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A novel approach to create an 
antibacterial surface using titanium 
dioxide and a combination of dip-
pen nanolithography and soft 
lithography
Santiago Arango-Santander  1, Alejandro Pelaez-Vargas1, Sidónio C. Freitas1 & 
Claudia García2

Soft lithography and Dip-Pen Nanolithography (DPN) are techniques that have been used to 
modify the surface of biomaterials. Modified surfaces play a role in reducing bacterial adhesion and 
biofilm formation. Also, titanium dioxide has been reported as an antibacterial substance due to its 
photocatalytic effect. This work aimed at creating patterns on model surfaces using DPN and soft 
lithography combined with titanium dioxide to create functional antibacterial micropatterned surfaces, 
which were tested against Streptococcus mutans. DPN was used to create a master pattern onto a 
model surface and microstamping was performed to duplicate and transfer such patterns to medical-
grade stainless steel 316L using a suspension of TiO2. Modified SS316L plates were subjected to UVA 
black light as photocatalytic activator. Patterns were characterized by atomic force microscopy and 
biologically evaluated using S. mutans. A significant reduction of up to 60% in bacterial adhesion to TiO2 
-coated and -micropatterned surfaces was observed. Moreover, both TiO2 surfaces reduced the viability 
of adhered bacteria after UV exposure. TiO2 micropatterned demonstrated a synergic effect between 
physical and chemical modification against S. mutans. This dual effect was enhanced by increasing TiO2 
concentration. This novel approach may be a promising alternative to reduce bacterial adhesion to 
surfaces.

Bacterial adhesion to the surface of biomaterials is the first step in colonization and biofilm formation1. Once 
bacteria have colonized a surface and biofilm has formed, a clinical infection around the biomaterial is pre-
sented, which will lead to biomaterial failure or chronic infections2. Therefore, a number of alternative approaches 
have been proposed and investigated to reduce bacterial adhesion to surfaces, since traditional approaches, like 
antibiotic therapies, are not recommended as biofilms are highly resistant to this conventional therapy3. These 
approaches include immobilization or release of antibacterial substances such as silver4, creation of anti-adhesion 
surfaces5, and fabrication of structured arrays6–8.

A reduction in bacterial adhesion and biofilm formation has been demonstrated by several authors on a 
variety of modified substrates using different bacterial species6–8. Multiple techniques have been employed to 
fabricate arrays on the surface of materials, including direct methods like dip-pen nanolithography (DPN)9,10 
and indirect techniques like microstamping (soft lithography)11,12. Most investigations analysing the effect of 
fabricated surfaces on bacterial adhesion and cellular behaviour share photolithography and soft lithography as 
the combination of choice to modify the surface of the tested material13–16. Soft lithography is a series of indirect 
techniques that allow the fabrication of micro and sub micro arrays on the surface of materials using an elasto-
meric stamp that is usually made of poly(dimethylsiloxane)11,17,18. This PDMS stamp is obtained from a master 
model, which is usually fabricated using photolithography13,15. However, photolithography presents a series of 
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disadvantages, including high cost, lack of chemical control of the surface, and inapplicability over non-planar 
surfaces, which render it difficult to use, especially in the biomedical field19. DPN has some distinct advantages, 
including the fact that it is a direct-writing technique that is compatible with many substrates and inks and shows 
high resolution and registration10. It has been proposed that these physical modifications act as barriers or obsta-
cles that hinder the interaction of a single bacterium or a cluster of bacteria with other bacteria as well delaying 
the cell-to-cell communication, known as quorum-sensing20, which is recognized to play an important role in 
biofilm formation by bacterial species21,22.

On the other hand, some chemical substances are recognized to be antibacterial. Metals like silver in different  
forms (silver nitride and silver nanoparticles) have been long recognized as antibacterial substances23,24, as well 
as copper and zinc25. However, these metals present some drawbacks, including cytotoxicity, inflammatory 
responses and increase in bacterial resistance26. Other compounds, such as titanium dioxide (TiO2), have long 
been studied for their antibacterial properties. TiO2 has received special attention as an antibacterial material, 
particularly in relation to the photocatalytic effect27–29.

This photocatalytic effect is produced when reactive oxygen species (ROS), such as hydroxyl radicals, hydro-
gen peroxide, and superoxide anion, are generated after TiO2 is exposed to UV light. Such ROS are known 
to inactivate bacteria, viruses, and fungi30. The basic principle of photocatalysis consists on the formation of 
an electron-hole pair upon absorption of a photon with an energy equal or higher than the semiconductor’s 
band-gap31. Two reactions then occur simultaneously: oxidation from photogenerated holes and reduction from 
photogenerated electrons32. After these electron-hole pairs in the semiconductor particles are formed, the elec-
tron migrates to the metal and becomes trapped, therefore electron-hole recombination is inhibited33. The pho-
togenerated hole is transferred to the target molecule (usually an organic compound) causing its oxidation or 
destruction in the case of bacteria or viruses31. TiO2 has been considered as an ideal photocatalyst due to the fact 
that it is inexpensive, chemically highly stable, and the photogenerated holes are highly oxidizing29. Even though 
TiO2 exists in three crystalline forms (anatase, rutile, and brookite), the anatase form has shown to have the 
highest photoactivity34. This effect has been largely proposed for disinfection of polluted water30,35,36, although it 
has also been proposed in the biomedical field due to promising in vitro results in reducing bacterial adhesion to 
biomaterials37,38.

Consequently, the combination of a physical surface modification approach with the use of an antibacterial 
substance to further increase bacterial reduction needs to be addressed. Therefore, the main objective of this work 
was to assess whether a physical surface modification approach using TiO2 as antibacterial compound subjected 
to UV light might reduce Streptococcus mutans adhesion to surgical-grade stainless steel plates.

Materials and Methods
Substrates. For dip-pen nanolithography (DPN), commercial 10 mm × 10 mm × 1 mm gold wafers (Nanoink 
Inc., USA) were used as model substrates due to their affinity for the ink.

For soft lithography (microstamping), stainless steel 316L plates (SS316L) 10 mm × 10 mm × 1 mm plates 
(Onlinemetals, USA) were polished up to 1 µm diamond paste (Leco Corporation, USA) to obtain a mirror-like 
surface. SS316L plates were sequentially cleaned using surfactant, acetone (99.8% v/v, Merck Millipore, USA), 
distilled water and absolute ethanol (99% v/v, Merck Millipore, USA) for 8 min each in an ultrasound bath and let 
dry in air. For simplicity, this surface will be referred as SS polished through the text and used as control.

Chemicals. For DPN, a commercial polymeric adhesive (Norland Optical Adhesive 68 T, Norland Products 
Inc, USA) was used. It was kept at 4 °C throughout the experiments to maintain viscosity.

For microstamping, a silica sol was prepared using the one-stage sol-gel method as previously described39,40. 
Tetraethylorthosilicate (TEOS) and methyltriethoxysilane (MTES) (ABCR GmbH & Co., Germany) were used 
as silica precursors for the hybrid sol, 0.1 N nitric acid (Merck Millipore, USA) and acetic acid (glacial, 100% v/v, 
Merck Millipore, USA) as catalysts and absolute ethanol (99.9% v/v, Merck Millipore, USA) as solvent. The final 
concentration of SiO2 was 18 gL-1. Commercial titanium oxide (TiO2) anatase nanoparticles (<100 nm particle 
size, NaBond, Hong Kong) were added to the silica sol at 5 and 10% concentrations by weight and the suspension 
was agitated to reach homogeneity. It was kept at 4 °C.

Surface preparation. Three types of samples were prepared: a control group with SS polished as already 
described and two experimental groups: SS-TiO2 coated prepared by dip-coating with a SiO2-TiO2 suspension 
and SS-TiO2 micropatterned obtained by combination of dip-pen nanolithography and soft lithography (Fig. 1).

Preparation of SS-TiO2 coated surfaces. SS316L plates were coated following the dip-coating method. The pre-
viously cleaned SS316L plates were dipped in SiO2-TiO2 suspension with 5% or 10% TiO2 concentration and 
released at a speed of 4 cm/min with the purpose of immersing and coating the metallic plate completely in the 
suspension. The coating was allowed to dry for 10 min in air and then the coated plates were subjected to heat 
treatment in a furnace following the next protocol: temperature was raised 5 °C per minute up to 100 °C; this tem-
perature was kept for 30 minutes to continue at 5 °C per minute up to 200 °C for 30 min. The final step was to raise 
it 5 °C per minute up to 400 °C and this temperature was kept for 30 min. This final temperature was established to 
be distant from anatase-to-rutile transformation temperatures as they start in the range of 500 to 600 °C41. These 
surfaces are referred as SS 5% TiO2 coated and SS 10% TiO2 coated throughout the text.

Preparation of SS-TiO2 micropatterned surfaces. Column Pattern master fabrication:DPN was carried out as 
previously described by us42. Briefly, a NLP 2000 system (NanoInk Inc., USA) was used and 0.4 µL of polymeric 
ink were injected into each well of a twelve-well plate (NanoInk Inc., USA). M triangular tips (10-tip arrays) were 
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selected to deposit the ink on the substrates to create a master designed (~ 10 mm2) column array disposed in an 
11 × 11 matrix.

Soft lithography (Microstamping):Polydimethylsiloxane (PDMS) (Silastic T-2, Dow Corning Corporation, 
USA) was used to duplicate the master created on gold. PDMS was prepared according to the manufacturer and 
cured for 24 h. Then, it was carefully removed from the surface and thermally treated at 80 °C for 3 h to complete 
polymerization. The PDMS was used as a microstamp to transfer the SiO2-TiO2 suspension to SS316L surfaces. 
7 µL of the suspension with 5% or 10% TiO2 concentration were deposited onto the SS316L surface, a PDMS 
microstamp was placed over the drop, applying gentle digit pressure, and the suspension was allowed to gel for 4 h 
at RT. The PDMS stamp was then carefully removed and the SS316L plate with the transferred pattern was heat 
treated following the same protocol as the coating. These surfaces are referred as SS 5% TiO2 micropatterned and 
SS 10% TiO2 micropatterned throughout the text.

Surface characterization. Column master, SS, SS-TiO2 coated and SS-TiO2 micropatterned plates were 
characterized using atomic force microscopy (AFM) (Nanosurf Easyscan 2, Nanosurf AG, Switzerland) in tap-
ping mode performed with a NCLR (Nanosensors™, Switzerland) tip at a force constant of 48 N/m. Images post 
processing was performed using software AxioVision (V 4.9.1.0, Carl Zeiss Microscopy GmbH, Germany), soft-
ware Image J 1.51 J43, and software WSxM 5.044.

SS316L surface properties were evaluated by AFM as described above and by contact angle measurement 
using distilled water. AFM images of 50 µm × 50 µm were used for surface roughness measurements with the 
arithmetic average of the roughness profile (Ra) calculated using software for AFM analysis (Gwyddion 2.34, 
Department of Nanometrology, Czech Metrology Institute, Czech Republic). Contact angle measurements fol-
lowed the sessile drop method on 10 random plates from each group using a camera (Canon EOS Rebel XS, 
Japan) and a macro lens (105 mm F2.8 EX DG OS, Sigma, USA) with the angle values obtained using software 
Axio Vision. In addition, Energy-Dispersive X-Ray Spectroscopy (EDX) was used to chemically characterize SS 
polished and SS-TiO2 coated surfaces using a scanning electron microscopy (JEOL JSM-5910LV, Japan).

Biological characterization. Streptococcus mutans was used as model cariogenic bacteria to assess the anti-
bacterial properties of developed surfaces. S. mutans Clarke ATCC 25175 (Microbiologics, USA) was seeded in 
brain heart infusion (BHI) agar (Scharlab S.L., Spain) supplemented with 0.2 U/ml bacitracin (Sigma Fluka, USA) 
and grown at 37 °C for 18–24 h. Then, they were cultured in peptone water broth medium (3% peptone and 20% 
sucrose) at 37 °C for 16 h. Afterwards, the bacterial culture was centrifuged at 5000 g for 15 min, the supernatant 
was discarded and the bacterial pellet was re-suspended in peptone medium at 107 CFU/mL by measuring the 
nephelometric turbidity unit (NTU) (based on a calibration curve of NTU vs CFU/mL). 1 ml of bacterial solu-
tion was added to each well of a 24-well non-treated polystyrene plate (Costar, Corning Inc., USA) containing 
the surfaces, which were previously sterilized with 70% alcohol. The plate was incubated at 37 °C for 8 h to allow 
bacterial adhesion to control and experimental surfaces. Then, a set of samples of the different surfaces was 
exposed to UVA black light (EIKO F8T5/BL, 8 W, 350 nm peak emission) for 60 min as it has been reported by 

Figure 1. Top: dip coating of SS316L using SiO2-TiO2 suspension. Bottom: patterning process using 
microstamping. Pattern fabrication on gold (A), PDMS pre-polymer poured onto pattern (B), PDMS stamp 
after polymerization (C), microstamping using SiO2-TiO2 suspension (D) and transferred SiO2-TiO2 pattern on 
SS316L.
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other authors38,45 and the other sample set was not subjected to this treatment. After the 60 min, samples were 
removed, washed three times with 500 µl of 0.9% saline solution to remove non-adherent bacteria and prepared 
for characterization methods.

For the quantification of viable adherent bacteria, surfaces were subjected to a 3-second sonication at 50% 
power (Qsonica 125, 1/8″ probe tip, USA) in 10 ml of 0.9% saline solution, serial dilutions performed and 10 µL 
from dilution were cultured in BHI agar in triplicate following the drop plate method46. Culture plates were incu-
bated at 37 °C for 48 h and then colony forming units (CFU) were counted.

For analyses of bacterial adhesion morphology and coverage by scanning electron microscopy (JEOL JSM-
5910LV, Japan), surfaces were incubated with 3% glutaraldehyde to permanently fix bacterial cells. SEM images at 
2000X and 5000X magnifications were randomly taken from the center and the periphery of each sample.

This entire process was repeated in three independent assays.

Statistical analysis. Experimental results are presented as the mean ± standard deviation (SD). Comparison 
between conditions was performed using the one-way ANOVA test with post-hoc Tukey method. Values of 
p < 0.05 were considered statistically significant. Software SPSS (V. 22) was used for statistical analysis.

The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Results
Master fabrication. A commercially available polymeric adhesive was used to fabricate patterns on a model 
gold substrate. A column pattern was created and the dimensions were determined using the DPN system and 
confirmed by AFM and SEM. Column averaged 2.9 ± 0.1 µm in diameter and 250 to 450 nm in height. Figure 2 
shows SEM and AFM images of a pattern fabricated on gold. As size variability was observed among features in 
different patterns, care was taken to select those approaching a size near the S. mutans and its arrangement as the 
bacterial species evaluated. Satellite columns were observed next to the main columns. However, these satellite 
columns showed sizes that were five to six times smaller than the main columns, which is negligible for the size of 
the bacterial species used in the current investigation. Furthermore, these satellite columns did not seem to affect 
the PDMS nor the micro stamping process.

Microstamping. In Fig. 3, a 20 × 20 µm AFM image of the PDMS stamp shows that the process was success-
ful. The PDMS was able to reproduce the original features in the same height range (200–500 nm) and diameter 
(∼2.5 µm) as the original pattern.

Figure 2. SEM (left) and AFM (right) images of polymeric column pattern on gold.

Figure 3. AFM image of PDMS stamp.
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Surface properties. A suspension of TiO2 nanoparticles was used to transfer the arrays fabricated on gold 
to SS316L. Transfer of column patterns was successful, and features were conserved in the same size range (250–
450 nm) as the features created on the original substrates (Fig. 4).

Contact angle measurements (Fig. 5) showed a statistically significant increase from SS polished to SS-TiO2 
coated surfaces at both TiO2 concentrations and from these to SS-TiO2 micropatterned especially at a 5% TiO2 
concentration (p = 0.001). There was no difference between SS-TiO2 coated at both concentrations while a sta-
tistically significant difference occurred between the SS-TiO2 micropatterned surfaces at 5% and 10% TiO2 con-
centration (p = 0.001).

Regarding roughness, values also increased from SS polished to SS-TiO2 coated surfaces and to SS-TiO2 
micropatterned at both TiO2 concentrations (Fig. 5). The difference in roughness was statistically significant 
between SS polished and all other surfaces, SS 10% TiO2 coated and micropatterned surfaces at both TiO2 con-
centrations, and SS 10% TiO2 micropatterned and coated surfaces at both TiO2 concentrations (p = 0.001). 
Interestingly, no difference occurred between surfaces (coated and micropatterned) with the lowest concentra-
tion of TiO2.

EDS was used to chemically characterize the surfaces. Figure 6 shows the spectrum of the SS polished and 
SS- TiO2 coated where the presence of titanium was observed.

Biological characterization. Streptococcus mutans was incubated with the three substrates (SS polished, 
SS-TiO2 coated, and SS-TiO2 micropatterned) to allow their adhesion to the surfaces for 8 h before being exposed 
to UVA black light for 60 min. Preliminary assays showed and confirmed that, regardless of surface type, the 
adherent bacteria remains viable in the same amount immediately before and after 60 min in saline solution, 
meaning that there is neither bacterial growth nor death during this period of time under this incubation con-
dition. SS polished showed an adhesion of 6.1 × 106 CFU/surface, which is the highest bacterial adhesion, more 
than one order of magnitude that the other surfaces with or without exposure to UV light (Fig. 7). Surfaces 
with UV exposure showed lower number of viable adhered bacteria than the ones without this treatment with 
a ∼50% decrease of cell viability among the different surfaces, demonstrating the photocatalytic effect against 
the adhered bacteria. Moreover, Fig. 7 also shows that patterning the SS316L plates with TiO2 particles at both 5 

Figure 4. AFM image of TiO2 pattern after transferring to SS316L.

Figure 5. Water contact angles images of SS-TiO2 coated, SS-TiO2 micropatterned, and SS polished and contact 
angle and roughness average (Ra) measurements.
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and 10% concentrations exhibited lower adhesion than the corresponding coated surfaces with or without UV 
exposure, which could be associated to the physical modification. Interestingly, under exposure to UV light, the 
SS micropatterned with 5% TiO2 showed similar viable adhered bacteria than the SS coated with 10% TiO2, indi-
cating a synergic effect of physical and chemical modification against the bacteria. Finally, SS surfaces micropat-
terned with the highest TiO2 concentration (10%) showed the lowest viable adhered bacteria, which corresponds 
to a 96% reduction in bacterial adhesion to stainless steel. SEM images confirmed these results as lower numbers 
of bacteria were observed on the micropatterned TiO2 surfaces compared with the coated TiO2 surfaces and 
exposed and unexposed SS polished (Fig. 8).

Discussion
Several techniques have been used to pattern the surface of materials, including direct methods like photolithog-
raphy and dip-pen nanolithography (DPN)9,13,16 and indirect techniques like soft lithography11,12. Micro arrays 
on the surface can be fabricated using soft lithography, which uses an elastomeric stamp that is usually made of 
poly (dimethyl siloxane) (PDMS)11,17,18. This stamp is a negative from a master model that is usually fabricated 
using photolithography13,15. However, high costs, difficulty to control the chemistry of the surface and difficulty 
to be used by biologists and related personnel make photolithography difficult to use, especially in the biomedical 
field19.

In the present work, DPN was used to manufacture a master model and silica sol modified with TiO2 nan-
oparticles was used to transfer the pattern to SS316L, to produce an array of an antibacterial substance on a 
surgical-grade SS surface. This novel approach aimed to analyse whether a physical modification complemented 
with an antibacterial substance might show a synergic effect for reduction of bacterial adhesion.

A column pattern was created on model surfaces using DPN. The diameter of the features in the current work 
are in the order of microns (1–5 µm) and the height in the range of 150 to over 400 nm, although DPN allows the 
creation of features in smaller, nanometric sizes (below 100 nm)10. Hochbaum and Aizenberg7 proposed that the 
size of the fabricated features should be similar to that of the tested bacterial species in order to reduce bacterial 
adhesion. Since S. mutans organise in short chains of three or four bacterial cells, column height, pitch, and sep-
aration between two consecutive columns was designed considering the fact that these physical obstacles should 
surround these chains of bacteria, rather than one single bacterial cell.

Figure 6. EDS spectrum of the SS polished (a) and SS-TiO2 coated (b) surfaces.

Figure 7. Viable adhered bacteria on SS-TiO2 coated and SS-TiO2 micropatterned with different TiO2 
concentration after exposure to UV light or not. Percentages indicate the decrease of viable adhered bacteria 
due to UV exposure. All samples without UV are statistically significantly different between them. *Statistically 
significant difference compared to all other conditions.
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The transfer process with soft lithography allowed the dimensions of the fabricated patterns on gold to be 
preserved on stainless steel as PDMS is capable of copying features smaller than those created in this work47. In 
addition, surface characteristics were also evaluated by measuring roughness and contact angle. Coating and 
patterning the SS316L with TiO2 showed ∼10 times higher roughness than SS coated with only SiO2 (data not 
shown), which may be explained by the fact that the size of TiO2 nano particles may render the suspension 
coarser and, once deposited, increased the roughness values. Several authors have positively correlated rough-
ness and adhesion of S. mutans to different biomaterials48–50 and both TiO2 coated and micropatterned surfaces 
showed higher roughness than SS polished; therefore, the lower number of bacteria found on both experimental 
surfaces (TiO2 coated and micropatterned) may be associated with the antibacterial effect of TiO2 and with the 
obstacle caused by the patterns in the case of the TiO2 micropatterned surface rather than surface roughness. 
Regarding hydrophobicity, there was an increase after coating or patterning the SS surface with the TiO2 suspen-
sion. As the differences in roughness and wettability between modified surfaces is insignificant, the antibacterial 
effect observed on both surfaces may be better explained by the presence of TiO2.

Bacterial adhesion to a biomaterial is a process that involves many variables, including surface properties, 
physico-chemical characteristics of bacteria and environmental factors51, all of which play a key role during the 
early steps of adhesion and biofilm formation. Regarding the disruption of bacterial adhesion and biofilm for-
mation, Ready et al.52 suggested that the efficacy of antibacterial substances may be observed after adhesion as 
the biofilm matures. In the current work, bacterial adhesion to TiO2 micropatterned surfaces showed a reduction 
between 50 and 60% after exposure to UVA light compared with unexposed surfaces regardless of TiO2 concen-
tration. TiO2 micropatterned presented lower viable adhered bacteria than coated surfaces for each TiO2 concen-
tration, which indicates that reduction of bacterial adhesion was achieved not only by the photocatalytic effect of 
TiO2, but also by the physical obstacles that further reduced adhesion. The available contact area is relevant for 
bacteria to adhere to a surface and, since S. mutans organise in short chains, the pattern created on the surface 
may have acted as physical obstacles for such chains to organise, expand, and find each other (quorum sensing) 
as proposed by Hochbaum and Aizenberg7. SEM images (Fig. 8) showed those physical obstacles created by pat-
terning the SS surface with TiO2 while coated surface is smooth, as indicated by AFM measurements, allowing the 
contact between bacteria cells and a higher adhesion. Complementary, the photocatalytic effect assisted in further 
reducing bacterial adhesion to the TiO2 coated and TiO2 micropatterned, as shown by the 10% TiO2 micropat-
terned surface with the lowest viable adhered bacteria after UV exposure and even more by SS micropatterned 
with 5% TiO2 having similar viable adhered bacteria than coated with 10% TiO2.

Furthermore, as mentioned before, the most hydrophobic surface showed the lowest bacterial adhesion, which 
may be explained by the fact that this bacterial strain possesses a more hydrophilic surface. Satou et al.53 found 

Figure 8. SEM photographs of bacterial colonization on SS-TiO2 coated (a), SS-TiO2 micropatterned (b), SS 
polished (c) and unexposed SS polished (d). Scale is 5 µm. Inserts show interaction at 2000 × . Scale in the inserts 
is 10 µm.
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that different strains of S. mutans have a hydrophilic surface and that hydrophilic bacterial show higher adhesion 
to hydrophilic surfaces.

In regarding to other works, the results here presented are in accordance with other authors by showing that 
the presence of micropatterns reduces the adhesion of S. mutans by 96%. These values are higher than the number 
reported by Chung et al.6, with 87% reduction in S. aureus, and similar to May et al.8, who obtained 95.6 to 99.9% 
reduction since they evaluated different bacterial strains.

These results also confirmed that TiO2 has a chemical antibacterial effect regardless of nanoparticle con-
centration and exposure time. Other authors have found that the exposure of different bacterial species to 
UV-photoactivated TiO2 results in a significant reduction of bacterial adhesion and biofilm formation. Chun 
et al.45 coated SS orthodontic wires with TiO2 to assess bacterial adhesion of S. mutans and found a significant 
reduction in bacterial adhesion between coated and non-coated wires (100 CFU vs 720 CFU, respectively). Choi 
et al.38 assessed bacterial adhesion to TiO2 and TiAg surfaces coated with TiO2 after exposure to UV light and 
found a significant reduction in S. mutans adhesion to treated surfaces. In addition, they found that the anatase 
form of TiO2 presented higher antibacterial activity than rutile. Even though the results of the current work 
demonstrated a reduction in bacterial adhesion after exposure of TiO2 coated and micropatterned surfaces, the 
values were not as high as the numbers reported by Chun et al. and Choi et al. However, Erdural et al.54 proposed 
that a high concentration of SiO2 in a SiO2-TiO2 suspension could lead to a reduced photocatalytic effect due 
to an excessive dilution of TiO2 in the SiO2, which will eventually lead to a reduced accessibility of photons and 
reduced transport of ROS between TiO2 and the bacterial suspension. They found the best antibacterial effect on 
E. coli when the TiO2 concentration was 8% wt, which is in agreement with the results of the current work where 
the TiO2 concentration was between 5 and 10% wt.

Conclusions
Micropatterned surfaces with antibacterial TiO2 nanoparticles were successfully created on SS316L by a combina-
tion of dip-pen nanolithography and soft lithography. Those surfaces were able to reduce the viability of adhered 
bacteria at low TiO2 concentration (5%) in a similar degree than a simple coated surface with a higher TiO2 
concentration (10%), showing a synergic effect between physical and chemical modification against S. mutans. 
This dual effect was further enhanced by increasing TiO2 in micropatterned surfaces to 10%. The results of this 
investigation showed that a combination of a physical and chemical approach is a promising alternative to reduce 
adhesion of viable bacteria to biomaterials.

References
 1. Klemm, P., Vejborg, R. M. & Hancock, V. Prevention of bacterial adhesion. Appl. Microbiol. Biotechnol. 88(2), 451–459 (2010).
 2. Lorenzetti, M. et al. The influence of surface modification on bacterial adhesion to titanium-based substrates. ACS Appl. Mater. 

Interfaces. 7, 1644–51 (2015).
 3. Rodrigues, L. R. Novel approaches to avoid microbial adhesion onto biomaterials. J. Biotechnol Biomater. 1, 104e (2011).
 4. Glinel, K., Thebault, P., Humblot, V., Pradier, C. M. & Jouenne, T. Antibacterial surfaces developed from bio-inspired approaches. 

Acta Biomater. 8(5), 1670–1684 (2012).
 5. Beloin, C., Renard, S., Ghigo, J. M. & Lebeaux, D. Novel approaches to combat bacterial biofilms. Curr. Opin. Pharmacol. 18, 61–68 

(2014).
 6. Chung, K. K. et al. Impact of engineered surface microtopography on biofilm formation of Staphylococcus aureus. Biointerphases. 2, 

89–94 (2007).
 7. Hochbaum, A. I. & Aizenberg, J. Bacteria pattern spontaneously on periodic nanostructure arrays. Nano Lett. 10, 3717–3721 (2010).
 8. May, R. M. et al. Micro-patterned surfaces reduce bacterial colonization and biofilm formation in vitro: potential for enhancing 

endotracheal tube designs. Clin. Transl. Med. 3, 8 (2014).
 9. Piner, R. D., Zhu, J., Xu, F., Hong, S. & Mirkin, C. A. “Dip-Pen” nanolithography. Science. 283, 661–663 (1999).
 10. Ginger, D. S., Zhang, H. & Mirkin, C. A. The evolution of dip-pen nanolithography. Angew. Chemie - Int. Ed. 43(1), 30–45 (2004).
 11. Xia, Y. & Whitesides, G. M. Soft lithography. Angew. Chemie Int. Ed. 37, 550–575 (1998).
 12. Weibel, D. B., Diluzio, W. R. & Whitesides, G. M. Microfabrication meets microbiology. Nat. Rev. Microbiol. 5, 209–218 (2007).
 13. Pelaez-Vargas, A. et al. Effects of density of anisotropic microstamped silica thin films on guided bone tissue regeneration—In vitro 

study. J. Biomed. Mater. Res. B Appl. Biomater. 101, 762–769 (2013).
 14. Pelaez-Vargas, A., Ferrell, N., Fernandes, M. H., Hansford, D. J. & Monteiro, F. J. Cellular alignment induction during early in vitro 

culture stages using micropatterned glass coatings produced by sol-gel process. Key Eng. Mater. 396–398, 303–306 (2009).
 15. Carvalho, A. et al. Micropatterned silica thin films with nanohydroxyapatite micro-aggregates for guided tissue regeneration. Dent. 

Mater. 28, 1250–1260 (2012).
 16. Pelaez-Vargas, A. et al. Isotropic micropatterned silica coatings on zirconia induce guided cell growth for dental implants. Dent. 

Mater. 27, 581–589 (2011).
 17. Qin, D., Xia, Y. & Whitesides, G. M. Soft lithography for micro- and nanoscale patterning. Nat. Protoc. 5, 491–502 (2010).
 18. Whitesides, G. M., Ostuni, E., Takayama, S., Jiang, X. & Ingber, D. E. Soft lithography in biology and biochemistry. Annu. Rev. 

Biomed. Eng. 3, 335–373 (2001).
 19. Tran, K. T. M. & Nguyen, T. D. Lithography-based methods to manufacture biomaterials at small scales. J. Sci. Adv. Mater. Devices. 

2, 1–14 (2017).
 20. Bazaka, K., Jacob, M. V., Crawford, R. J. & Ivanova, E. P. Efficient surface modification of biomaterial to prevent biofilm formation 

and the attachment of microorganisms. Appl. Microbiol. Biotechnol. 95(2), 299–311 (2012).
 21. Li, Y. H. et al. A quorum-sensing signaling system essential for genetic competence in Streptococcus mutans is involved in biofilm 

formation. J. Bacteriol. 184, 2699–2708 (2002).
 22. Garrett, T. R., Bhakoo, M. & Zhang, Z. Bacterial adhesion and biofilms on surfaces. Prog. Nat. Sci. 18, 1049–56 (2008).
 23. De Faria, A. F. et al. Anti-adhesion and antibacterial activity of silver nanoparticles supported on graphene oxide sheets. Colloids 

Surf. B Biointerfaces. 113, 115–124 (2014).
 24. Besinis, A., De Peralta, T. & Handy, R. D. Inhibition of biofilm formation and antibacterial properties of a silver nano-coating on 

human dentine. Nanotoxicology. 8(7), 745–754 (2014).
 25. Lemire, J. A., Harrison, J. J. & Turner, R. J. Antimicrobial activity of metals: mechanisms, molecular targets and applications. Nat. 

Rev. Microbiol. 11, 371–384 (2013).
 26. Cloutier, M., Mantovani, D. & Rosei, F. Antibacterial coatings: challenges, perspectives, and opportunities. Trends Biotechnol. 33(11), 

637–652 (2015).



www.nature.com/scientificreports/

9SCIeNtIFIC RePoRtS |         (2018) 8:15818  | DOI:10.1038/s41598-018-34198-w

 27. Scuderi, V. et al. Photocatalytic and antibacterial properties of titanium dioxide flat film. Mater. Sci. Semicond. Process. 42, 32–35 
(2016).

 28. Yu, J. C., Ho, W., Lin, J., Yip, H. & Wong, P. K. Photocatalytic activity, antibacterial effect, and photoinduced hydrophilicity of TiO2 
films coated on a stainless steel substrate. Environ. Sci. Technol. 37, 2296–2301 (2003).

 29. Fujishima, A., Zhang, X. Titanium dioxide photocatalysis: present situation and future approaches. Comptes Rendus Chim. 9(5-6), 
750–760 (2006).

 30. Han, C., Lalley, J., Namboodiri, D., Cromer, K. & Nadagouda, M. N. Titanium dioxide-based antibacterial surfaces for water 
treatment. Curr. Opin. Chem. Eng. 11, 46–51 (2016).

 31. Schneider, J., Bahnemman, D., Ye, J., LiPuma, G., Dionysiou, D.D. Photocatalysis: Fundamentals and Perspectives. Royal Society of 
Chemistry (2016).

 32. Fujishima, A., Zhang, X. & Tryk, D. A. TiO2 photocatalysis and related surface phenomena. Surf. Sci. Rep. 63(12), 515–582 (2008).
 33. Linsebigler, A. L., Lu, G. & Yates, J. T. Photocatalysis on TiO2 surfaces: principles, mechanisms, and selected results. Chem. Rev. 95, 

735–758 (1995).
 34. Tanaka, K., Capule, M. F. V. & Hisanaga, T. Effect of crystallinity of TiO2 on its photocatalytic action. Chem. Phys. Lett. 187, 73–6 

(1991).
 35. Maness, P. C. et al. Bactericidal activity of photocatalytic TiO2 reaction: toward an understanding of its killing mechanism. Appl. 

Environ. Microbiol. 65, 4094–4098 (1999).
 36. Kumar, R. V. & Raza, G. Photocatalytic disinfection of water with Ag-TiO2 nanocrystalline composite. Ionics (Kiel). 15, 579–587 

(2009).
 37. Shah, A. G., Shetty, P. C., Ramachandra, C. S., Bhat, N. S. & Laxmikanth, S. M. In vitro assessment of photocatalytic titanium oxide 

surface modified stainless steel orthodontic brackets for antiadherent and antibacterial properties against Lactobacillus acidophilus. 
Angle Orthod. 81, 1028–1035 (2011).

 38. Choi, J.-Y., Chung, C. J., Oh, K., Choi, Y. & Kim, K. Photocatalytic antibacterial effect of TiO(2) film of TiAg on Streptococcus 
mutans. Angle Orthod. 79, 528–532 (2009).

 39. García, C., Ceré, S. & Durán, A. Bioactive coatings prepared by sol-gel on stainless steel 316L. J. Non. Cryst. Solids. 348, 218–224 
(2004).

 40. García, C., Ceré, S. & Durán, A. Bioactive coatings deposited on titanium alloys. J. Non. Cryst. Solids. 352, 3488–3495 (2006).
 41. Wetchakun, N., Incessungvorn, B., Wetchakun, K. & Phanichphant, S. Influence of calcination temperature on anatase to rutile 

phase transformation in TiO2 nanoparticles synthesized by the modified sol–gel method. Mater. Lett. 82, 195–198 (2012).
 42. Arango-Santander, S., Pelaez-Vargas, A., Freitas, C. S. & García, C. Silica sol-gel patterned surfaces based on dip-pen nanolithography 

and microstamping. A comparison in resolution and throughput. Key Eng Mater. 720, 264–268 (2016).
 43. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods. 9, 671–675 (2012).
 44. Horcas, I. et al. WSXM: A software for scanning probe microscopy and a tool for nanotechnology. Rev. Sci. Instrum. 78(1), 013705 

(2007).
 45. Chun, M. J. et al. Surface modification of orthodontic wires with photocatalytic titanium oxide for its antiadherent and antibacterial 

properties. Angle Orthod. 77, 483–488 (2007).
 46. Naghili, H. et al. Validation of drop plate technique for bacterial enumeration by parametric and nonparametric tests. Vet Res Forum. 

4, 179–183 (2013).
 47. Csucs, G., Künzler, T., Feldman, K., Robin, F. & Spencer, N. D. Microcontact printing of macromolecules with submicrometer 

resolution by means of polyolefin stamps. Langmuir. 19, 6104–6109 (2003).
 48. Aykent, F. et al. Effect of different finishing techniques for restorative materials on surface roughness and bacterial adhesion. J. 

Prosthet. Dent. 103, 221–227 (2010).
 49. Mei, L., Busscher, H. J., Van Der Mei, H. C. & Ren, Y. Influence of surface roughness on streptococcal adhesion forces to composite 

resins. Dent. Mater. 27, 770–778 (2011).
 50. Al-Marzok, M. I. & Al-Azzawi, H. J. The effect of the surface roughness of porcelain on the adhesion of oral Streptococcus mutans. J. 

Contemp. Dent. Pract. 10, 17–24 (2009).
 51. Simoes, L. C., Simoes, M. & Vieira, M. J. Adhesion and biofilm formation on polystyrene by drinking water-isolated bacteria. 

Antonie van Leeuwenhoek. 98, 317–329 (2010).
 52. Ready, D. et al. In vitro evaluation of the antibiofilm properties of chlorhexidine and delmopinol on dental implant surfaces. Int. J. 

Antimicrob. Agents. 45, 662–666 (2015).
 53. Satou, J., Fukunaga, A., Satou, N., Shintani, H. & Okuda, K. Streptococcal adherence on various restorative materials. J. Dent. Res. 

67, 588–591 (1988).
 54. Erdural, B., Bolukbasi, U. & Karakas, G. Photocatalytic antibacterial activity of TiO2-SiO2thin films: the effect of composition on cell 

adhesion and antibacterial activity. J. Photochem. Photobiol. A Chem. 283, 29–37 (2014).

Acknowledgements
This work was partially supported by Comité para el Desarrollo de la Investigación (CONADI) from Universidad 
Cooperativa de Colombia (Grant Number A21-R22) and Universidad Nacional de Colombia sede Medellín. The 
authors would like to express their most sincere gratitude to M.Sc. Johana Gutiérrez and the staff from Laboratory 
of Biotechnology and Nanotechnology at Tecnoparque SENA for their assistance during DPN experiments and 
AFM characterization and to M.Sc. Jennifer Caballero, cPh.D. Alexander Lopera and Ph.D. Carlos Paucar from 
Universidad Nacional de Colombia for their assistance with early TiO2 experiments.

Author Contributions
S.A.S. and S.C.F. wrote the main manuscript text, prepared Figure 5 and performed laboratory tests, S.C.F. and 
A.P.V. designed the experiments, C.G. performed TiO2 synthesis and assisted in TiO2 experiments, S.A.S. 
prepared Figures 1, 2, 3, 4, 6 and 8, S.C.F. prepared Figure 7 and all authors analysed the data and reviewed the 
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.



www.nature.com/scientificreports/

1 0SCIeNtIFIC RePoRtS |         (2018) 8:15818  | DOI:10.1038/s41598-018-34198-w

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	A novel approach to create an antibacterial surface using titanium dioxide and a combination of dip-pen nanolithography and ...
	Materials and Methods
	Substrates. 
	Chemicals. 
	Surface preparation. 
	Preparation of SS-TiO2 coated surfaces. 
	Preparation of SS-TiO2 micropatterned surfaces. 

	Surface characterization. 
	Biological characterization. 
	Statistical analysis. 

	Results
	Master fabrication. 
	Microstamping. 
	Surface properties. 
	Biological characterization. 

	Discussion
	Conclusions
	Acknowledgements
	Figure 1 Top: dip coating of SS316L using SiO2-TiO2 suspension.
	Figure 2 SEM (left) and AFM (right) images of polymeric column pattern on gold.
	Figure 3 AFM image of PDMS stamp.
	Figure 4 AFM image of TiO2 pattern after transferring to SS316L.
	Figure 5 Water contact angles images of SS-TiO2 coated, SS-TiO2 micropatterned, and SS polished and contact angle and roughness average (Ra) measurements.
	Figure 6 EDS spectrum of the SS polished (a) and SS-TiO2 coated (b) surfaces.
	Figure 7 Viable adhered bacteria on SS-TiO2 coated and SS-TiO2 micropatterned with different TiO2 concentration after exposure to UV light or not.
	Figure 8 SEM photographs of bacterial colonization on SS-TiO2 coated (a), SS-TiO2 micropatterned (b), SS polished (c) and unexposed SS polished (d).




