using the equation ((αE)m = B(E − Eg)) is usually used to calculate the bandgap 
energy35,43 of the nanopowders and it can be applied to DRS or UV-Vis-NIR spectroscopy data to obtain the 
direct and indirect energy gap of the Au-H2Ti3O7 NTs. Here, E and Eg are photon energy and bandgap energy 
of the Au-H2Ti3O7 NTs, respectively, B is a constant, m is 2 and ½ for calculating the direct and indirect energy 
bandgaps, respectively, and α is the absorption of the Au-H2Ti3O7 NTs. Also, the calculated Kubelka-Munk 
function using DRS data can be used instead of absorption in the mentioned equation. The (αhυ)2 and (αhυ)1/2 
versus photon energy are plotted in Fig. 6a,b using UV-Vis-NIR and DRS data and then the straight lines are 
fitted to each Tuac plot to determine the direct and indirect bandgap energies of Au-H2Ti3O7 NTs. According 
to the obtained results from both methods, the Au-H2Ti3O7 NTs is an indirect semiconductor with a bandgap 
energy in the range of 3.37 eV (Fig. 6a) to 3.75 eV (Fig. 6b). The calculated direct and indirect energy gaps 
using these two spectroscopies’ data are slightly different due to different measurement methods, and also 
experimental and computational errors.

Stability of nanoparticles in suspension
Zeta potential analysis, which investigates electrokinetic potential in colloidal systems or colloid-electrolyte 
interactions, is a significant characterization technique used to estimate the surface charge of nanoparticles. It 
can provide some vital information about the physical stability of nanosuspensions. Zeta potential values are 
typically in the range of − 100 mV to + 100 mV44 and a large positive (more than + 30 mV) or negative (less 
than − 30 mV) value of nanoparticles zeta potential meaning good physical stability of nanosuspensions due to 
sufficient electrostatic repulsion of individual particles45. Furthermore, particle aggregation, flocculation, and 
physical colloidal instability can occur due to insufficient repulsive electrokinetic force (in the range of − 30 
mV to 30 mV) to overcome Van der Waals as an attractive force at zeta potentials. It should be noted that the 
potential zeta interval − 30 to + 30 is not a definite interval for the instability of nanoparticles and in many 

Fig. 5.  (a) Absorption and (b) reflection spectra of the Au-H2Ti3O7 NTs using UV-Vis-NIR and DRS 
spectroscopy data, respectively. The Kubelka-Munk function versus photon energy is plotted in the inset of (b) 
with a solid red line.
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scientific literatures the potential zeta less than − 25 mV or more than + 25 mV was declared as a high degree 
of stability44,46.

Zeta potential analysis was done on the Au-H2Ti3O7 NTs, and the result is presented in Fig. 7a. As you can 
observe, the zeta potential of the Au-H2Ti3O7 NTs is in the range of − 64 mV to − 22 mV with a maximum total 
count at -41.4 mV. To further investigate, the full width at half maximum (FWHM) of the zeta potential diagram 
obtained for the NTs is plotted in Fig. 7a and the result declares that most nanoparticles have a zeta potential in 
the range of -49 mV to -32 mV. Therefore, such high values of zeta potential guarantee high colloidal stability of 
nanoparticle suspension and strong electrostatic repulsive forces between Au-H2Ti3O7 NTs.

Dynamic light scattering (DLS) is a commonly used method to determine the particle size of dispersed 
nanoparticles in liquid that has some advantages over other methods like microscopy including the possibility 
of in situ size determination of secondary nanoparticles in the suspension47. So, the DLS method was used to 
investigate the size of dispersed Au-H2Ti3O7 NTs in deionized water at room temperature, and the result is 
presented in Fig. 7b. The size distribution diagram of Au-H2Ti3O7 NTs has two peaks located at size values of 
91.28 nm and 459.0 nm related to the passage of light in a direction close to the diameter and height of Au-
H2Ti3O7 NTs, respectively.

The differences between the average sizes of nanostructures obtained using SEM and the DLS analyses are 
attributed to their related concepts, principles, and inherent limitations and characteristics. DLS measures the 
hydrodynamic diameters of nanoparticles in solution which undergo random Brownian motion, and measures 
the fluctuations in scattered light due to this motion to determine the size distribution. Also, it measures the 
size of nanoparticles along with the thickness of the solvent or hydration layer around the nanoparticles which 
causes increasing the measured size compared to the SEM size of the nanoparticles. Furthermore, aggregation of 
nanoparticles can affect the DLS size leading to larger apparent sizes compared to SEM size of nanoparticles. On 
the other hand, SEM analysis provides high-resolution imaging of nanoparticles on a solid substrate, meaning 
measures a direct visualization of the physical size and morphology of individual nanoparticles and provides 
the physical dimensions of the nanoparticles on the substrate, without considering any solvent or hydration 
layer around the particles or aggregation. Therefore, the hydrodynamic size of nanoparticles measured by 
DLS is usually different from SEM sizes of nanoparticles, and it is related to the stability of nanoparticles in 
liquid, providing valuable information for the nanostructure applications in liquid. Therefore, the mentioned 
hydrodynamic size of nanoparticles is important for cancer treatment and drug delivery.

The results of zeta potential and DLS analyses suggest that Au-H2Ti3O7 NTs can be a suitable candidate for 
further investigation in cancer treatment. However, the thermal stability of these nanoparticles should also be 
investigated, which will be discussed in the next subsection.

Fig. 6.  Tauc plot of Au-H2Ti3O7 NTs by using (a) UV-Vis NIR transmittance spectroscopy data and (b) diffuse 
reflectance spectroscopy (DRS) data to calculate direct and indirect energy gaps. The linear solid lines are fitted 
to the linear parts of the Tauc plots.
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Thermal stability
Thermogravimetric analysis (TGA) is a less expensive, fast, and easy analysis to investigate the change in the 
physical and chemical properties of the nanostructures or to determine the thermal stability. So, the analysis 
was performed on Au-H2Ti3O7 NTs in an air atmosphere with a heating rate of 10.4 ºC/min, and the results are 
presented in Fig. 8 with a black solid line. Also, differential thermal analysis (DTA) and differential scanning 
calorimetry (DSC) are two pertly similar thermoanalytical techniques that measure the difference between 
sample and reference temperatures and record them to achieve some information about either exothermic or 
endothermic processes such as glass transitions, crystallization, melting and sublimation in the nanomaterial. 
Therefore, DTA and DSC analyses were performed on Au-H2Ti3O7 NTs and the results are shown in Fig.  8 
with a red short dash line and a blue dash line, respectively. These three curves can be used together to obtain 
comprehensive information about the thermal behavior of Au-H2Ti3O7 NTs.

Fig. 8.  Thermogravimetric analysis (black solid line), differential thermal analysis (red short dash line), and 
differential scanning calorimetry (blue dash line) of Au-H2Ti3O7 NTs in an air atmosphere with a heating rate 
of 10.4 ºC / min.

 

Fig. 7.  (a) Zeta potential and (b) the size distribution diagram of Au-H2Ti3O7 NTs dispersed in deionized 
water and measured by dynamic light scattering (DLS).
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Typically, a reduction in mass is discernible across all segments of the thermogravimetric analysis (TGA) 
plot but the slope of the curve varies in different parts. Initially, an endothermic reaction occurs with increasing 
the temperature that involves the liberation of unbound water into the pores or surface of the Au-H2Ti3O7 NTs. 
The mass loss percentage during this process (up to 148.1 ºC) reaches − 4.7%. After that, some reactions occur 
and the water inside the bond is removed. This result is consistent with FTIR spectroscopy, which demonstrates 
the presence of free water and hydrated structure. The crystallization processes of the structure occur at 
temperatures of 283.1, 364.5, 541.8, 664, 768, 796, and 851 °C as exothermic processes. The exothermic peaks 
around 283.1, 364.5, and 541.8 °C are probably related to phase changes and the formation of anatase phases of 
titanium oxide nanostructures48–51. Furthermore, a distinct exothermic peak at 664 ºC is attributed to the phase 
transition of titanium oxide nanostructures from anatase to rutile phases52. Finally, the total mass loss present 
of Au-H2Ti3O7 NTs is about 14.6%, which declares that the sample has good thermal stability. Also, the thermal 
analysis diagram of these nanotubes is different from the H2Ti3O7 nanotubes2 and some fluctuations can be 
observed in the DTA signal and heat flux curves, which can be attributed to the presence of a small amount of 
gold in the recent Au-H2Ti3O7 NTs.

Cell viability
In this section, different concentrations of Au-H2Ti3O7 NTs are applied on different normal and cancer cells to 
investigate their side effect on normal cells and their treatment effects on lung and prostate cancer cells. Studies 
are divided into two main parts: the first explores the impact of Au-H2Ti3O7 nanotubes independently under 
dark conditions, and the second explores the combined effect of the nanotubes and the interaction of laser 
radiation with the nanotubes, focusing on photodynamic and photothermal therapies. Tests are also performed 
on Vero, A549, and LNCap upon different incubation times (24 and 48 h) at 37 °C with different lasers including 
NIR (808 nm), red (635 nm), and green (532 nm) lasers and the results are presented in this section.

The effect of Au-H2Ti3O7 NTs on the normal cells, lung, and prostate cancer cells (dark conditions)
The cultured Vero cells were incubated with different concentrations of Au-H2Ti3O7 NTs at 37 °C for 24 h and 
then the cell viability% and cytotoxicity%, which are just labeled with viability% and cytotoxicity% for simplicity, 
were estimated using crystal violet as follows27 and the results are presented in Fig. 9a:

	
V iability% =

OD of test

OD of control
× 100� (6)

	 Cytotoxicity% = 100%− V iability%� (7)

where OD of test  and OD of control are the optical densities of the test (or treated cells) and control 
(untreated cells) samples, respectively.

According to the results of Fig. 9a, incubation of normal (Vero) cells with Au-H2Ti3O7 NTs has no significant 
effect on viability%, and viability% is about 100% even up to high concentrations of these nanotubes meaning 
that the threshold limit or the border concentration of NTs for significant cell death and side effects on normal 
cells is more than 400 µg/mL.

The same tests were done on A549, and LNCap cells using different concentrations of the Au-H2Ti3O7 NTs 
upon different incubation times of 24 (for A549 and LNCap cells) and 48 (for LNCap cells) hours and the results 
are depicted in Fig. 9b, c, respectively. Results of Fig. 9b demonstrate that low concentrations of Au-H2Ti3O7 NTs 
(15.6 and 32.25 µg/mL) exhibit negligible impacts on the viability of A549 cells. However, higher concentrations 
lead to a reduction in viability percentage, with levels reaching approximately 80% and 70% for incubations with 
62.5 and 500 µg/mL of the proposed Au-H2Ti3O7 NTs at a temperature of 37 °C for 24 h. Also, results of Fig. 9c 
indicate that Au-H2Ti3O7 NTs have more effect on LNCap cells in dark conditions compared to A549 cells, and 
viability% decrease significantly even with the lowest NTs concentration (15.6 µg/mL) and incubation time of 
24 h and it reaches ∼80% which previously obtained with the higher concentration of NTs (4 times larger) in 
the A549 cells. Also, the viability% of LNCap cells with the highest concentration of Au-H2Ti3O7 NTs (500 µg/
mL) and incubation time of 24 h is 59.1%. It means that almost half of the prostate cancer cells died with the 
Au-H2Ti3O7 NTs without any external sources like LED light or laser light during a short incubation time (24 h). 
Moreover, increasing the incubation time to 48 h leads to a severe drop in viability% at all concentrations, so the 
viability% of the cells using the lowest and higher concentrations of NTs are 42% and less than 22%, respectively, 
meaning the NTs presented an IC50 value of less than 15.6 µg/mL in LNCap cells for this treatment conditions.

value of about 500 µg/mL. The viability % of LNCap cells reaches 16% for the highest concentration of NTs 
(500 µg/mL), which means the death of almost all prostate cancer cells in dark conditions using Au-H2Ti3O7 NTs 
and incubation time of 48 h. These interesting results were not obtained with the previously proposed NTs (bare 
H2Ti3O7 NTs) on these two cancer cells2.

The reasons for these phenomena can be described as follows: tumor blood vessels in cancer cells often have 
a defective cellular lining composed of disorganized, loosely connected, branched, overlapping, or sprouting 
endothelial cells which makes tumor endothelium very leaky. In addition, tumors with poorly developed 
lymphatic drainage allow accumulation of nano-sized materials in cancer cells compared to normal cells such 
as accumulation of nanomaterials with long time called enhanced permeability and retention effect (EPR), 
and photosensitizers can also be covalently bonded to several biomolecules including antibodies, proteins, 
carbohydrates, and others, that the biomolecules have an affinity to tumors. Antitumor effects of NTs affected by 
NPs size, aggregation tendency, and accumulation, which are key factors that determine cell viability and genetic 
alteration in tumor cells53, and even the type of disease may substantially change the biological identity of NPs 
and their biological fates, including their cellular uptake and toxicity54.
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Hence, the findings are particularly encouraging as the Au-H2Ti3O7 nanotubes demonstrate no impact 
on healthy cells, yet exhibit a substantial effect on cancer cells. In other words, these nanoparticles have a 
selective effect on cancer cells and greatly reduce the viability % during incubation times 24 and 48 h and it 
can be an excellent candidate for more research on non-invasive lung and prostate cancer treatments through 
the interaction of laser beams with the Au-H2Ti3O7 NTs in the vicinity of cancer cells to use the synergistic 
enhancement of the phototherapeutic efficiency.

The effect of laser beam on Au-H2Ti3O7 NTs in vicinity of cancer cells
In this section, the effects of different laser irradiations including NIR (808  nm), green (532  nm), and red 
(635 nm) lasers on Au-H2Ti3O7 NTs embedded in the lung (A549 cells) and prostate cancer cells (LNCap cells) 
are investigated to study the abilities of using the interactions of laser beams with Au-H2Ti3O7 NTs for cancer 
treatment.

Lung cancer (A549 cells)  First, the synergistic photodynamic and photothermal effects of irradiated Au-
H2Ti3O7 NTs (with a red diode laser at 635 nm) on lung cancer cells are investigated and optical inverted micro-
scope images of lung cancer (A549 cells) embedded with the different concentrations of NTs (62.5 and 500 µg/

Fig. 9.  Effect of Au-H2Ti3O7 NTs on (a) normal cells (Vero cells) with incubation time of 24 h, (b) lung cancer 
cells (A549 cells) with incubation time of 24 h, and (c) prostate cancer cells (LNCap cells) upon incubation 
with different times of 24 and 48 h at 37 °C (dark condition).
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ml) and irradiated with different red laser fluence (72.5 J/cm2 and 365 J/cm2) are presented in Fig. 10 at the 
incubation time of 24 h. For comparison, an optical inverted microscope image of the control group cells is also 
presented in Fig. 10e. The results of Fig. 10 declare that increasing the concentration of Au-H2Ti3O7 NTs and 
laser fluence has reduced the cell viability, significantly. The cell viability% of A549 cells after treatment with 
irradiated 500 µg/ml of Au-H2Ti3O7 NTs with a red laser beam with a fluence of 365 J/cm2 (Fig. 10d) is very 
small compared to the control group (Fig. 10e). Therefore, this treatment can be effective on lung cancer cells.

Furthermore, for quantitative analysis, cytotoxicity histograms of A549 cells treated with different 
concentrations of irradiated Au-H2Ti3O7 NTs by a diode laser at 635 nm with different laser fluence (72.5 and 
365 J/cm2) are presented in Fig. 11. For the study, crystal violet assay was performed on A549 cells just 24 h after 
laser irradiation, and the cytotoxicity% was calculated according to Eq. 7. The results reveal that increasing the 
concentration of Au-H2Ti3O7 NTs in both laser fluences does not have a notable impact on the cytotoxicity of 
A549 cells and increasing the concentration of NTs from 62.5 to 250 μg/ml in laser fluorescence 72.72 J/cm2 and 
365 J/cm2 resulted in a change in cytotoxicity% from 21.1 to 28.3% and 37.6 to 41.3%, respectively.

In the studied concentrations range, the highest cytotoxicity% is related to using 500 mg/ml of Au-H2Ti3O7 
NTs that are equal to 39.0% and 55.9% for laser fluence of 72.72 J/cm2 and 365 J/cm2, respectively. In addition, 
increasing the laser fluence causes an increase in cytotoxicity of the Au-H2Ti3O7 NTs, and the NTs presented an 
IC50 value of 375 mg/ml in A549 cells using a laser fluence of 365 J/cm2.

3.7.2.2 Prostate cancer (LNCap cells)  In this section, the effects of different lasers including NIR (808 nm) and 
green (532 nm) lasers are investigated on embedded Au-H2Ti3O7 NTs in prostate cancer cells (LNCap cells), and 
the efficiencies of the proposed prostate cancer treatment are studied.

Fig. 11.  Dependence of Au-H2Ti3O7 NTs cytotoxicity% on the concentration of NTs and laser fluence 
provided by a red diode laser at 635 nm during the treatment of A549 cells.

 

Fig. 10.  Optical inverted microscope images of lung cancer (A549 cells) embedded with Au-H2Ti3O7 NTs with 
concentrations of (a and c) 62.5 µg/ml, and (b and d) 500 µg/ml irradiated by a diode laser at a wavelength 
of 635 nm and fluence of (a and b) 72.5 J/cm2 and (c and d) 365 J/cm2 and incubated at 37 °C for 24 h. For 
comparison, an optical inverted microscope image of the control group cells is also plotted in (e).
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NIR laser  NIR laser at a wavelength of 808 nm, power of 2 W, and fluence of 214.2 J/cm2 was applied on Au-
H2Ti3O7 NTs -embedded LNCap cells, and the cells incubated at 37 °C for 24 h. Then, the cell viability assay 
using crystal violet was recorded, and the results are shown in Fig. 12a. Initial observations suggest that exposing 
a high-power NIR laser on Au-H2Ti3O7 NTs surrounded by LNCap cells has no significant effects on the cancer 
cells, as evidenced by the nearly unchanged cell viability percentages. This phenomenon can be explained by 
the high diffuse reflection (80.9%) and low light absorbance (0.07) of the NTs at 808 nm. However, taking a 
closer look and comparing the results with Fig. 9b reveals that the cell viability% of LNCap cells by irradiated 
Au-H2Ti3O7 NTs-embedded LNCap cells (95.8%, 93.1%, 89.4%, and 74.9% for NTs concentration of 62.5, 125, 
250, and 500 µg/mL) is even higher than the viability% of Au-H2Ti3O7 NTs-embedded LNCap cells in the dark 
condition (76.1%, 69.3%, 67.5%, and 59.2% for NTs concentration of 62.5, 125, 250, and 500 µg/mL), where 
cancer cells are just incubated with Au-H2Ti3O7 NTs without applying any light. Therefore, in this process, two 
competing phenomena emerge, one leading to a decline in the viability of LNCap cells while the other contrib-
utes to its enhancement.

For a better and more comprehensive understanding of the phenomena, a parallel experiment was conducted 
using the H2Ti3O7 nanotubes previously introduced in reference2, and the results are depicted in Fig. 12a. Cell 
viability% of LNCap cells in the vicinity of irradiated Au-H2Ti3O7 NTs-embedded (85.2%, 86.0%, 86.8%, and 
82.9% for H2Ti3O7 NTs concentration of 62.5, 125, 250, and 500 µg/mL) is higher than its viability% in the 
vicinity H2Ti3O7 NTs in dark condition in reference2, too. Therefore, for more clarity, the quantity Vr=VNIR Laser-
Vdark, is defined, where VNIR Laser and Vdark are viability% of LNCap cells in the vicinity of irradiated and dark 
NTs-embedded, respectively. Vr of LNCap cells versus NTs concentration and well-fitted parabola functions is 
depicted in Fig. 12b. It can be observed that Vr is positive for the treatment of prostate cancers with two studied 
NTs and all NTs concentrations, which means that the viability% of LNCap cells treated by irradiated NTs is 
usually more than the viability% of LNCap cells embedded by both H2Ti3O7 NTs and Au-H2Ti3O7 NTs in dark 
conditions. This may be due to the reason that the NIR laser radiation makes LNCap cells more aggressive and 
it means the NIR irradiation may be an unsuitable candidate for LNCap cell treatment which should be more 
investigated.

Green laser  The optical penetration depth of NIR laser beams is more than visible laser beams. However, the 
results indicate that exposing the NIR laser beam to H2Ti3O7 NTs and Au-H2Ti3O7 NTs-embedded LNCap cells 
does not cause successful treatment, and even dark conditions cause better results compared to NIR irradiation 

Fig. 12.  (a) Dependence of prostate LNCap cells viability% to irradiated H2Ti3O7 NTs and Au-H2Ti3O7 NTs 
concentrations by a NIR laser at a wavelength of 808 nm, laser power of 2 W, and laser fluence of 214.2 J/cm2 
and (b) Vr of LNCap cells versus NTs concentrations.
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conditions. Therefore, in the next step, the effects of Nd: YAG laser irradiation at 532 nm with a fluence of 450 J/
cm2 are investigated in vitro on Au-H2Ti3O7 NTs-embedded LNCap cells to achieve better treatment conditions 
for prostate cancer cells. The research was based on varying concentrations of Au-H2Ti3O7 nanotubes integrat-
ed into LNCap cells and exposure to green laser beams in 24- and 48-hour incubation at 37 °C. The treatment 
results were recorded with two different concentrations of NTs (62.5 µg/ml and 500 µg/ml) and two different 
incubation times (24 and 48 h) and optical inverted microscope images of prostate cancer (LNCap cells) in-
cluding irradiated Au-H2Ti3O7 NTs by green laser are shown in Fig. 13. Also, an optical inverted microscope 
image of the control group cells is presented in Fig. 13e to compare. The results demonstrate that prostate cancer 
(LNCap cells) treatments by exposing a laser beam at 532 nm to Au-H2Ti3O7 NTs are significantly successful and 
can meaningfully reduce the viability% of prostate cancer cells so that the treatment with this laser and the NTs 
concentration of 500 µg/mL almost results in complete cell death (Fig. 13d). Also, a comparison of the results 
in Fig. 13a with b and 13c with d shows that increasing the concentration of Au-H2Ti3O7 NTs from 62.5 g/mL 
to 500 g/mL leads to a significant decrease in cell viability of LNCap cells. Furthermore, the comparison of the 
results of 13a with c and also 13b with d shows that increasing the incubation time has a great effect on reducing 
the cell viability.

For a more qualitative and detailed investigation, cytotoxicity% of prostate cancer (LNCap cells) cells under 
treatment by the interaction of a green laser beam with a fluence of 450 J/cm2 with different concentrations of 
Au-H2Ti3O7 NTs were obtained and the results are depicted in Fig. 14. The results declare that cell viabilities% of 
(67.0%, 64.7%, 60.3%, and 43.8) and (12.5%, 12.1%, 9.4%, and 8.1%) are provided in the case of the treatment of 

Fig. 14.  Dependence of irradiated Au-H2Ti3O7 NTs cytotoxicity in prostate LNCap on the concentrations of 
NTs irradiated by a green laser at a wavelength of 532 nm and fluence of 450 J/cm2. The cells were incubated at 
37 °C at two incubation times of 24 and 48 h.

 

Fig. 13.  Optical inverted microscope images of cancer prostate (LNCap cells) embedded by Au-H2Ti3O7 NTs 
with concentrations of (a and c) 62.5 µg/ml, and (b and d) 500 µg/ml irradiated by a laser at a wavelength 
of 532 nm and fluence of 450 J/cm2. The LNCap cells were incubated for (a and b) 24 h and (c and d) 48 h 
at 37 °C. For comparison, optical inverted microscope images of the control group cells are also plotted in 
Fig. 10e.
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prostate cancer cells by exposing the green laser irradiating to Au-H2Ti3O7 NTs with the concentration of (62.5, 
125, 250, and 500 µg/mL) at incubation times of 24 and 48 h, respectively. Therefore, increasing the concentrations 
of the proposed NTs and incubation times improves the outcome of the prostate cancer treatment. However, the 
effect of increasing the incubation time on the treatment is much greater, so that increasing the incubation time 
from 24 to 48 h (two times) at lower concentrations even causes an increase in cytotoxicity% up to three times 
and it increases up to two times at highest concentrations of 500 µg/m. Also, the NTs presented IC50 values of 
375 µg/mL and much smaller than 62.5 µg/mL in LNCap cells for the laser fluence of 450 J/cm2 at 24 and 48 h 
incubation times, respectively.

Finally, the results confirm that near-complete destruction of prostate cancer cells is provided by exposing 
a green laser light with a fluence of 450 J/cm2 to 500 µg/mL Au-H2Ti3O7 NTs embedded in LNCap cells and 
an incubation time of 48 h. Therefore, Au-H2Ti3O7 NTs and these treatment conditions can be applied in non-
invasive prostate cancer treatment.

 Conclusion
Cancer treatment and water treatment are two important global challenges that can be addressed through the 
interaction of light with nanoparticles including metal oxide nanoparticles, plasmonic nanoparticles, or both. 
Significant efficiencies of bare H2Ti3O7 NTs in the treatment of prostate and lung cancers were previously reported 
by exposing the red and green laser beams2. In the paper, Au-H2Ti3O7 NTs were proposed to treat prostate and 
lung cancers in dark and irradiated conditions. The reasons behind selecting the nanoparticles and studying the 
interaction of lasers with the NTs embedded in the special cancer cells are to use the synergic effects of H2Ti3O7 
NTs and Au. Au NPs and H2Ti3O7 NTs as powerful plasmonic nanoparticles and metal oxide can provide the 
PTT and PDT, respectively. It can be observed that the interaction of laser light wavelength with cancer cells and 
also inorganic Au-H2Ti3O7 NTs can affect the treatment efficiency, and choosing the laser wavelength is very 
important in the success of prostate cancer treatment. conventional laser therapy using a NIR laser at 808 nm 
led to cancer cell invasion and the failure of prostate cancer treatment while using the 532 nm laser produced 
astonishing treatment results. A comparison of the current treatment results with H2Ti3O7 NTs in reference2 for 
prostate cancer (LNCap cells) in the same condition declares that increasing gold to H2Ti3O7 NTs improves the 
efficiency of prostate cancer treatment significantly, while exposing a red laser beam to H2Ti3O7 NTs-embedded 
lung cancer leads a more efficient cancer treatment compare to treatment using Au-H2Ti3O7 NTs.

Furthermore, it was found that a laser wavelength of 532  nm is close to the LSPR wavelength of gold 
nanoparticles in Au-H2Ti3O7 NTs. Therefore, green light-induced ROS production of the Au-H2Ti3O7 NTs 
increases due to LSPR-induced hot electrons and heat generation. The combination of PDT and PTT treatments 
with Au-H2Ti3O7 NTs has great potential to be applied to cancer treatment and to improve the treatment 
efficiency, especially for LNCap prostate cells. The results are motivating because Au-H2Ti3O7 does not impact 
healthy cells, while significantly influencing cancer cells. In other words, these nanoparticles have a selective 
effect on cancer cells and greatly reduce the viability % during incubation times 24 and 48 h and it can be an 
excellent candidate for non-invasive lung and prostate cancer treatments.
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All data included in this paper are available upon request by contact with the contact corresponding author.
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