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Abstract 

Bacterial adhesion and proliferation on surface give a challenge in medical and industrial 

fields. Here, a simple one-step technique is reported to fabricate self-cleaning and 

antibactericidal surfaces. White, blue, and violet paints were produced using titanium dioxide 

nanoparticles, 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (PFOTES), crystal violet, 

toluidine Blue O, and ethanol solution. All of the painted surfaces showed 

superhydrophobicity in air, and even after hexadecane oil contamination, they retained water 

repellency and self-cleaning properties. In an assay of bacterial adhesion, significant 

reductions (>99.8%) in the number of adherent bacteria were observed for all the painted 

surfaces. In bactericidal tests, the painted surfaces demonstrated not only bactericidal activity 

against S. aureus and E. coli in the dark but also induced very potent photosensitisation (>4.4 

log reduction in the number of viable bacteria on violet painted surface) under white light 

illumination. The technique that we developed here is general, and can be used on a wide 

range of substrates such as paper, glass, polymers, and others.  
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Introduction  

Bacteria are one of the oldest life forms on our planet and they have developed a variety of 

adaptive mechanisms for the colonization of surfaces over millions of years1. Bacterial 

biofilms on surfaces are known to produce adverse effects in a variety of situations. In water-

based industries, including water treatment and distribution, paper manufacturing, and the 

operation of cooling towers, biofilms reduce water quality by influencing taste and odour and 

they cause corrosion of the pipe-line resulting in equipment damage 2-3. In the medical field, 

biofilms are important contributors to hospital acquired infections (HAIs) which are the 

fourth leading causes of death in the U. S 4-5. Pathogenic bacteria are able to survive on 

surfaces within healthcare facilities for several weeks and they can be transmitted through 

touch by hospital workers and patients 6-7. According to a report by the U.S. Center for 

Disease Control and Prevention (CDC) in 2007, approximately 1.7 million patients in 

hospitals acquired HAIs and 99,000 of these patients died during hospitalization. Further, 60-

70% of HAIs were related to bacterial contamination of hospital surfaces or medical devices 

8-10. 

Superhydrophobic surfaces are able to reduce bacterial adhesion, and biofilm formation 

and provide easy removal of bacterial cells 11. Many techniques to produce superhydrophobic 

surfaces have been suggested including surface modification using nanoparticles, 

photolithography, mesoporous polymer, surface etching resulting in nanoscale surface 

roughness, and chemical modification 12-16. However, some of these techniques require harsh 

conditions or complex fabrication processes, thus limiting the substrate type and geometry. 

Moreover, superhydrophobic surfaces are easily destroyed by mild abrasive force and readily 

contaminated by oil resulting in loss of water repellency 17-18.   
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Bactericidal surfaces kill bacteria on contact 19. Such surfaces have been widely 

investigated for potential use in healthcare facilities, in industry, and even the home. The 

most common and arguably, the most important use of bactericidal surfaces is for hospital 

surfaces or medical devices to prevent HAIs 20-22. Many techniques have been suggested for 

application to surfaces including silver- or copper-coated surfaces 19, 23-25, and photosensitive 

surfaces using light activated antimicrobial agents (LAAAs) 6, 26. Recently surface treatments 

using light-activated antimicrobial agents, crystal violet (CV), methylene blue (MB) and 

toluidine blue O (TBO) have been investigated27-29. The dyes generate reactive singlet oxygen 

(1O2) and free radicals when they are exposed to a visual light, and the 1O2 and free radicals 

produce adverse effects on bacteria resulting in cell death28. Previous studies showed that CV, 

MB, and TBO can be impregnated into soft polymers thorough a swell-encapsulation-shrink 

process, and the dyed polymers possess potent photobactericidal activity under white light 30-

32.   

New attempts at developing hybrid materials have been conducted in order to improve 

bactericidal performance whilst maintaining prevention of bacteria attachment. Previous 

studies showed that the combination of superhydrophobic materials with either photocatalysts 

or antibacterial nanoparticles such as silver, copper, and silica retained superhydrophobicity 

or at least hydrophobicity. However, they typically show no photocatalytic reaction and only 

relatively weak bactericidal activity, indicating those materials were not effectively combined 

11, 33-39. We have developed hybrid materials with increased bactericidal performance and with 

the ability to prevent bacterial attachment. In this study, a new paint formulation with dual 

functional properties of self-cleaning and white light-activated bactericidal activity is 

described. The paints that we developed here are quite general, and can be easily applied to 
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various surfaces such as glass, paper, plastic and others. Furthermore, they function even 

after contaminated by hexadecane oil.  

Experimental section 

Preparation of white, blue, and violet paints 

Solution A: 1.0 g of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (PFOTES, 

C8F13H4Si(OCH2CH3)3, Sigma-Aldrich, St. Louis, MO, USA) was dispersed in 99.0 g of pure 

ethanol (EDM Millipore Co., Billerica, MA, USA), and for 10 min, the mixture was agitated.  

White paint: 4.0 g of TiO2 nanoparticles (Degussa P 25) were mixed with 40 mL of 

solution A with constant agitation, and then, for 5 min the mixture was sonicated and 

vortexed for 5 min 

Blue paint: 4.0 g of TiO2 nanoparticles (Degussa P 25), and 40 mg of toluidine blue O 

(TBO, Sigma-Aldrich, St. Louis, MO, USA) were dispersed in 40 mL of solution A with 

constant agitation, and then, for 5 min the mixture was sonicated and vortexed for 5 min.  

Violet paint: 4.0 g of TiO2 nanoparticles (Degussa P 25), and 40 mg of crystal violet (CV, 

Sigma-Aldrich, St. Louis, MO, USA) were dispersed in 40 mL of solution A with constant 

agitation, and then, for 5 min the mixture was sonicated and for 5 min, it was vortexed. 

Water repellency and self-cleaning in air  

450 µL of paint was inoculated on the glass slides (2.5 × 7.5 cm), the slides were tilted until 

whole surfaces were coated, and dried in the dark room for 3 h. After drying, the samples 

were washed using deionized (DI) water to ensure removal of non-combined CV or TBO. To 

test water repellency, 0.5 mL of deionized (DI) water was fallen on to the treated samples at a 

height of ~ 20 mm. To test the self-cleaning property of the samples, iron oxide powder was 

loaded on to the samples to mimic dirt, and then 1 ml of DI water was fallen on to the 
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samples using a pipette. The water repellency and self-cleaning tests were recorded using a 

smartphone camera (Galaxy S5, Samsung Electronics Co., Ltd, Suwon, South Korea) 

Water contact angle measurement of white, blue, and violet painted surfaces in air 

As shown in Figure S1, the equilibrium water contact angle on the paint coated samples 

was examined by a contact angle meter (First Ten Angstroms, Inc., Portsmouth, Virginia, 

USA). A DI water droplet (volume 5 µL) was put onto the surface of samples, images were 

captured on and analyzed by Surftens 4.5 software. The contact angle hysteresis was 

measured using “add and remove volume” method. The contact angle hysteresis was 

investigated by the variation of advanced angle and receding angle 40.  

Water contact angle measurement of the painted surface in hexadecane  

The painted samples were immersed in hexadecane and droplets of DI water containing 

Congo red dye (Sigma-Aldrich, St. Louis, MO, USA) were put onto the treated and untreated 

sample. It was photographed from the side and then analyzed by Surftens 4.5 software.  

Water repellency and self-cleaning in air after hexadecane contamination 

To make oil-contaminated surfaces, the painted glass slides were dipped in hexadecane, 

and then, from a height of ~20 mm, 0.5 mL of DI water containing Congo red dye was 

dropped on to the surface of the samples which were tilted at an angle of 20 o. 

for the self-cleaning test of the oil-contaminated sample, vanadium oxide powder was 

placed on to the contaminated samples and then 0.5 ml DI water was fallen on to samples 

which were tilted at an angle of 20 o using pipette. 

Measurement of UV-vis spectrum 

As shown in Figure S2, the UV-vis absorption spectra for the paint coated samples were 

examined by UV-Vis Spectrometer (PerkinElmer Inc., Winter St., CT, USA). Absorption was 

examined in the wavelengths of 400–900 nm.  
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SEM and AFM Analysis 

Scanning Electron Microscopy (SEM, JEOL Inc., Peabody, MA, USA) was used to 

observe the surface morphology of the paint coated samples at an accelerating voltage of 5 

kV. Images were captured using SEMAfore software. Fine gold particles were deposit onto s

ample to eliminate surface charging. Atomic force microscopy (AFM, EeasyScan 2 AFM, 

Nanosurf, Liestal, Switzerland) was employed to determine a roughness of the sample surface 

and it was investigated using tapping mode.  

Bactericidal testing 

For bactericidal testing, the surface of glass slides was coated by 450 µL paint and then 

dried in the dark room for 3h. The bactericidal activity of the samples was investigated in 

Escherichia coli ATCC 25922 and Staphylococcus aureus NCTC 13143. E. coli and S. aureus 

were stored at –70oC in brain-heart-infusion broth (BHI broth, Oxoid Ltd., Hampshire, 

England, UK) with 20% glycerol and incubated on MacConkey agar (Oxoid Ltd., Hampshire, 

England, UK) and Mannitol salt agar (Oxoid Ltd.), respectively. One bacterial colony was 

inoculated into 10 ml BHI broth and cultured in shaking incubator (200 rpm) at 37 o C. After 

incubation for 18 h, the bacteria were harvested by centrifugation (21 o C, 5000 rpm for 10 

min), washed using 10 mL of phosphate buffered saline (PBS), and centrifuged again to 

recover the bacteria which were re-suspended in 10 mL of PBS. The washed suspension was 

diluted 1000-fold in order to obtain ~106 colony forming units per millilitre (CFU/mL). As 

shown in Figure S3, 75 µL of bacterial suspension was inoculated onto sterilized glass slide 

(2.5 × 7.5 cm), the glass slide was overturned and plated on the paint coated sample. The 

samples were loaded in petri dishes with wet paper to keep humidity, and they were exposed 

to white light. another set of samples was placed in the dark room. White light intensity 

ranged from 3900 to 5300 lx, and the emission wavelength ranged from 400 to 730 nm 
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(Figure S4). The samples were located into 40 mL PBS after white light exposure, and mixed 

using a vortex mixer for 1 min to ensure that the bacteria were recovered from the surface of 

the sample. The bacterial suspension was concentrated into 450 µL by centrifugation (5000 

rpm at 21 o C for 20 min), plated onto agar; (MacConkey agar for E. coli, and mannitol salt 

agar for S. aureus). After 24 h incubation at 37 o C, the bacteria colonies on the plates were 

counted. 

Test of bacterial adhesion 

The adhesion of E. coli and S. aureus was tested on the glass control and the paint coated 

samples. Glass slides were dipped into paint solution and then dried in the dark room for 3 h. 

After being washed using DI water, the samples were placed vertically in 30 mL of bacterial 

suspension containing ~1010 CFU for 3 min, and then were placed into 30 ml of PBS and 

vortexed for 1 min to be sure that all bacteria were recovered from the surface of the sample. 

The bacterial suspension was concentrated into 450 µL by centrifugation (5000 rpm at 21 o C 

for 20 min), serially diluted and plated on to agar. After 24 h incubation at 37 o C, the bacteria 

colonies on the plates were counted. 

Preparation of paint and double side tape treated glass slides and robust test 

As shown Figure S5, double side tapes were attached onto glass slides. and then the tape 

attached samples were coated by white, blue, violet paints. The coated samples were placed 

in dark room for 6 h. After drying, the painted sample was place onto sandpaper (CAMI grit 

no. 150) and weight of 40 g was placed on the glass. The painted glass moved back and forth 

for 8 cm along ruler. This process defined as one cycle. The water contact angle of the treated 

sample was examined at each cycle.  

Water repellency and stability tests of white, blue, and violet particles 

Page 8 of 28

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9 

 

The white, violet, and violet particles were produced by ethanol evaporation and top-down 

process (grinding process). To determine water repellency of the particles, the particles were 

attached to the surface of glass slide using double sided tape and then droplets of DI water 

containing Congo red dye were dropped on to the particles. The particles were dropped into 

DI water to determine leaching of CV or TBO dye and 10 µL of DI water containing Congo 

red dye was placed on the surface of the particles which were floated on DI water. 

Statistical analyses 

T-test statistical analysis on results was conducted by SPSS software (version 12.0, SPSS, Inc

., Chicago, IL, USA) 

Results and Discussion 

As shown in Figure 1(a), white, blue, and violet paints were produced. Glass slides were 

painted and then dried in the dark room for 3 h. After drying, samples were washed using 

deionized (DI) water to remove non-combined CV or TBO. The white paint maintained its 

color after drying, however, the color became more or less intense in the case of the blue or 

violet paints. Scanning electron microscopy (SEM) Atomic force microscopy(AFM) were 

used to examine the surface of the samples and these showed that the ~ 21 nm TiO2 

nanoparticles in the paint were agglomerated41 and the painted surface has a roughness of 

~1000 nm (Table 1).  

The UV-vis absorbance spectra of the unpainted control and painted glass slides were 

measured over the wavelengths of 400–900 nm (Figure 2). The white paint did not show a 

major absorbance peak between 400–900 nm, while the blue and violet paints showed major 

absorbance peaks at 589 and 590 nm, respectively, corresponding to the CV and TBO. The 

adsorption features of CV and TBO in the wavelength of 400–750 nm may explain their role 

on photosensitizer using white light.  
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The water contact angle of the control and painted glass was measured. As shown in Figure 

3 (a), the control gave water contact angles of 5.9 o, indicating superhydrophilic character. 

However, the painted glass surfaces gave the water contact angles higher than 160 o, 

indicating that they are superhydrophobic (Table 1) 37. To determine the water repellence of 

the paints, 0.5 mL of water was dropped on to the samples. As shown in Movie S1–4 and 

Figure S6, water droplets were trapped on the surface of the control glass slide whereas the 

water droplets simply rolled off without wetting the surface on all the painted surfaces. The 

water rolling phenomenon resulted from superhydrophobicity of the paints giving a high 

water contact angle (>160 o) and low roll off angle (<5 o). The self-cleaning experiment 

represented that after water falling, the dirt contained within the water remained on the 

surface of the control material while the droplets rolled off on the treated surface, they carried 

away the dirt. (Movie S5–8 and Figure S7). This phenomenon can be explained in that the 

rough surface with low surface energy significantly reduces the contact between water 

droplet and the surface. This considerably reduces the adhesion force of water and surface. 

Thus, the dirt was washed away by the droplets because adhesion of dirt to the surface is 

much weaker than that of water droplet to the dirt 42.  

Previous studies showed that superhydrophobic surfaces lose their water repellency after 

being partially contaminated by oil 18, 43. This is because oil, a lower surface tension than 

water, penetrated into the surface. As shown Figure 3 (b), a test of the water repellency of the 

samples immersed in hexadecane oil showed that water droplets still formed spheres on the 

painted surface, indicating a water contact angle of >160 o. When samples were immersed 

into the oil, hexadecane permeated within the surface. Thus, water droplets were supported 

by both the oil and the surface structure, and formed a sphere. After the oil contamination, 

water droplets simply slid off on the painted surfaces and their self-cleaning property was 
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retained (Movie S9–16 and Figure S8–9). When the painted surfaces were exposed to 

hexadecane, the oil penetrated within the surfaces 44. This produces lubricating film on the 

painted surface, resulting in slippery surfaces 45.  

To determine bacterial adhesion to the control and painted glass surfaces, suspensions of 

Staphylococcus aureus NCTC 13143 (containing ~1.2 × 1010 CFU) and Escherichia coli 

ATCC 25922 (containing ~1.1 × 1010 CFU) were used. Figure 4 shows the number of S. 

aureus and E. coli attached to the surface of the control and painted surfaces. 4.5 × 107 CFU 

of S. aureus were adhered to the surface of the control material and statistically significant 

decreases (>99.9 %, P< 0.01) in the numbers of S. aureus were apparent on the white (3.2 × 

104 CFU), blue (1.9 × 104 CFU), and violet painted surfaces (1.6 × 104 CFU). A significant 

decrease in bacteria attachment was also confirmed with E. coli for all three painted surfaces 

compared to the control (unpainted) surface and significant differences were observed in the 

numbers of adherent bacteria between the different painted surfaces (the number of bacteria 

attached onto all of painted surface: P< 0.01). The number of E. coli adhered to the surface of 

the control glass was 2.0 × 107 CFU, whereas the numbers on the white, blue, and violet 

painted surfaces were 4.9 × 103, 2.4 × 105, and 5.7 × 104 CFU, respectively. The reduction in 

bacterial adhesion is attributed to the superhydrophobicity of the paints. When a 

superhydrophobic surface is immersed, most of its surface is occupied by fine air bubbles. 

The air bubbles significantly reduce contact between bacteria and the surface, and the 

bacteria are unable to cross the air-water interfaces as a result of surface tension 42 (Figure 

S10). These results indicate that even though superhydrophobic surfaces are not able to 

prevent bacterial adhesion completely, they could significantly retard biofilm formation by 

inhibiting the adhesion.  

Figure 5 shows (a) the bactericidal activity of the samples against S. aureus in the dark and 
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in white light. After 3 h in the dark, the number of viable bacteria decreased significantly on 

the white, blue, and violet painted surfaces compared to the control material (P-value <0.05), 

and among them, violet paint showed the best bactericidal activity achieving a 1.1 log 

reduction in bacterial numbers compared to a 0.3 and 0.9 log reduction observed for the white 

and blue painted surfaces, respectively. In white light, the painted surfaces showed increased 

bactericidal activity compared to the same material in the dark. After 3 h white light exposure, 

a 2.3 log and 3.2 log reduction in the numbers of viable bacteria were confirmed on white and 

blue paint, respectively, compared to the control material and on the violet painted surface, 

the numbers of viable bacteria fell to below the detection limit (<10 CFU). All of the painted 

materials showed increased bactericidal activity in the light compared to the dark, achieving a 

0.7, 2.4 and 3.4 log differences in bacterial numbers for the white, blue, and violet paints, 

respectively. 

Figure 5 (b) shows the bactericidal activity of the paints against E. coli in dark and in the 

white light. In contrast to S. aureus, after 4 h in the dark, no reduction in the number of viable 

bacteria was confrmed on any of the painted surfaces, and even after 4 h of white light 

exposure, the number of viable bacteria did not decrease on either the control or white 

painted surfaces. But, a statistically significant reduction in the number of viable E. coli was 

confirmed on the blue and violet painted glass (P-value < 0.01 at both blue and violet painted 

glasses). Compared to the control material, a 2.6 log reduction in the numbers of viable 

bacteria were confirmed on the blue painted surface, and on the violet painted surface, the 

numbers of viable bacteria had fallen to below the detection limit (>5 log reduction). 

TiO2 nanoparticles, CV, and TBO used in this study are known to have some bactericidal 

activity in the absence of light 27, 46-47. Testing of the bactericidal activity of our materials 

against S. aureus in the dark showed that TiO2 nanoparticles, CV, and TBO keep their 
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intrinsic bactericidal property after being incorporated into paint. However, the paints did not 

have bactericidal activity against E. coli in the dark, and despite the longer exposure to white 

light compared to S. aureus, E. coli was less susceptible overall. It is likely that the difference 

in susceptibility between S. aureus, a Gram-positive bacterium, and E. coli, a Gram-negative 

bacterium, is due to their different cell wall structure. The cell wall of Gram-positive bacteria 

consists of a thick peptidoglycan layer, and only one membrane (plasma membrane) whereas 

Gram-negative bacteria have a more complex cell wall with a relatively thin layer of 

peptidoglycan, but an outer membrane in addition to the plasma membrane. The outer 

membrane of Gram-negative bacteria is known to reduce the permeability of many molecules 

48 and is often responsible for resisting chemical agents 49.  

After white light exposure, all of the paints showed enhanced bactericidal activity 

compared to the same material in the dark. However, compared with the blue and violet 

paints, the activity of white paint was relatively weak. White paint mainly consists of TiO2 

nanoparticles which are a UV light-activated antimicrobial agent (LAAA), and the 

photobactericidal activity of TiO2 is ascribed to OH – • radicals and other reactive oxygen 

species (ROS) induced by the light source 21, 50-51. As TiO2 is activated by ultraviolet (UV) 

light 52 which accounts for a tiny portion of the total radiation in white light, this may explain 

why the white paint demonstrated less photobactericidal activity than the blue and violet 

paints. The potent photobactericial activity of blue and violet paints is due to TBO and CV 

which are well known white light-activated antimicrobial agents (WLAAA). Under white 

light conditions, the CV or TBO molecules are excited to a triplet state via an intersystem 

crossing from a slightly higher energy, shorter lived excited singlet state. The triple state 

molecules can undergo quenching by molecular oxygen including singlet oxygen (1O2) 

formation or interaction with biomolecules in the vicinity generating radical species 30. The 
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1O2 and radical species are thought to kill bacteria by oxidative damage to cellular 

membranes, intracellular proteins and DNA 29, 53. Despite using an identical amount of 

WLAAA (CV: 40 mg, TBO: 40 mg) in the paints, the bactericidal activity of the blue and 

violet paints differed; the reduction of viable bacteria on violet paint was >1.24 log higher 

than that of blue paint. This indicates that the violet paint produces more free radical species 

or singlet oxygen species more than the blue paint, resulting in better kill.   

Nano- or micro scale surface structures and superhydrophobic coatings are easily destroyed 

because of their mechanical weakness resulting in loss of hydrophobicity and this limits their 

widespread application. In this study, robust superhydrophobic and antimicrobial surfaces 

were produced using double side tape (Sellotape, Cheshire, UK) and the paints and they were 

tested at an extremely environmental condition. The painted sample was placed onto 

sandpaper (CAMI grit no. 150) and 40 g weight was loaded on to the sample. The applied 

force on samples was approximately 21.3 kg/m2. The sample was then moved back and forth 

for 8 cm along a plastic ruler. One back and forth movement was defined as one abrasion 

cycle. Figure 6 (a) shows that the sand paper abrasion test against white, blue, and violet 

painted glass slides. Previous studies showed that the water contact angle of the robust 

surface decreased by 13–15 o after repeating abrasion test. 54-55 However, 10 cycles test in this 

study showed that after repeating abrasion, the painted surfaces retained a water contact 

angles of >158 o, low rolling off angle (<0.5 o) and contact angle hysteresis (<3.4 o), indicating 

that they are still superhydrophobic. Their colors and the coating thickness of 55 µm were 

also retained (Figure S11). The white, violet, and violet particles were made through ethanol 

evaporation and top-down process. As shown in Figure 6 (b), the particles retained their 

respective colors and measurement of the water contact angle showed that the particles 

remained superhydrophobic. CV and TBO dyes used in this study were soluble in water. 
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However, dye leaching from the particles was not observed. In ethanol, porous TiO2 

nanoparticles absorb dye molecules 56, and the PFOTES molecules covalently bond to the 

surface of TiO2 nanoparticles 57-58. Thus, a PFOTES molecules are bonded on the surface of 

the dye absorbed TiO2, the nanoparticles have superhydrophobic and the light activated 

properties (Figure S12).  

Previous studies have shown that combination of superhydrophobic agents and bactericidal 

nanoparticles resulted in no or weak antimicrobial activity although they retained high 

hydrophobicity. This might be because the superhydrophobic polymer coating reduce the 

contact surface area between antimicrobial substances and bacteria 11, 33-39. We addressed the 

problem by the combination of TiO2, WLAAA and PFOTES. As a result, bacteria are killed 

by ROS diffused from surface containing WLAAA under white light condition.   

Conclusion 

This study reports new paints possessing both self-cleaning and white light-activated 

bactericidal properties. Compared to previous techniques for bactericidal surfaces and 

superhydrphobic surfaces, the technique developed in this study has several advantages: (i). 

the paints are easily made; (ii) surface treatment with the paints is simple and fast as 

commercial paint; (iii) the surfaces have dual functions after one simple process and (iv) the 

paints can be applied to a wide range of substrates including glass (Figure 1(b)), paper, and 

plastic (Figure S13). It is expected that these paints may be useful for healthcare and 

industrial facilities, as well as being applicable in the home for decoration. 

Supporting information 

1. Water repellent test of samples. 2. Self-cleaning testing of samples. 3. Water repellent test 

of samples after hexadecane contamination. 4. Self-cleaning testing of samples after 

hexadecane contamination. 5. Intensity distribution of the white light which. 6. 
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Comparison of the paint coating thickness before and after abrasion test. 7. Chemical 

structures on the combinations of TiO2 nanoparticle/PFOTES, and TiO2 

nanoparticle/PFOTES /TBO, and TiO2 nanoparticle/ PFOTES/CV. 8. White, blue, violet 

painted plastics (plastic toys) and papers.  
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Table Legend 

Table 1. water contact angle, rolling off angle, contact angle hysteresis, and surface roughness of 

untreated, white painted, blue painted, and violet painted surfaces.  

 

Figure Legends 

Fig. 1 (a) white, blue, and violet paint solutions, and (b) the painted glass slides and SEM  and AFM 

images of the painted glass samples 

Fig. 2. UV-vis absorption spectra of an unpainted glass slide (control), and glass slides pained with 

white, blue, and violet paints. Absorption spectra were collected at wavelengths 400–900 nm. 

Fig. 3. Water contact angle of control, and the painted glasses in (a) air and (b) hexadecane 1WCA: 

Water Contact Angle 

Fig. 4. Numbers of (a) S. aureus and (b) E. coli adhering to the surface of control, white, blue, and 

violet painted glass slides. The painted glass slides were immersed into bacterial solution for 3min. 

Fig. 5. Bactericidal activity of unpainted glass slide (control) and white, blue, and violet painted glass 

slides against (a) S. aureus and (b) E. coli: samples inoculated with bacteria were exposed to light 

intensities ranging from 3900 to 5300 lx for 3 h and 4 h, respectively. In all tests, the temperature was 

maintained at a constant 20 o C.  

Fig. 6. (a) Sand paper abrasion test of the paint and double side tape treated glass slides and (b) water 

repellent and stable tests of white, blue, and violet particles.   

.   
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Table 1. water contact angle, rolling off angle, contact angle hysteresis, and surface roughness of 

untreated, white painted, blue painted, and violet painted surfaces.  

Sample 
Water contact 

angle ( O ) 

Rolling off 

angle ( O ) 

Contact angle 

hysteresis ( O ) 

Surface roughness 

(Sa, nm) 

Untreated surface 

(glass slide) 5.9 ± 0.6 n/a n/a 5.1 ± 0.8 

White painted 

surface 164.4 ± 2.2 0 ± 0 0.4 ± 0.5 1150.7 ± 610.5 

Blue painted 

surface 163.6 ± 1.6 0 ± 0 0.8 ± 0.6 1046.1 ± 757.6 

Violet painted 

surface 163.1 ± 1.8 0 ± 0 0.9 ± 1.0 1027.8 ± 61.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 21 of 28

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22 

 

 

 

Fig. 1 (a) white, blue, and violet paint solutions, and (b) the painted glass slides and SEM  and 

AFM images of the painted glass samples 
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Fig. 2. UV-vis absorption spectra of an unpainted glass slide (control), and glass slides pained 

with white, blue, and violet paints. Absorption spectra were collected at wavelengths 400–

900 nm.
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Fig. 3. Water contact angle of control, and the painted glasses in (a) air and (b) hexadecane 

1WCA: Water Contact Angle 
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Fig. 4. Numbers of (a) S. aureus and (b) E. coli adhering to the surface of control, white, blue, 

and violet painted glass slides. The painted glass slides were immersed into bacterial solution 

for 3min. 

 

 

 

 

 

 

 

 

 

Page 25 of 28

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26 

 

 

 

 

Fig. 5. Bactericidal activity of unpainted glass slide (control) and white, blue, and violet 

painted glass slides against (a) S. aureus and (b) E. coli: samples inoculated with bacteria were 

exposed to light intensities ranging from 3900 to 5300 lx for 3 h and 4 h, respectively. In all 

tests, the temperature was maintained at a constant 20 o C.  

1 Colony forming unit/ mL: Colony forming Unit (CFU) is derived from viable counting 

whereby a single bacterial colony is assumed to have arisen from a single bacterium  

Detection limit: <10 CFU 
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Fig. 6. (a) Sand paper abrasion test of the paint and double side tape treated glass slides and 

(b) water repellent and stable tests of white, blue, and violet particles.   

1WCA: Water Contact Angle 
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