


1 

Synergic antibacterial coatings combining titanium nanocolumns and tellurium nanorods 

David Medina Cruz1, María Ujué González2, William Tien-Street1, Marcial Fernández Castro2, 
Ada Vernet Crua1, Iván Fernández3, Lidia Martínez4, Yves Huttel4, Thomas J. Webster1*, and José 

Miguel García-Martín1,2*

1Chemical Engineering Department, Northeastern University, Boston, MA, 02115, USA. 
2Instituto de Micro y Nanotecnología, IMN-CNM, CSIC (CEI UAM+CSIC), Isaac Newton 8, 28760 Tres Cantos, 

Spain. 
3Nano4Energy SL, José Gutiérrez Abascal 2, 28006 Madrid, Spain. 

4 Materials Science Factory. Instituto de Ciencia de Materiales de Madrid, ICMM-CSIC, Sor Juana Inés de la Cruz 
3, 28049 Madrid, Spain. 

* E-mails:  th.webster@northeastern.edu; josemiguel.garcia.martin@csic.es 

Word count for Abstract: 93 words 

Word count for manuscript: 7161 words 

Number of References: 41 references 

Number of figures: 8 figures 

Number of tables: 1 table 

Number of Supplementary online-only files, if any: 0 

ACCEPTED MANUSCRIPT



2 

List of abbreviated terms  

Ar: argon 
CFU: colony forming units  
Cm: centimeter 
CO2: Carbon dioxide 
D: Continuous Ti disk/thin film 
DCT: Tellurium-functionalized short Ti columns 
DMSO: dimethylsulphoxide 
EDTA: Ethylenediaminetetraacetic acid 
EDX: Energy Dispersive X-Ray Analysis 
H2DCFDA: 2',7'-dichlorodihydrofluorescein diacetate 
LB: Luria Bertani 
LC: long Ti columns 
LCT: Tellurium-functionalized long Ti columns 
MS-GLAD: glancing angle deposition technique by magnetron sputtering 
MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium 
Nm: nanometer 
OD: Optical density 
PBS: Phosphate-buffered saline 
PVP: Polyvinylpyrrolidone 
ROS: Reactive oxygen species 
SC: short Ti columns 
SEM: Scanning Electron Microscopy 
Ti: titanium  
Te: tellurium 
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Legend for figures and tables in the main manuscript 

Table 1. Designation of samples 

Fig. 1: SEM images (top view on the left and cross section on the right) of the nanocolumnar 
coatings with short nanocolumns (top) and long nanocolumns (bottom), named SC and LC 
respectively. 

Fig. 2: SEM images (left column with secondary electrons and right column with back-scattered 
electrons; top view on the first row and cross section on the second row) of Te-functionalized 
nanocolumnar coatings with short nanocolumns, named SCT. 

Fig. 3: SEM images (left column with secondary electrons and right column with back-scattered 
electrons; top view on the first row and cross section on the second row) of Te-functionalized 
nanocolumnar coatings with long nanocolumns, named LCT. 

Fig. 4: EDX spectra on an area centered at a bright nanorod (top) and on an area centered at a 
bare Ti nanocolumn (bottom). 

Fig. 5: S. aureus colonies on the different samples after 16h. N=3. *p<0.005 versus control, 
**p<0.01 versus control. 

Fig. 6: E. coli colonies on the different samples after 16h. N=3. *p<0.005 versus control, 
**p<0.01 versus control. 

Fig. 7: Cytotoxicity assays with osteoblasts cells. N=3 No significant statistical difference found 
compared to the control. 

Fig. 8: ROS analysis for the different metallic surfaces. N=3 *p<0.005 versus control. 

Legend for figures and tables in Supplementary material 

Fig. S1: SEM images (left column with secondary electrons and right column with back-
scattered electrons; top view on the first row and cross section on the second row) of Ag NPs-
functionalized nanocolumnar coatings with long nanocolumns. 

Fig. S2. E.coli colonies on the different samples after 16h.. N=3. *p<0.01 versus control, 
**p<0.005 versus control. 

Fig. S3. S.aureus and E.coli colony forming assays prior and after sonication experimental 
process. D1 and D2 are the samples before and after the ultrasounds treatment, respectively. 
N=3. No significant statistical difference compared to the control. 
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Fig. S4. Cytotoxicity assays with osteoblasts cells. N=3. No significant statistical difference 
found compared to the control. N=3. No significant statistical difference compared to the control. 

Fig. S5. XPS wide scan of Te nanoparticles on Ti columns. 

Fig. S6. (a) Te 3d, (b) Ti 2p, (c) C 1s, (d) O 1s and (e) N 1s core level spectra. 

Fig. S7. Contact angle measurements for the different samples. 
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Abstract.  

Nanocolumnar titanium coatings have been fabricated in two sputtering systems with very 

different characteristics (a laboratory setup and semi-industrial equipment), thus possessing 

different morphologies (150 nm long columns tilted 20º from the normal and 300 nm long ones 

tilted 40º, respectively). These coatings exhibit similar antibacterial properties against Gram 

positive (Staphylococcus aureus) and Gram negative (Escherichia coli) bacteria. When a 

synergic route is followed and these coatings are functionalized with tellurium (Te) nanorods, the 

antibacterial properties are enhanced, especially for the long nanocolumns case. The 

biocompatibility is preserved in all the nanostructured coatings. 

KEYWORDS: Antibacterial properties, Biocompatibility, Nanostructured coatings, Magnetron 

sputtering.  
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Introduction 

Bacteria are the oldest living organisms on Earth and mankind has been living between them for 

a long time. From this interaction, several pathologies have been developed, as well as symbiosis 

mechanisms. Most of these bacteria are not a cause for concern, but there are a substantial 

number which have the ability to infect and sicken humans.  

One of the major concerns related to bacterial infection is found in implants [1, 2]. Although 

orthopedic implants have improved their quality properties and enhanced the life of millions of 

patients, they are not free from the action of bacteria. Therefore, one of the most serious 

complications of prosthetic devices, in terms of morbidity, mortality and medical costs, is the 

incidence of infection [3]. Most of these infections are caused by common bacteria, such as 

Staphylococcus aureus, Staphylococcus epidermitis or Escherichia coli, showing enhanced 

activity within metallic and biocompatible surfaces used for implants [4, 5, 6]. Once the bacteria, 

in planktonic growth mode (moving cells), reach the implant, an exponential growth ends with 

the formation of a biofilm, a polymeric-like matrix with millions of bacterial cells that will 

spread all over the metallic surface, providing both mechanic stability and antibiotic resistance, 

avoiding the penetration of antibacterial agents [7, 8].  

In fact, one of the milestones in this research field consists of the development of implant 

surfaces that diminish the bacterial adherence and the formation of a biofilm [9]. There have 

been several attempts to reduce the bacterial adhesion to metallic surfaces by using corrugation 

at the nanoscale [10, 11, 12, 13, 14, 15, 16]. A recent study showed the successful preparation of 
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nanocolumnar coatings made of titanium (Ti) on typical metallic surfaces used in orthopedic 

devices that preserve the biocompatibility towards human cells while the adherence and 

proliferation of the bacteria Staphylococcus aureus dramatically decreased [17]. Such coatings 

were prepared by the so-called glancing angle deposition technique by magnetron sputtering 

(MS-GLAD) [18, 19], a scalable and environmentally friendly technique that allows the 

production of nanostructured coatings in large areas and with a large variety of morphologies. 

However, all the in vitro tests were carried out with coatings possessing nanocolumns with 

similar characteristics, so in this new work our first goal is testing the response of different 

columns, to check the robustness of this approach. Moreover, up to now only Gram-positive 

bacteria (Staphyloccocus aureus) were used. Since producing nanostructures effective in 

preventing bacterial proliferation for both gram-positive and gram-negative bacteria without 

using antibiotics is a workhorse for implant technologies, this new work also addresses the 

behavior with Gram-negative bacteria such as Escherichia coli. 

Finally, the last goal of this new work is the fabrication of synergic coatings that benefit from the 

combination of nanostructured metallic surfaces with metallic nanoparticles, which enhances the 

antibacterial properties of such coatings. 

Despite novel techniques, bacteria always find a way to adapt to the situation. Therefore, they 

still show certain growth on almost all surfaces. In order to overcome this limitation and improve 

the antibacterial effect of the metallic surfaces, nanostructures can offer a suitable answer [20, 

21]. For years, nanoparticles have been created with different sizes, morphologies and 

compositions using quick, facile and smooth reactions [22]. Several metallic nanoparticles, such 

as gold [23], silver [24], copper [25], zinc [26] and selenium [27] nanoparticles, have been tested 

as antibacterial agents with successful results, allowing for the inhibition of bacterial growth.  
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One important factor when dealing with nanoparticles is the synthetic process. Traditional 

chemical synthesis has been used for long time, building protocols from the base of both 

chemistry and physics. Although quick and easy-to-follow, traditional synthetic approaches are 

full of drawbacks, such as the use of harsh and corrosive chemicals, expensive procedures and 

more disturbingly, the production of toxic by-products, a real threat for the environment [28, 29, 

30]. Therefore, new approaches are needed, and nature can provide a suitable answer to 

overcome the limitations mentioned above.  

Among all the synthetic approaches, hydrothermal methods are very promising because they can 

be easily implemented and offer high throughput [31] due to the use of supercritical water. 

Hydrothermal techniques allow for the combination with organic and natural compounds [32], as 

well as with biocompatible polymers [33] that can act as a coating and stabilizer agent for the 

generation of stable metallic nanoparticles. 

Taking into account all of the above, the combination of metallic nanoparticles with bactericidal 

effects with nanostructured metallic surfaces that inhibited bacterial adhesion can be a promising 

strategy in order to create a synergic interaction that enhances the antibacterial properties of the 

final coating. This interaction is the main aim for the present article, where tellurium (Te) 

nanorods have been synthesized on top of nanocolumnar titanium coatings using a hydrothermal 

and environmentally-friendly approach. It is first shown here that two nanocolumnar titanium 

coatings, with short or long nanocolumns, exhibit similar antibacterial properties against both 

Gram negative and Gram-positive bacteria. Secondly, it is shown that such behavior is enhanced 

when Te nanorods functionalized with Polyvinylpyrrolidone (PVP)are synthesized on top of 

them, especially in the case of long nanocolumns. Finally, it is determined that all of the coatings 

remain biocompatible for human cells.  
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Methods 

Fabrication of the nanocolumnar coatings 

Magnetron sputtering was used to fabricate the nanocolumnar coatings. It is a sustainable method 

to manufacture thin films for multiple applications, since it is physical technique in vacuum (so 

no aggressive waste are produced and no recycling problems are associated) and the coating 

takes place with a small number of steps usually at room temperature (i.e., low energy 

consumption). Manufacturing nanocolumnar coatings instead of thin films only requires minor 

modifications, mainly using oblique deposition. Two different kinds of coatings were fabricated 

at room temperature onto ultrasonically cleaned Si(100) substrates using two set-ups.  

On the one hand, Ti coatings with short columns (150 nm length) were deposited onto  1 cm2

square substrates in the laboratory setup described in detail in ref. [17], which has a magnetron 

source with a circular Ti target (5 cm diameter) and a cylindrical collimator (length: 9 cm), the 

distance between the target and substrate being 22 cm. The parameters used were as follows: 

argon (Ar) as sputter gas at 0.15 Pa pressure, deposition time = 70 min, power = 300 W, and 75º 

inclination of the substrate with respect to the target (tilt angle). These samples will be labelled 

in the following as SC –for short columns-. 

On the other hand, a semi-industrial sputtering system that operates at the company Nano4 

Energy has been used to prepare Ti coatings with long columns (300 nm length). The target is 

rectangular (20 × 7.5 cm2) and long substrates (7 × 1 cm2) placed at a 10 cm distance but facing 
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only one of the long sides of the racetrack were used and subsequently cut into square pieces (  1 

cm2). The parameters were in this case: Ar as the sputter gas at 0.36 Pa pressure, deposition time 

= 25 min, power = 285 W, and tilt angle = 77.5º. We will denote these samples as LC –for long 

columns-. For the sake of comparison, continuous thin films with about 300 nm thickness were 

also fabricated in a standard configuration (i.e., without a tilt angle) with an 8.5 min deposition 

time.  

Functionalization of the nanocolumnar coatings with PVP-Te nanorods 

Tellurium nanorods coated with PVP were synthesized on top of the two types of nanocolumnar 

coatings using a novel hydrothermal reduction method, reducing sodium tellurate (Na2TeO4) to 

elemental tellurium (Te0) in the form of nanorods that were attached to the surface.  

Briefly, 40 mL of 20 g/L PVP (Sigma Aldrich, St. Louis, MO) in deionized water were mixed 

with 1.0 gram of L-ascorbic acid (Sigma Aldrich) and enough sodium tellurate to reach a final 

concentration of 0.5 mM (Alfa Aesar, Haverhill, MA). This solution was stirred for 10 minutes 

at room temperature. The solution was then transferred into a sealed reaction vessel. Carefully, 

different samples with nanocolumnar coatings were placed inside, with the coated side facing the 

top. The reactor was then placed into a Thermo Scientific Heratherm™ General Protocol Oven at 

90 C for 20 hours. The vessel was then removed from the oven and allowed to cool naturally to 

room temperature. The dark liquid was transferred and the metallic pieces were carefully 

removed from inside and, once placed in a 6-well plate Falcon, they were cleared and washed 

twice with ethanol and di-water to remove impurities and sterilize the surfaces. As a result of this 

process, both SC and LC samples were covered by Te nanorods, and the resulting ones were 

labeled SCT and LCT, respectively, for Te-functionalized short and long Ti columns. Finally, 
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these SCT and LCT pieces were transferred to another 6-well plate and kept at room temperature 

for further experiments. Prior experiments, samples were sterilized with ethanol.  

It is worth mentioning that the functionalization with Te nanorods of the continuous Ti thin films 

(that were also sputtered for the sake of comparison, see above) was also tried, but without 

success: firstly, only a small amount of Te nanorods was produced on top of the films, and 

secondly, and in clear contrast to what happens onto the Ti nanocolumns, the Te nanorods were 

easily detached from the surface of the thin films when washing with ethanol and di-water. Thus, 

Te nanorods alone cannot be used as stable coatings.   

Instruments and characterization  

Characterization of the samples was accomplished using Scanning Electron Microscopy (SEM) 

Energy Dispersive X-Ray Analysis (EDX) analysis and X-ray photoelectron spectroscopy 

(XPS). The morphology has been studied with a FEI Verios 460 Field Emission scanning 

electron microscope using selective secondary/backscattered electrons detection. EDX 

spectroscopy analysis was performed using a dedicated EDX detector coupled with a Hitachi S-

4800 SEM. Samples were placed into an aluminum pin mount. An accelerating voltage of 10.0 

kV was used to obtain an elemental spectrum for the surfaces. For XPS, the chamber has a base 

pressure of 10-10 mbar and is equipped with a hemispherical electron energy Analyzer (SPECS 

Phoibos 100 spectrometer) and a MgKα (1253.6 eV) X-ray source. The angle between the 

hemispherical analyzer and the plane of the surface was kept at 60°. Wide scan spectra were 

recorded using an energy step of 0.5 eV and a pass-energy of 40 eV while specific core levels 

spectra (Te 3d, Ti 2p, O 1s and C 1s) were recorded using an energy step of 0.1 eV and a pass-
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energy of 20 eV. Data processing was performed with CasaXPS software (Casa software Ltd, 

Cheshire, UK).  

Bacterial cultures 

Strains of both gram negative and gram positive bacteria were used in this study to determine the 

antibacterial activity of the nanocolumnar coating samples, both with and without PVP-Te 

nanorods. For the sake of comparison, the sputtered Ti thin films as well as commercial Ti disks 

from Goodfellow (thickness: 0.5 mm, code: 303-115-36) were also used: no significant 

differences between them were observed, so their results were averaged and jointly labeled D. 

Escherichia coli (strain K-12 HB101; Bio-Rad, Hercules, CA) and Staphylococcus aureus 

(subsp. aureus Rosenbach, ATCC® 12600™; ATCC, Manassas, VA) bacteria were used. Prior 

to inoculation, the bacterial cultures were maintained on agar plates at 4 °C. Bacteria were 

introduced into 6 mL of sterile Luria-Bertani (LB) (bioPLUS, bioWORLD) medium in a 15 mL 

Falcon centrifuge tube and incubated at 37 °C/200 rpm for 24 hours. The optical density (OD) of 

the bacterial cultures was measured at 600 nanometers (nm) using a spectrophotometer 

(SpectraMax M3, Molecular Devices, Sunnyvale, CA). The bacterial suspension was then 

diluted to a concentration of 106 colony forming units per milliliter (CFU mL-1) and stored at 4 

C until use. 

Antibacterial studies  

ACCEPTED MANUSCRIPT



13 

For the antibacterial assay, a bacterial concentration of 106 CFU/mL in LB media was placed 

inside 6-well plates together with the different samples (Table 1), and they were placed inside an 

incubator for 16 hours at 37 ºC. Right after this time, samples were taken out and the bacterial 

media was removed. Samples were rinsed twice with Phosphate-buffered saline (PBS) and each 

of them was transferred inside a 15 mL Falcon tube with 5 mL of PBS. The tubes were then 

placed inside an ultrasound water bath and sonication was applied for around 5 minutes. 

Afterwards, a suitable volume of each solution was extracted with micropipettes and diluted in 

sterile PBS to obtain serial dilutions of 100x, 1000x, and 10,000x. Then, 10 µL of each sample 

were placed onto a labeled agar plate and incubated for about 12 hours at 37 ºC. The total 

number of colonies for each sample was counted post-incubation. Colony counting experiments 

were performed in triplicate with N = 3 for each concentration and dilution.  

In vitro cytotoxicity assays

Cytotoxicity assays were performed with Human Fetal Ostoeblastic cells (HFOB) (PromoCell, 

Heidelberg, Germany). Samples with different coatings were placed individually into the wells 

of a 24-well plate. Before cell seeding, the samples were rinsed twice with PBS to remove any 

possible debris. Osteoblasts cells were cultured to 80-90% confluence, rinsed twice with PBS 

and trypsinized using 0.25% trypsin–EDTA (Sigma). Released cells were centrifuged to form a 

pellet and then resuspended in cell growth medium at a density of 95,000 cells/mL. 1 mL of this 

solution was added to each well. Samples were incubated under standard culture conditions (37 

°C in a humidified incubator with a 5% carbon dioxide (CO2) atmosphere) for 4 h; then the 

medium was aspirated from each well and each sample was rinsed with PBS and washed twice. 

Samples were carefully transferred to a brand new, clean 24 well plate and 1 mL of cell growth 
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media was added to each sample along with 200 µL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) dye (Promega, Madison, WI). 

Samples were placed back into the incubator for 4 h to allow the MTS to completely react with 

the metabolic products of adherent cells, and then 200 µL of the solution from each well was 

transferred to a 96 well plate in triplicates. The 96 well plate was placed into a SpectraMax M3 

microplate reader (Molecular Devices) and the absorbance of the MTS solution in each well was 

measured at a wavelength of 490 nm. The number of cells adherent to each metallic sample was 

determined by comparing the resulting absorbance values for each one of the pieces. Standard 

curves were prepared for conversion between OD values and cells/mL, and then convert to 

cells/cm2 using appropriate software and measurements of the samples.  

Reactive oxygen species (ROS) analysis of samples 

For ROS quantification, 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) was used. HFOB 

cells were seed in a 6 well-plate at a concentration of 3x105 cells/mL in presence of each one of 

the four metallic samples –Te-coated and uncoated-, as well as in a control without any metallic 

surfaces. The cell were cultured  under standard culture conditions -37 °C in a humidified 

incubator with a 5% carbon dioxide (CO2) atmosphere- for 24 hours before the experiment. 

Briefly, the ROS indicator was reconstituted in anhydrous dimethylsulphoxide (DMSO) to make 

a concentrated stock solution that was kept and sealed. The growth media was then carefully 

removed and a fixed volume of the indicador in PBS was added to each one of the wells at a final 

concentration of 10 µM. The cells were incubated for 30 minutes as optimal temperature and the 

loading buffer was removed after. Fresh media was added and cells were allowed to recover for a 

short time. The baseline for fluorescence intensity of a sample of the loaded cells period 
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exposure was determined. Positive controls were done stimulating the oxidative activity with 

hydrogen peroxide to a final concentration of 50 µM. The intensity of fluorescence was then 

observed by flow cytometry. Measurements were taken by an increase in fluorescence at 530 nm 

when the sample is excited at 485 nm. Fluorescence was also determined in negative control –

untreated loaded with dye cells maintained in a buffer-.  

Statistical analysis 

All experiments were done in triplicate (N=3) to ensure reliability and replicability of the results. 

Experimental results were assessed for statistical significance using a Student’s t-test (p ≤ 0.01 

being considered significant). All data are presented as the mean ± standard deviation.  

Results  

Morphology of the nanocolumnar coatings 

Samples were organized using the particular designation shown in Table 1.  

Sample Meaning 

D Continuous Ti disk/thin film 

SC Short Ti columns 

LC Long Ti columns 

SCT Short Ti columns with tellurium rods

LCT Long Ti columns with tellurium rods

As can be seen in Figure 1, the short nanocolumns, about 150 nm in length and labeled SC 

fabricated with the laboratory set-up, are more vertical than the longer ones (300 nm long and 

Table 1. Designation of samples
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labeled LC) obtained with the semi-industrial equipment, the inclination of the columns with 

respect to the normal to the substrate being about 20º and 40º, respectively.   

Fig. 1: SEM images (top view on the left and cross section on the right) of the nanocolumnar coatings 

with short nanocolumns (A, B) and long nanocolumns (C, D), named SC and LC respectively. 

Synthesis and purification of the tellurium-functionalized nanocolumnar coatings 

Characterization via SEM,EDX and XPS 

ACCEPTED MANUSCRIPT



17 

After purification and cleaning, the Te-functionalized nanocolumnar coatings were characterized 

using both SEM and EDX not only to determine the composition and nature of the nanorod 

functionalizing the surfaces, but also to demonstrate that the synthetic approach respected the 

integrity and morphology of the nanocolumnar coatings.  

Figure 2 shows representative SEM images obtained on a Te-functionalized nanocolumnar 

coating sample with short nanocolumns, labeled SCT. As the signal collected in the images 

formed with back-scattered electrons depends on the atomic number Z, the Te nanorods (Z=52) 

can be clearly distinguished with brighter contrast than the Ti nanocolumns (Z=22) on those 

images (right column of Fig. 2). It can be observed, especially in the cross section image, that the 

majority of the Te nanorods lie on the top of the Ti nanocolumns and only a few penetrate in the 

interspace between columns. In the top view image, two different kinds of Te nanorods can be 

differentiated, big and small, the former being more frequent. From the statistical analysis of 

several SEM images and about a hundred nanorods, the big nanorods have a length=297±78 nm 

and a diameter=27±8 nm whereas the small ones have a length=125±33 nm and a diameter=10±2 

nm. Moreover, it can also be deduced that about 14% of the image area is covered with Te. 
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Fig. 2: SEM images (A, C with secondary electrons and B, D with back-scattered electrons) of Te-
functionalized nanocolumnar coatings with short nanocolumns, named SCT.
 Figure 3 shows representative SEM images obtained on a Te-functionalized nanocolumnar 

coating sample with long nanocolumns, labeled LCT. As it happened in sample SCT, the 

majority of the Te nanorods lie over the Ti nanocolumnar coating, and again two kinds of 

nanorods can be distinguished, although the big ones dominate. The statistical analysis indicates 

that their sizes are: length= 267±86 nm and diameter=27±5 nm for the big nanorods, length=

90±23 nm and diameter=8±2 nm for the small ones. Both sizes are quite similar to those 

observed in SCT. However, a clear difference can be observed: the number of nanorods is now 

much higher, and as a result about 32% of the LCT sample surface is covered with Te. We 

attribute this difference to the number of structural defects in the Ti nanocolumns that can act as 

nucleation centers for the production of Te nanorods: the deposition rate in the semi-industrial 
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equipment used to fabricate LC is higher than that in the laboratory set-up used to produce SC, 

thus more defects are expected. 

Fig. 3: SEM images (A, C with secondary electrons and B, D with back-scattered electrons) of Te-
functionalized nanocolumnar coatings with long nanocolumns, named LCT.

In order to check the composition of the nanorods, EDX measurements were performed with the 

beam centered in two different positions: on top of a bright nanorod in the back-scattered 

electrons image and on top of a naked Ti nanocolumn. This characterization confirmed that the 

bright nanorods were composed of tellurium as determined by specific tellurium peaks (see 

Figure 4). Significant oxygen, carbon and nitrogen peaks are also seen, indicating the presence of 

PVP within the nanorods. The presence of silicon and aluminium peaks can be attributed to the 

substrate and the sample holder, respectively. 
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Finally, a complete XPS analysis of sample LCT have been included in the Supplementary  

Information. As XPS is a surface sensitive technique, and as the majority of the Te nanorods lie 

over the Ti nanocolumnar coating, the Te nanorods were clearly detected, whereas only the top 

part of the Ti nanocolumns could be detected but with a signal one order of magnitude smaller 

than that from Te. Besides C, N and O were also detected. 

Fig. 4: EDX spectra on an area centered at a bright nanorod (A) and on an area centered at a bare Ti 
nanocolumn (B).  
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Antibacterial activity against both Escherichia coli and Staphylococcus aureus 

Antibacterial studies by means of colony counting unit assays were performed on nanostructured 

samples (short and long nanocolumns) both coated and uncoated with tellurium nanorods, 

comparing the data with a plain metallic surface. Colony forming assays were performed using 

Escherichia coli and Staphylococcus aureus. A control experiment –colony forming assay- was 

conducted with the bacteria before and after sonication for the same experimental conditions to 

which the metallic samples were subjected, with the aim to study how the ultrasounds would 

affect the bacteria (Figure S3).  

Figure 5 shows the results for Staphylococcus aureus. Firstly, it can be stated that the 

nanocolumnar coatings show an antibacterial effect as compared to the metallic control.  

Fig. 5: S. aureus colonies on the different samples after 16h. N=3. *p<0.005 versus control,
**p<0.01 versus control. 
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Figure 6 summarizes the results obtained in the experiments with Escherichia coli.  

In vitro cytotoxicity with osteoblast cells  

Fig. 6: E. coli colonies on the different samples after 16h. N=3. *p<0.005 versus control,
**p<0.01 versus control. 
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To determine the possible toxicity on mammalian cells of the nanocolumnar coatings as well as 

of the synergic coatings functionalized with PVP-coated tellurium nanorods, in vitro cytotoxicity 

assays were performed with human osteoblast cells. As it can be seen in Figure 7, neither the Ti 

nanocolumnar coatings nor those functionalized with Te rods exhibit less osteoblast cells 

attached to the surface.  

Cytotoxicity analysis was also conducted with Te nanorods alone, with the aim to elucidate the 

behavior of the osteoblast cells in presence of the nanostructures (Image S4) 

Fig. 7: Cytotoxicity assays with osteoblasts cells. N=3 No significant statistical difference found 
compared to the control. 
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Reactive oxygen species (ROS) analysis 

The ROS generation study is summarized in Figure 8. A slight increase of ROS production was 

observed in the Ti nanocolumnar coatings (SC and LC), while a much higher release of these 

oxygen active species was noticed for the synergic samples with Te nanorods on top of Ti 

nanocolumns (SCT and LCT).  

Fig. 8: ROS analysis for the different metallic surfaces. N=3 *p<0.005 versus control. 
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Discussion 

Morphology of the nanocolumnar coatings.  

The morphology of the Ti coatings is the outcome of the shadowing mechanisms at the atomic 

level (which are enhanced with the percentage of ballistic atoms, the culmination degree and the 

tilt angle) and the relatively high kinetic energy of the sputtered atoms [18]. The particular 

morphology in each case depends on the geometry of the targets and the deposition chambers as 

well as on the deposition parameters that were used. As can be seen in Figure 1, the short 

nanocolumns, about 150 nm in length and labeled SC fabricated with the laboratory set-up, are 

more vertical than the longer ones (300 nm long and labeled LC) obtained with the semi-

industrial equipment, the inclination of the columns with respect to the normal to the substrate 

being about 20º and 40º, respectively.   

Synthesis and purification of the tellurium-functionalized nanocolumnar coatings and 

characterization via SEM, EDX and XPS 

As it has been proved by SEM and EDX, a simple, safe method was developed for the synthesis 

of tellurium nanorods on top of the nanocolumnar coatings employing a hydrothermal approach 

as an environmentally-friendly approach. The presence of the reducing agent, L-ascorbic acid, in 
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addition to the polymeric material, PVP, within the solvent, assisted in the reduction of metallic 

ions to form nanoparticles that grew within the surface of the metal. The temperature gradient 

within the reactor also assisted in the formation of the nanostructures [34, 35]. Both L-ascorbic 

acid and PVP are readily available, environmentally benign, and odorless. Furthermore, the Food 

and Drug Administration (FDA) has approved PVP for use as a food additive and in 

pharmaceutical applications. Because these environmentally safe materials were used, no toxic 

byproducts were produced and the liquid remaining after the experiments was used for obtaining 

single nanorods (no attached) for further experiments. 

Concerning the XPS experiments, significant facts can be deduced, especially when combined 

with the results provided by the ROS analysis. Half of the detected Te is metallic and the other 

half is in oxide form. Taking into account the kinetic energy of the photoemitted electrons, the 

estimated thickness of the Te oxide layer can be deduced: it is about 3nm. Although the 

mechanism responsible for the bactericidal activity of TeNPs is not yet completely understood, 

the production of ROS is the most accepted mechanism [36]. Thus, it could be expected that the 

Te nanorods provide bactericidal activity, which is confirmed in the ROS generation experiments 

summarized in Fig. 8 where samples SCT and LCT exhibit enhanced ROS production.  

On the other hand, for Ti, in spite of the weak signal, it can be inferred that the thickness of the 

titanium oxide measured is at least 2 nm. This is in agreement with our previous work [22] in 

which grazing incidence XRD patterns revealed the presence of a very thin titanium oxide layer 

formed as a result of dry passivation in ambient conditions, a few monolayers thick (6 

monolayers is about 2.2nm). Besides, in that previous work with Ti nanocolumns only, we did 
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not observe bactericidal effects, but the adhesion of S. aureus was strongly impeded. In the new 

ROS experiments, samples SC and LC only showed a slight increase of ROS production.   

Antibacterial activity against both Escherichia coli and Staphylococcus aureus 

Data from experiments with Staphylococcus aureus show that the nanocolumnar coatings show 

an antibacterial effect as compared to the metallic control. This could be expected after Ref. [17], 

were a notable decrease in S. aureus adhesion was observed for Ti nanocolumnar coatings using 

not only collection strains but also clinical ones. The novelty now is that both coatings, with 

short and long columns, exhibit the same effect. Taking into account that these two coatings have 

been fabricated in two sputtering systems with very different characteristics (a laboratory setup 

with a small circular target and a semi-industrial equipment with a large rectangular target) and 

that the resulting coatings have different morphologies (150 nm long columns tilted 20º from the 

normal and 300 nm long ones tilted 40º, respectively), it can be stated that the proposed strategy 

to achieve antibacterial effects is robust: the key point is to produce nanocolumns, which offer a 

limited number of anchoring points for the adhesion of the bacteria. Secondly, it is clear that the 

functionalization with tellurium nanorods leads to an enhanced antibacterial activity of the 

metallic coatings, with even a lower number of bacteria growing on top of the surface. Such 

enhancement in this synergic route combining Ti nanocolumns and Te nanorods is especially 

efficient in the case of long nanocolumns (LCT), something that can be ascribed to the higher 

amount of tellurium nanorods for such coatings, as it has been explained in section 3.2.  

The observed behavior for Escherichia coli is similar than that obtained with S. aureus: i) the 

two coatings, with short and long columns, exhibit an antibacterial effect with similar intensity; 
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and ii) such an antibacterial effect is enhanced when the synergic approach with Te nanorods is 

considered, especially in the case with long Ti nanocolumns. It is worth mentioning that Gram-

negative bacteria have a second outer lipid membrane in the bacterial cell wall, which gives them 

a special resistance to the conventional treatment with antibiotics. Thus, the antibacterial effect 

obtained with these coatings even with Gram-negative bacteria gives them added value, boosting 

its potential use in permanent and temporary implants susceptible to infection. 

It is also important to mention that Te nanostructures themselves have shown bactericidal effects 

against bacteria [37]. Thus, the combination here studied, a nanocolumnar surface that is able to 

reduce the adhesion of bacteria with metallic nanorods that exhibit a bactericidal effect, seems to 

be a synergetic combination with suitable applications in biomedicine.  

It has been reported that the detachment of bacteria from metallic surfaces using sonication for a 

short period of time can cause cell lysis and a lost in viability [38]. Colony forming assays were 

performed using bacteria solutions before and after ultrasonication at the same experimental 

conditions that the metallic samples, in order to elucidate possible effects on the cells (see 

Supplementary Information). Data show that there is no significant difference between the 

number of cells before and after the experiments. Therefore, the ultrasounds, at the experiment 

conditions, have a bacteriostatic effect, but no bactericidal. As a consequence, it is possible to 

conclude that the bacterial inhibition showed is due to the coating and the surfaces themselves, 

not to the sonication process conducted prior experiments.  

Considering all things together, and following the schematics proposed by Sjollema and co-

workers to classify antimicrobial surfaces [39] we can say that the Te nanorods mainly provide 
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contact-killing (bactericidal effect) whereas the Ti nanocolumnar template promoted non-

adhesivity. It may be argued that wherever there is a bunch of Te nanorods, the Ti nanocolumns 

are hidden, modifying the non-adhesive behavior. Contact angle measurements (see 

Supplementary Information) point in that direction, since the initial flat surface is hydrophilic 

(sample D), the nanocolumnar Ti coatings are hydrophobic (samples SC and LC), and the 

synergic coatings with Te nanorods (samples SCT and LCT) become hydrophilic again. This 

may indicate that the non-adhesive behavior decreases, but as the Te rods add contact-killing, the 

overall effect is an enhancement of the antibacterial properties, as shown in Figs. 5 and 6.     

The antibacterial effect of the tellurium nanorods alone was reported in a previous study [40], 

showing a signifivant delay in the bacterial growth after exposure of both bacterial strains to 

different concentrations of the nanorods.  

In vitro cytotoxicity with osteoblast cells  

Data from cytotoxicity experiments showed an agreement with a previous study [17] in which Ti 

nanocolumnar surfaces exhibited good osteoblast adhesion and proliferation, since these cells are 

much bigger (tens of micrometers) than the diameter and separation between nanocolumns 

(about 50 and 100 nm, respectively) and can be anchored easily. Actually, it seems that the 

adhesion in the coatings containing tellurium nanorods is slightly enhanced when compared to 

the other samples.  

For the sake of comparison, cytotoxicity analysis of Te nanorods alone (i.e. in solution and 

without Ti nanocolumns) in presence of osteoblasts cells showed no significant cytotoxic effect 
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for these cells at nanorods concentrations up to 50 µg/mL, and with a slight decay in the cell 

proliferation at concentrations up to 100 µg/mL, but not reaching less than 65% of cell viability 

(see Supplementary Information).  

In summary, all the coatings remain biocompatible for human cells and allow for their 

proliferation, with a slight enhancement when the tellurium nanorods are present in the surface 

of the samples. 

Reactive oxygen species (ROS) analysis 

ROS are chemically reactive agents and free radicals containing oxygen, such as hydroxyl (OH-) 

or superoxide (O2
-) groups. Although these species are normally formed as natural byproducts of 

oxygen metabolism, exposure of cells to metallic nanoparticles can increase ROS concentrations 

to induce cell toxicity [41,42]. There is a slight increase in the ROS production compared to the 

control for both SC and LC samples, which can be explained fue to the presence of a small layer 

of titanium oxide covering some parts of the structure. It has been reported that the presence of 

titanium oxide is related to the production of ROS [43]. The increase of the production of ROS 

when Te nanorods are added, samples SCT and LCT, can be ascribed to the presence of 

tellurium oxide in these samples, as was deduced in the XPS experiments. Therefore, it is shown 

that the presence of PVP-coated tellurium nanorods increases the formation of ROS. 
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Therefore, as conclusions of the project, nanocolumnar titanium coatings exhibit antibacterial 

properties against both Gram negative and Gram positive bacteria. It has been verified that the 

antibacterial activity is similar for two types of coatings with short and long nanocolumns, which 

allows us to state that the strategy is robust. Such antibacterial properties are enhanced when 

tellurium nanorods are added, especially for the long columns case, and remarkably for Gram 

negative bacteria. Finally, it has been proved that the biocompatibility is preserved in all the 

nanostructured coatings. 

Acknowledgements  

Funding from MINECO (MAT2014-59772-C2-1-P, MAT2014-59772-C2-2-P and MAT2011-

29194-C02-02) and Fundación Domingo Martínez is acknowledged. J.M. G.-M. thanks MECD 

(PRX16/00383) and Fulbright Commission for his stay at Northeastern University. We also 

acknowledge the service from the MiNa Laboratory at IMN funded by CM (S2013/ICE2822), 

MINECO (CSIC13-4E-1794) and the EU (FEDER, FSE).  

6. References 

 [1] Dingsdag, Simon, Stephen Nelson, and Nicholas V. Coleman. “Bacterial Communities 

Associated with Apical Periodontitis and Dental Implant Failure.” Microbial Ecology in Health 

and Disease 27 (2016): 10.3402/mehd.v27.31307.  

ACCEPTED MANUSCRIPT



32 

[2] Shahabouee, Mohammad et al. “Microflora around Teeth and Dental Implants.” Dental 

Research Journal 9.2 (2012): 215–220.  

[3] Song, Zhijun et al. “Prosthesis Infections after Orthopedic Joint Replacement: The Possible 

Role of Bacterial Biofilms.” Orthopedic Reviews 5.2 (2013): e14.  

[4] Greimel, Felix et al. “Efficacy of Antibiotic Treatment of Implant-Associated Staphylococcus 

Aureus Infections with Moxifloxacin, Flucloxacillin, Rifampin, and Combination Therapy: An 

Animal Study.” Drug Design, Development and Therapy 11 (2017): 1729–1736.  

[5] Chessa, Daniela et al. “Staphylococcus Aureus and Staphylococcus Epidermidis Virulence 

Strains as Causative Agents of Persistent Infections in Breast Implants.” Ed. Patrick M 

Schlievert. PLoS ONE 11.1 (2016): e0146668.  

[6] Crémet, Lise et al. “Pathogenic Potential of Escherichia Coli Clinical Strains from 

Orthopedic Implant Infections towards Human Osteoblastic Cells.” Ed. Patrik M. Bavoil. 

Pathogens and Disease 73.8 (2015): ftv065.  

[7] Dapunt, Ulrike et al. “Bacterial Infection and Implant Loosening in Hip and Knee 

Arthroplasty: Evaluation of 209 Cases.” Ed. Carla Renata Arciola. Materials 9.11 (2016): 871.  

[8] Ribeiro, Marta, Fernando J. Monteiro, and Maria P. Ferraz. “Infection of Orthopedic 

Implants with Emphasis on Bacterial Adhesion Process and Techniques Used in Studying 

Bacterial-Material Interactions.” Biomatter 2.4 (2012): 176–194.  

[9] Gallo, Jiri, Martin Holinka, and Calin S. Moucha. “Antibacterial Surface Treatment for 

Orthopaedic Implants.” International Journal of Molecular Sciences 15.8 (2014): 13849–13880.  

[10] Bagherifard S, Hickey D2, de Luca AC, Malheiro VN, Markaki AE, Guagliano M, Webster 

TJ. “The influence of nanostructured features on bacterial adhesion and bone cell functions on 

severely shot peened 316L stainless steel”. Biomaterials. 2015 Dec;73:185-97.  

ACCEPTED MANUSCRIPT



33 

[11] ChrisM.Bhadra,  ViKhanh  Truong,  VyT. H.Pham,  MohammadAl  Kobaisi,  

GediminasSeniutinas,  James Y.Wang,  Saulius Juodkazis,  Russell J. Crawford  &  Elena P. 

Ivanova. Antibacterial  titanium  nano-patterned  arrays  inspired  by  dragonfly  wings. Nature 

Scientific Reports 5 :16817. 

[12] Elena P. Ivanova, Jafar Hasan, Hayden K. Webb, Gediminas Gervinskas, Saulius Juodkazis, 

Vi Khanh Truong, Alex H.F. Wu, Robert N. Lamb, Vladimir A. Baulin, Gregory S. Watson, 

Jolanta A. Watson, David E. Mainwaring & Russell J. Crawford. Bactericidal activity of black 

silicon. Nature Communications volume 4,: 2838 (2013) 

[13] Zeinab Jahed , Peter Lin , Brandon B. Seo , Mohit S. Verma , Frank X. Gu, Ting Y. Tsui , 

Mohammad R.K. Mofrad. Responses of Staphylococcus aureus bacterial cells to nanocrystalline 

nickel nanostructures. Biomaterials 35 (2014) 4249-4254 

[14] Sabrina  D.  Puckett,  Erik  Taylor,  Theresa  Raimondo,  Thomas  J.  Webster. The  

relationship  between  the  nanostructure  of  titanium  surfaces  andbacterial  attachment. 

Biomaterials  31  (2010)  706–713.  

[15] Christina Sengstock, Michael Lopian, Yahya Motemani, Anna Borgmann, Chinmay Khare, 

Pio John S Buenconsejo, Thomas A Schildhauer, Alfred Ludwig and Manfred Köller. Structure-

related antibacterial activity of a titanium nanostructured surface fabricated by glancing angle 

sputter deposition. Nanotechnology, Volume 25, Number 19 (2014).  

[16] Vi  Khanh  Truong & Vy  T.  H.  Pham & Alexander  Medvedev & Rimma  Lapovok & 

Yuri  Estrin & Terry  C.  Lowe & Vladimir  Baulin & Veselin  Boshkovikj & Christopher  J.  

Fluke & Russell  J.  Crawford & Elena  P.  Ivanova. Self-organised  nanoarchitecture  of  

titanium  surfaces  influences the  attachment  of Staphylococcus  aureus and Pseudomonas 

aeruginosa bacteria. Appl. Microbiol  Biotechnol  (2015)  99:6831–6840 

ACCEPTED MANUSCRIPT



34 

[17] Isabel Izquierdo-Barba, José Miguel García-Martín, Rafael Álvarez, Alberto Palmero, Jaime 

Esteban, Concepción Pérez-Jorge, Daniel Arcos, María Vallet-Regí, Nanocolumnar coatings 

with selective behavior towards osteoblast and Staphylococcus aureus proliferation, Acta 

Biomaterialia, Volume 15, 2015, Pages 20-28 

[18] R. Alvarez, J. M. Garcia-Martin, A. Garcia-Valenzuela, M. Macias-Montero, F. J. Ferrer, J. 

Santiso, V. Rico, J. Cotrino, A. R. Gonzalez-Elipe and A. Palmero. Nanostructured Ti thin films 

by magnetron sputtering at oblique angles. J. Phys. D: Appl. Phys. 49 (2016) 045303  

[19] J.C. Sit, D. Vick, K. Robbie, M.J. Brett Thin film microstructure control using glancing 

angle deposition by sputtering J Mater Res, 14 (1999), pp. 1197-1199 

[20] Wang, Linlin, Chen Hu, and Longquan Shao. “The Antimicrobial Activity of Nanoparticles: 

Present Situation and Prospects for the Future.” International Journal of Nanomedicine 12 

(2017): 1227–1249.  

[21] Salomoni, R et al. “Antibacterial Effect of Silver Nanoparticles in Pseudomonas 

Aeruginosa.” Nanotechnology, Science and Applications 10 (2017): 115–121.  

[22] Zhang, Xi-Feng et al. “Silver Nanoparticles: Synthesis, Characterization, Properties, 

Applications, and Therapeutic Approaches.” Ed. Bing Yan. International Journal of Molecular 

Sciences 17.9 (2016): 1534.  

[23] Shamaila, Shahzadi et al. “Gold Nanoparticles: An Efficient Antimicrobial Agent against 

Enteric Bacterial Human Pathogen.” Ed. Neil O’Brien-Simpson. Nanomaterials 6.4 (2016): 71.  

[24] Losasso, Carmen et al. “Antibacterial Activity of Silver Nanoparticles: Sensitivity of 

Different Salmonella Serovars.” Frontiers in Microbiology 5 (2014): 227. 

[25] DeAlba-Montero, I. et al. “Antimicrobial Properties of Copper Nanoparticles and Amino 

Acid Chelated Copper Nanoparticles Produced by Using a Soya Extract.” Bioinorganic 

ACCEPTED MANUSCRIPT



35 

Chemistry and Applications 2017 (2017): 1064918.  

[26] Salem, Wesam et al. “Antibacterial Activity of Silver and Zinc Nanoparticles against Vibrio 

Cholerae and Enterotoxic Escherichia Coli.” International Journal of Medical Microbiology 

305.1 (2015): 85–95.  

[27] Kheradmand, Erfan et al. “The Antimicrobial Effects of Selenium Nanoparticle-Enriched 

Probiotics and Their Fermented Broth against Candida Albicans.” DARU Journal of 

Pharmaceutical Sciences 22.1 (2014): 48.  

[28] Okafor, Florence et al. “Green Synthesis of Silver Nanoparticles, Their Characterization, 

Application and Antibacterial Activity †.” International Journal of Environmental Research and 

Public Health 10.10 (2013): 5221–5238.  

[29] Makarov, V. V. et al. “‘Green’ Nanotechnologies: Synthesis of Metal Nanoparticles Using 

Plants.” Acta Naturae 6.1 (2014): 35–44.  

[30] Kagithoju, Srikanth, Vikram Godishala, and Rama Swamy Nanna. “Eco-Friendly and Green 

Synthesis of Silver Nanoparticles Using Leaf Extract of Strychnos Potatorum Linn.F. and Their 

Bactericidal Activities.” 3 Biotech 5.5 (2015): 709–714.  

 [31] Kuśnieruk, Sylwia et al. “Influence of Hydrothermal Synthesis Parameters on the 

Properties of Hydroxyapatite Nanoparticles.” Ed. Horst Hahn. Beilstein Journal of 

Nanotechnology 7 (2016): 1586–1601.  

[32] Ramimoghadam, Donya, Mohd Zobir Bin Hussein, and Yun Hin Taufiq-Yap. 

“Hydrothermal Synthesis of Zinc Oxide Nanoparticles Using Rice as Soft Biotemplate.” 

Chemistry Central Journal 7 (2013): 136.  

[33] Biazar, Esmaeil et al. “Biocompatibility Evaluation of a New Hydrogel Dressing Based on 

Polyvinylpyrrolidone/Polyethylene Glycol.” Journal of Biomedicine and Biotechnology 2012 

ACCEPTED MANUSCRIPT



36 

(2012): 343989. 

[34] Djurisic AB, Xi YY, Hsu YF, Chan WK. Hydrothermal synthesis of nanostructures. Recent 

Pat Nanotechnol. 2007;1(2):121-8. 

[35] Prathap MU, Kaur B, Srivastava R. Hydrothermal synthesis of CuO micro-/nanostructures 

and their applications in the oxidative degradation of methylene blue and non-enzymatic sensing 

of glucose/H2O2. J Colloid Interface Sci. 2012 Mar 15;370(1):144-54. 

[36] Zonaro, Emanuele et al. “Biogenic selenium and tellurium nanoparticles synthesized by 

environmental microbial isolates efficaciously inhibit bacterial planktonic cultures and biofilms” 

Frontiers in microbiology vol. 6 584. 16 Jun. 2015, doi:10.3389/fmicb.2015.00584 

[37] Lin ZH, Lee CH, Chang HY, Chang HT. Antibacterial activities of tellurium nanomaterials. 

Chem Asian J. 2012 May;7(5):930-4.  

[38] Joyce E, Al-Hashimi A, Mason TJ. Assessing the effect of different ultrasonic frequencies 

on bacterial viability using flow cytometry. J Appl Microbiol. 2011 Apr;110(4):862-70. 

[39] Sjollema J, Zaat SAJ, Fontaine V, Ramstedt M, Luginbuehl R, Thevissen K, Li J, van der 

Mei HC, Busscher HJ. In vitro methods for the evaluation of antimicrobial surface designs. Acta 

Biomater. 2018 Apr 1;70:12-24. doi: 10.1016/j.actbio.2018.02.001. Epub 2018 Feb 10.  

[40] Christopher D. Brown, David Medina Cruz, Amit K. Roy, Thomas J. Webster. Synthesis 

and characterization of PVP-coated tellurium nanorods and their antibacterial and anticancer 

properties. J Nanopart Res (2018) 20: 254. https://doi.org/10.1007/s11051-018-4354-8 

[41] Xu H, Qu F, Xu H, Lai W, Andrew Wang Y, Aguilar ZP, Wei H. Role of reactive oxygen 

species in the antibacterial mechanism of silver nanoparticles on Escherichia coli O157:H7. 

Biometals. 2012 Feb;25(1):45-53. 

[42] Abdal Dayem A, Hossain MK, Lee SB, Kim K, Saha SK, Yang GM, Choi HY, Cho SG. 

ACCEPTED MANUSCRIPT



37 

The Role of Reactive Oxygen Species (ROS) in the Biological Activities of Metallic 

Nanoparticles. Int J Mol Sci. 2017 Jan 10;18(1). pii: E120. doi: 10.3390/ijms18010120. 

[43] Xue C, Wu J, Lan F, Liu W, Yang X, Zeng F, Xu H. Nano titanium dioxide induces the 

generation of ROS and potential damage in HaCaT cells under UVA irradiation. J Nanosci 

Nanotechnol. 2010 Dec;10(12):8500-7. 

ACCEPTED MANUSCRIPT



38 

Graphical abstract 
The synergetic combination of tellurium nanostructures prepared using a greensynthesis 
approach and metallic titanium surfaces have been accomplished resulting in an enhancement 
of antimicrobial properties –against both Gram negative and positive bacteria and the 
biocompatibility effect –on osteoblasts respect to the systems alone, resulting in a successful 
combination of materials that can be used for biomedical purposes.  
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NANO_1923:Table 1 

Table 1. Designation of samples

Sample Meaning 

D Continuous Ti disk/thin film 

SC Short Ti columns 

LC Long Ti columns 

SCT Short Ti columns with tellurium rods

LCT Long Ti columns with tellurium rods
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