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Summary 

 

Healthcare-associated infections driven by resilient, spore-forming pathogens present a 

severe challenge for clinical sterilization protocols. Photocatalytic semiconductor coatings, 

particularly titanium dioxide (TiO2) doped with noble metals, offer a promising solution via 

the generation of reactive oxygen species (ROS) and localized antimicrobial effects, such 

as cytotoxic ion release.  Analysis of the fabrication and microbial evaluation of anatase TiO2 

thin films modified with silver nanoparticles (AgNPs) yielded critical flaws in current 

antimicrobial study methodology.  

 

TiO2 films were deposited using direct current (DC) magnetron sputtering and annealed to 

stabilize the anatase phase. Nanoparticle modification was achieved by depositing silver 

layers (5 nm, 7.5 nm and 10 nm) via radiofrequency (RF) magnetron sputtering, followed by 

solid-state dewetting at 400 °C. Surfaces were characterized using optical microscopy and 

water contact angle measurements. Antibacterial efficacy against B. subtilis was evaluated 

by adapting ISO 27447:2019 film cover method. 

 

Water contact angle measurements revealed highly hydrophilic films, from baseline 57.44° 

(TiO2) to approximately 1° (10 nm Ag). Microbiological testing yielded zero colony growth 

across all irradiated samples when using saline or 1/500 Nutrient Broth (NB) as washout 

liquid. The modified ISO 27447:2019 protocol did not take into consideration the production 

of EPS by bacteria. Methylene blue staining confirmed the presence of bacterial spores on 

the films post washing.  XDLVO simulations demonstrated TiO2 and AgNP/TiO2 film 

interactions with B. subtilis bacteria. Investigations with TiO2 showed that anatase remains 

inert under both dark and UV conditions, while AgNP/TiO2 films showed a reduction in the 

bacterial population based on silver concentration. The simulation failed to consider 

biological factors of bacterial interactions, which overpower electrostatic interactions of TiO2 

thin films. Bright-field and dark-field microscopy confirmed the degradation of AgNP/TiO2 

film surface morphology post-experimentation. Mechanical forces required to detach EPS 

compounds compromise structural integrity, potentially leading to release of cytotoxic Ag+ 

ions into post-wash bacterial suspension. 
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Santrauka 

Sveikatos priežiūros įstaigose plintančios infekcijos, kurias sukelia atsparūs, sporas 

formuojantys patogenai, kelia rimtų iššūkių klinikinės sterilizacijos protokolams. 

Fotokatalitinės puslaidininkių dangos, ypač titano dioksidas (TiO2), padengtas tauriaisiais 

metalais, suteikia sprendimą pasitelkiant reaktyvių deguonies formų (ROS) generavimo ir 

citotoksinių jonų išsiskyrimu. Anatazo fazės TiO2 plonų sluoksnių, modifikuotų sidabro 

nanodalelėms (AgNPs), gamybos ir antimikrobinio vertinimo analizė atskleidė esminių 

trūkumų dabartinėje antimikrobinių tyrimų metodikoje. 

TiO2 sluoksniai buvo fabrikuoti naudojant nuolatinės srovės (DC) magnetroninį dulkinimą ir 

atkaitinti, kad būtų stabilizuota anatazo fazė. Nanodalelių modifikacija buvo atlikta užnešant 

sidabro sluoksnius (5 nm, 7.5 nm, 10 nm) po kurio sekė kieto kūno sudrėkinimas (angl. solid-

state dewetting) 400 °C temperatūroje. Paviršiai buvo tirti naudojant optinę mikroskopiją ir 

vandens kontaktinio kampo matavimus. Antibakterinis efektyvumas prieš B. subtilis buvo 

įvertintas pritaikius ISO 27447:2019 plėvelės dengimo metodą. 

Vandens kontaktinio kampo matavimai parodė itin hidrofilinius sluoksnius, nuo pradinio 

57.44° (TiO2) iki apie 1° (10 nm Ag). Mikrobiologiniai tyrimai parodė kolonijų neaugimą 

visuose mėginiuose, kai plovimui buvo naudojamas fiziologinis tirpalas arba 1/500 maistinis 

sultinys (NB). Modifikuotas ISO 27447:2019 protokolas neatsižvelgė į bakterijų gaminamas 

ekstraląstelines polimerines medžiagas (EPS). Ląstelių dažymas metileno mėlynuoju tirpalu 

patvirtino bakterinių sporų buvimą ant dangų. XDLVO modeliavimai demonstravo TiO2 ir 

AgNP/TiO2 sluoksnių sąveiką su B. subtilis bakterijomis. Modeliavimas parodė, kad 

anatazas išlieka inertiškas tiek UV, tiek tamsos sąlygomis, tuo tarpu AgNP/TiO2 dangos 

parodė bakterijų populiacijos sumažėjimą priklausomai nuo sidarbo koncentracijos. 

Modeliuojant nepavyko įvertinti biologinių bakterijų sąveikos veiksnių, kurie įveikia TiO2 

plonų sluoksnių elektrostatines sąveikas. Šviesiojo ir tamsiojo lauko mikroskopija patvirtino 

AgNP/TiO2 dangų paviršiaus morfologinę degradaciją po eksperimento. Mechaninės jėgos, 

reikalingos EPS junginiams atskirti nuo dangų, pažeidžia struktūrinį vientisumą, o tai gali 

lemti Ag+ jonų išsiskyrimą į bakterijų suspensiją po plovimo. 
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Introduction 

Healthcare-associated infections (HAIs) are an exponentially growing problem and a critical 

challenge to global patient safety in modern healthcare systems. These infections, often 

acquired 48 or more hours after hospital admission, are a significant contributor to patient 

mortality, morbidity and overall longer hospital stays 1–3. HAIs are a disproportionately more 

prevalent in lower- and middle-income communities, where the incidence of infection spread 

in hospitals can be two to ten times higher than in high-income countries 1. For example, 

prevalence of catheter-associated urinary tract infections (CAUTI) can be as high as 

43.28 % in low-resource countries, contributing to a higher mortality rate 2. This disparity is 

due to the lack of trained personnel, lack of surveillance and limited availability of specialized 

sterilization equipment 4. 

Main causes of HAIs remain post-surgical bacterial contamination at the operation site, 

catheterization and long-term use of implanted prosthetics 3. Incidence of illness due to 

microorganisms is more frequent in the Intensive Care Unit, as the patients require extended 

medical care and invasive medical devices to maintain regular bodily functions 2,3. Devices, 

such as ventilators for respiration and catheters for urinary draining, create entry points for 

microorganisms, promoting the spread of device-associated infections (DAIs). DAIs, such 

as central line-associated bloodstream infections, ventilator-associated pneumonia (VAP) 

or the previously mentioned CAUTI, can be lethal and overall contribute to antibiotic 

consumption 1. 

The management and care required for HAIs is complicated by the emergence and rapid 

growth of antibiotic resistance 4. The reliance on broad-spectrum antibiotics has yielded 

many multidrug-resistant microorganisms, leading to a shortage of effective pharmaceutical 

treatment options for infections 5. Bacteria, such as Bacillus subtilis, while often classified 

and regarded as non-pathogenic, serve as vital models for studying resistance to antibiotics 

and sterilization techniques due to their ability to form complex and durable biofilms. These 

biofilms act as shields, protecting the bacterial colonies from physical and chemical threats, 

such as the host immune system and external antibiotics 6. 

To transition from chemical treatments, researchers are turning toward self-cleaning 

semiconductor coatings. Titanium dioxide (TiO2) is a great candidate for such coatings due 

to its biocompatibility and the ability to generate Reactive Oxygen Species (ROS) under UV 

irradiation, which destroys bacterial cells. To enhance this effect, the incorporation of silver 

(Ag) into the structure of the thin film coating as a co-catalyst has shown promise. Silver 

acts as a secondary biocide and prevents electron-hole recombination in the TiO2, extending 

its effectiveness into the visible light spectrum and increasing overall efficacy 7. 

However, the effectiveness of these films relies heavily on manufacturing parameters, such 

as annealing temperature and concentration of metals. Additionally, the physical interaction 

between the bacteria and the film remains poorly understood in experimental verification. 

The aim of this work is to investigate the antibacterial effectiveness of TiO2 thin films 

modified with silver nanoparticles (AgNPs) against Bacillus subtilis, utilizing microbiological 

testing and computational modelling.  
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The objectives for this work were: 

1. To computationally simulate the interaction forces and antibacterial potential of 

TiO2/AgNP thin films using XDLVO theory. 

2. To adapt and validate an experimental protocol for evaluating the antibacterial efficacy of 

TiO2/AgNP films against B. subtilis. 

3. To evaluate the structural characteristics, integrity and stability of TiO2/AgNP films used 

for antibacterial purposes. 
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1. Literature Review 

1.1. Titanium dioxide (TiO2) as a photocatalyst 

1.1.1. Applications of titanium dioxide 

As a semiconductor oxide, titanium dioxide (TiO2) has a broad spectrum of technological 

applications. Its prominence in various fields of research can be credited to its high 

photocatalytic activity, chemical stability, cost-effectiveness and biocompability 8–10. These 

properties, coupled with a favorable bandgap energy, particularly in the anatase phase, 

make it a great candidate for its utilization in photovoltaics and solar cells for energy 

conversion 8,11. 

Beyond its use in the energy sector, TiO2 is also widely utilized in environmental remediation 

to mitigate the accumulation of persistent organic pollutants in ecosystems 12. By being able 

to initiate advanced oxidation processes, it photogenerates hydroxyl radicals (·OH) capable 

of mineralizing complex organic structures. This is vital for degrading compounds such as 

synthetic dyes, toxic pesticides and pharmaceuticals, that conventional water treatments 

cannot eliminate 12,13. Furthermore, the high oxidative potential of TiO2 facilitates photo-

electrochemical water splitting. First described in 1972 by Fujishima and Honda, the process 

can be described as absorbed light energy generating electron-hole pairs (e- / h+), triggering 

reduction-oxidation reactions that dissociate water molecules. Water molecules get oxidized 

by the holes, resulting in the production of oxygen, while the electrons reducing protons 

generate hydrogen gas (Fig. 1)  9,10,14–16. 

 

Fig. 1. Mechanism of water splitting in the production of hydrogen on a TiO2 photocatalyst 17. 

This method is desirable in the production of „green“ hydrogen gas, which is a carbon-

neutral fuel, utilizing renewable solar energy and a stable semiconductor catalyst, without 

compromising on efficiency or increasing costs 15. These versatile properties have also 

pushed the development of multifunctional surfaces, integrating self-cleaning, 

superhydrophobic and antimicrobial capabilities into coatings and textiles 18–20. 
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1.1.2.  Structure and phases of titanium dioxide 

The properties of TiO2, as well as its efficacy, depends on the morphological and structural 

characteristics, which are intrinsically tied to the route of synthesis used and the parameters 

under which fabrication or post-fabrication processing is being done, most notably annealing 

temperature 16,21,22. While maintaining the same chemical formula, structurally, the oxide 

exists in three distinct crystalline phases: rutile, anatase and brookite 16,23. They differ from 

one another by the arrangement of TiO6 octahedra within the crystal lattice (Fig. 2). Each of 

the Ti+4 ions are surrounded by six O2- ions, the shape of the octahedron differing for 

separate TiO2 phases 24.  

 

Fig. 2. Crystal structures of TiO2: a) anatase, b) rutile and c) brookite. Pink color representing Ti4+ 

ions and red color representing O2- ions. Modified from 25. 

Anatase is characterized by a tetragonal structure. It is considered the most photoactive 

phase. This superior property is attributed to its lower electron-hole recombination rates and 

a higher density of surface active sites, which facilitate stronger interaction with target 

molecules and bacterial cells 22. On the atomic scale, the distances between Ti–Ti atoms 

are greater in anatase, than in rutile, while distances between Ti–O are shorter. This 

difference determines the form and density between the phases of TiO2 26. Additionally, in 

anatase phase, each TiO2 octahedron chares four edges with neighboring octahedra, 

making the mobility of charge carriers more favorable structurally 24,27,28. Rutile exhibits the 

same tetragonal structure as anatase, despite the difference in atomic distances of Ti–O, 

however, it is more responsive to near-ultraviolet wavelengths due to a narrower bandgap 

(~3.0 eV). In comparison to anatase, rutile shows less photocatalytic activity due to faster 

charge carrier recombination, however, it remains the most thermodynamically stable phase 
8,16,26,29. Brookite, the most complex and rarest of the polymorphs, crystallizes in an 

orthorhombic configuration. It remains infrequently utilized in industrial applications due to 

difficulty in manufacturing and maintaining its phase purity during fabrication, despite having 

high photocatalytic activity 21. 
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Point defects, such as oxygen vacancies, in the crystal lattice can influence the structural 

changes of TiO2, participating in the reorganization of TiO6 octahedra (Fig. 3) 27. Atomic 

rearrangements and changes in structure are more frequent with the increasing density of 

vacancies, leading to phase changes being delayed when annealing is performed in low-

oxygen environments 30. 

 

Fig. 3. Reorganization of TiO6 octahedral connectivity. a) Edge-sharing connection formation from 

TiO6 octahedra sharing a corner and b) Corner-sharing TiO6 octahedra formation from edge-

sharing octahedra due to oxygen vacancy migration. Modified from 27. 

The electronic properties of the material vary greatly in accordance with its changing 

structural variations. The point defects in TiO2, where the crystal structure is defected and 

missing atoms, contribute to the electrical properties. The missing oxygen atoms in the 

lattice result in the increasing electrical conductivity, wider range for light absorption and 

more active sites for the absorption of CO2 
27,31. 

1.1.3. Mechanism of photocatalysis 

The antibacterial effects of TiO2, regardless of the structure, are linked with the 

photocatalytic performance of the semiconductor. The mechanism of photocatalysis is 

based on electrons escaping from the valence band of the semiconductor to the conduction 

band, leaving behind a positively charged hole. The pairing of the electron and hole, also 

known as an exciton, facilitate oxidation and reduction reactions, that allows TiO2 to split 

water molecules (Fig. 4) 31,32. 
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Fig. 4. Mechanism of photocatalysis under UV light in TiO2. Modified from 33. 

With sufficient energy coming from light, the photocatalytic mechanism produces various 

compounds from interactions with water and dissolved oxygen molecules through a set of 

sequential reactions 32,34,35. They are the following: 

                                                       𝑇𝑖𝑂2 + ℎ𝜈 →  𝑒− + ℎ+                                                 (1) 

                                                      𝐻2𝑂 →  𝑂2 + 4𝐻+ + 4𝑒−                                                (2) 

                                                         ℎ+ +  𝑂𝐻− → ∙ 𝑂𝐻                                                      (3) 

                                                           𝑒− +  𝑂2 →  𝑂2
− ∙                                                       (4) 

                                                      2𝐻𝑂2 ∙ →  𝑂2 +  𝐻2𝑂2                                                    (5) 

The generated ROS, such as hydrogen peroxide (H2O2), hydroxyl radicals (ꞏOH), 

superoxide anions (ꞏO2
-) and singlet oxygen (1O2) cause intracellular damage in 

microorganism cells, tumor cells, and the degradation of pollutants by oxidative processes 
32,36,37. 

1.1.4. Bandgap engineering 

As previously mentioned, TiO2 is photocatalytic when irradiated with UV light. However, the 

wide bandgap and rapid recombination of exciton pairs is not favorable for certain 

applications. One of the options for increased bandgap efficiency is using a combination of 

TiO2 phases. Mixed-phase photocatalysts, for instance anatase-rutile heterojunction, have 

comparatively better performance. The increase in effectiveness is due to the „synergistic 

effect“ of both phases, however, the percentage of each phase in the mixed phase TiO2 

determines the optoelectronic and chemical properties which are exhibited 30,32,37,38. Mixed-

phase TiO2 can exhibit better photocatalytic performance as the different conduction and 

valence band alignment allows for charge transfers at the interface 39,40. The effective 

bandgap energy of anatase-rutile mixed-phase compounds is less than that of pure phase 

TiO2, however, the ratio of the phases influences this phenomenon greatly, making the 
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optical bandgap tunable to a certain extent 39,41. Due to its lower conduction band energy, 

the introduction of rutile can also reduce the fast electron-hole pair combination rate of 

anatase. Photoexcited electrons, after irradiation with UV light, transfer from anatase to rutile 

due to different alignments of conduction and valence bands, allowing charge transfers at 

the interface 39,40. This option, however, requires high precision in fabrication and exact 

phase ratio distribution to achieve the desired photocatalytic effect 41. 

The bandgap energy of TiO2 can also be modified through the use of additional materials, 

such as metals, nitrogen and carbon structures. The addition of these compounds narrows 

the bandgap and allows for the TiO2 to be functional under visible light, increasing efficiency 

(Fig. 5) 11,42–44. 

 

Fig. 5. Dopant effect on the electronic band structure of TiO2, where EG is energy gap 45. 

Introduction of dopants adds new energy levels between the conduction and valence bands 

of TiO2, additional defect sites and decreases the recombination of electron-hole pairs while 

increasing charge carrier lifetime 46,47. Dopants, like noble metals, also introduce Schottky 

barrier formation, electron trapping and localized surface plasmon resonance effects, which 

increase photocatalytic effectiveness under visible light 44,48. The fabrication of the dopants 

and the consequent influence it has on the effectiveness in application must be analyzed to 

obtain the best desired result. 

1.2. AgNP modification and fabrication 

1.2.1. Mechanism of photocatalysis enhancements using AgNPs 

The photocatalysis enhancing properties of metal nanoparticles are due to various 

phenomena they exhibit that bulk material does not. Noble metal particles, such as silver 

(Ag) and gold (Au), have the property of localized surface plasmon resonance (LSPR) and 

the formation of the Schottky barrier which influence the bandgap energy and charge carrier 

interactions with TiO2 49. LSPR is a phenomenon that describes the collective oscillation of 

the electron cloud (Fig. 6) at the surface of the nanoparticle, specifically in the conduction 

band while interacting with an electric field or induced by photon energy 48,50,51. There are 

several interactions that attribute to increased efficiency of TiO2 photocatalysis using 

AgNPs, that are dependent on the light irradiation wavelength.  
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Fig. 6. Schematic interpretation of localized surface plasmon resonance phenomena in AgNPs. 

Modified from 50. 

Under UV light irradiation, the photocatalytic effect of TiO2 is activated and electron/hole 

pairs are generated. If the metal and the semiconductor come into contact, as they would if 

TiO2 gets doped with AgNPs, due to equilibration, the electrons being to flow from the 

semiconductor to the metal. This, in turn, enables the formation of the Schottky barrier at 

the interjunction of the AgNP and TiO2. The Schottky barrier formation allows the electrons 

to get trapped in the AgNPs. For this to occur, the Fermi level (EF) must be higher for the 

semiconductor before the contact, while the work function of the metal (φM) is greater than 

the electron affinity (Ex) of the semiconductor (Fig. 7). This flow continues until equilibrium 

is reached 48,52,53. This interaction allows for positive holes to be left on the surface of TiO2 

while AgNPs gather electrons and therefore inhibiting recombination, which allows more 

efficient ROS generation 53. 

 

Fig. 7. Enhanced photocatalysis mechanism of TiO2 and Ag due to formation of the Schottky 

barrier, where φb is the Schottky barrier, φm is work function of Ag, φs is the work function of TiO2, 

Ex is the electron affinity, Ef is the Fermi level, CB is conduction band and VB is valence band. 

Modified from 53. 

Under visible light, the phenomena of LSPR occurs, in which the incident photons matching 

the frequency of the metal NPs cause the collective oscillation of free electrons in the metal 

conduction band. After the LSPR effect is induced, the electrons can move opposite, from 

the metal to the semiconductor instead, increasing the amount of charge carriers in the TiO2 

to produce ROS. Additionally, the interaction with the electromagnetic fields, that occur 
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around the nanoparticles, can also increase the amount of electron-hole pairs generated in 

the semiconductor 48. 

The plasmonic resonance can lose energy by transferring it to individual electrons within 

AgNPs. These electrons, when contact between semiconductor and metal is maintained, 

will transfer to the conduction band of TiO2 and diffuse or recombine with the holes there, 

as they lose energy and are unable to go back to the metal nanoparticle. The process of the 

hot electron injection is possible in visible light wavelengths (~400 nm), that pure TiO2 is not 

responsive to, therefore increasing the absorption 31,48,50. LSPR bands for AgNPs occur in 

the blue light range of the visible spectrum, thereby enhancing the range of absorption of 

light by AgNP+TiO2 systems. The position of the LSPR peak can shift with the differing 

particle size to a bigger wavelength, a process called redshifting 50. 

The wavelengths of the plasmon resonance differ based on the structural differences of 

AgNPs, along with their distribution and the concentration on the substrate, which can be 

modified through fabrication 50. In order to utilize AgNPs for antibacterial applications, it is 

important to determine the right method that allows increased LSPR effect, while not 

diminishing the photocatalytic activity of TiO2. 

1.2.2. Fabrication of AgNPs  

There are various methods of producing AgNPs on thin films, such as photodeposition,  sol-

gel spin coating, and physical sputtering methods 52,54,55. In order to obtain the best qualities 

for antibacterial applications, magnetron sputtering is frequently utilized for fabrication, as it 

achieves high adhesion, uniformity and allows for precise control over distribution of films 
56. The ability to choose each fabrication parameter for magnetron sputtering and post-

deposition treatments is highly advantageous for faster production rates, uniform coverage 

for larger areas while achieving films with specific qualities in mind [57]. 

Magnetron sputtering allows for the fabrication of TiO2 films and the deposition of Ag onto 

TiO2 films without disruptions. Switching of sputtering targets inside the chamber, without 

introducing outside air and particles, keeps the films contaminant-free and ensures less 

variability in production 57,58. Using high purity targets in a vacuum chamber with constant 

rate and ratio of argon and oxygen gas, ensures controlled oxygen interactions with TiO2, 

while avoiding unnecessary contamination using inert Ar gas. For AgNP fabrication, oxygen 

is excluded to avoid oxidation of silver 58,59. To ensure that the surface of the target is without 

contaminants and the resulting films are without defects caused by intrusion of foreign 

atoms, the target is pre-sputtered 57. Working pressure in the deposition chamber has an 

effect of the thickness of the deposited films 60. With less working pressure, the thickness of 

the films increases due to the decreasing mean free path and less surface mobility of the 

sputtered atoms 61. 

AgNPs are formed when the sputtered layer of Ag is annealed by keeping the films under 

high temperatures for a specific amount of time. The process is called solid-state dewetting. 

The method is explained by the formation of islands and finger-like or wire-like structures 

from the initial flat layer of deposited metal, which form into nanoparticles on the surface of 

the film 52,62. Initial layer thickness of the deposited Ag film influences the size, shape and 

distribution of the formed AgNPs, with a thicker layer resulting in larger nanoparticle size 
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and irregular shape 62. Different temperatures have an effect on the nanoparticle size, shape 

and surface characteristics as well. After annealing, the mobility of atoms increases, which 

leads to the agglomeration of small grains into larger ones, therefore, increasing surface 

roughness 57. Further increasing the annealing temperature yields the larger, irregular 

nanoparticles to split into smaller, more spherical ones 62.  

The large surface area of TiO2 obtained with magnetron sputtering allows for increased 

photogeneration of electron-hole pairs, however, the addition of AgNPs in a large quantity 

can decrease photocatalytic abilities. Large concentrations of AgNPs deposited on the 

surface can cover the TiO2 and prevent the absorption of photons, therefore, decreasing the 

generation of ROS and antibacterial effectiveness 63. It is important to determine the right 

concentration of AgNPs with the initial layer thickness to achieve the highest possible 

antibacterial effect without diminishing returns and unnecessary use of noble metals. The 

determination of the antibacterial effect efficiency relies on our understanding of the 

mechanisms behind which the effect occurs. 

1.3. Antibacterial mechanism 

1.3.1. ROS interactions with bacteria 

The antibacterial efficacy of TiO2 thin films doped with AgNPs relies on several mechanisms. 

Primarily, the bactericidal process of the generation of ROS and their interactions with 

bacteria structures, however, supplemental silver ion cytotoxicity has shown to contribute to 

the process as well. Generated highly reactive species, such as hydroxyl radicals (·OH), 

superoxide anions (·O2
-) and hydrogen peroxide (H2O2) interact with the organic 

components of the bacterial cell wall, membranes and intracellular components, causing 

damage and decreasing vitality 41. The mechanism differs based on the structural 

characteristics of the bacteria (Fig. 8). Gram-positive bacteria cell wall consists of a thick 

outside peptidoglycan layer that contains the intracellular components within the cell. 

Comparatively, Gram-negative bacteria have a much thinner peptidoglycan layer, however, 

they also possess an additional outer membrane of lipids, which protects the cell and 

provides better structural integrity and rigidity while maintaining ion balance 64. 

These structural differences play a role in the reactions and bactericidal efficiency of 

AgNP+TiO2 systems, as it determines the susceptibility to Ag+ ions and reactive species by 

the bacteria and the inherent sensitivity to antimicrobial activity 64,65. 
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Fig. 8. Schematic of ROS-mediated damage to Gram-positive and Gram-negative bacterial cells 64. 

As previously mentioned, there are several mechanisms that determine the antibacterial 

efficacy of AgNP+TiO2 systems. The main mechanism, responsible for bacterial cell death 

is ROS-mediated oxidation of organic structures. These highly reactive species, produced 

by electron/hole pair interactions with oxygen and water molecules at the surface of the film, 

induce high oxidative stress onto the cells 36. For Gram-positive cells, ROS causes the 

destabilization of peptides and polysaccharides of the peptidoglycan layer, as the layer is 

more chemically penetrable than the lipid bilayer 64. The lack of additional lipid bilayer, that 

Gram-negative cells possess, makes Gram-positive bacteria more susceptible to ROS 

damage 66. This difference allows for the oxidation of teichoic acids in the cell wall, making 

it weaker and increasing permeability. The additional outside layer of Gram-negative 

bacteria provides additional protection against ROS, however, ROS induced lipid 

peroxidation of the lipopolysaccharide layer and the phospholipid bilayer is still possible 

under higher concentrations of ROS, due to overwhelming oxidative stress 38,64,67. Due to 

the damage of the cell wall, the internal components become exposed to ROS effects as 

well, resulting in DNA damage, protein carbonylation and lipid peroxidation. The damage to 

the cell walls also result in vital components leaking from the cell and reducing viability 36,38. 

Bacteria may also reduce the effect of ROS by the production of antioxidants within the cell, 

however, they are only effective for short-term oxidative conditions, resulting in inevitable 

damage to cell structures and components 64. 

1.3.2. Synergistic bactericidal effect of AgNPs 

AgNPs provide a synergistic bacterial killing mechanism in AgNP+TiO2 systems. Ag+ ions 

can be dissociated from nanoparticles and interact with bacteria, causing additional damage 

to occur in the cells. Soluble ionic silver is produced when AgNPs interact with oxygen 

molecules and hydrogen in the environment. The oxidized surface of the AgNPs partially 

dissolves and becomes reactive, releasing Ag+ ions into the environment until an equilibrium 

is reached 68. These ions aid in the bactericidal effects due to their cytotoxic properties. 
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Interactions of Ag+ ions with the bacterial cells can disrupt metabolic pathways. In smaller 

concentrations (μmol) Ag+ ions disrupt molecular signaling, ATP synthesis and respiratory 

chains, while larger concentrations (mmol) can cause structural damages to the cell and 

DNA 66. 

AgNPs are also known to interact with bacteria directly, without the release of Ag+ ions, by 

binding to enzymes, membrane surfaces, and their functional groups, which interfere with 

the natural mechanisms of bacteria. AgNPs can adhere to the bacterial cell membrane 

influencing permeability and interfering with respiratory and other molecular transfer 

pathways 67,69,70. AgNPs, depending on their particle size, can also directly enter the cell 

through the membrane, causing damage to the DNA and ribosomal biogenesis, however, 

even larger nanoparticles induce oxidative stress in the cell and lead to cell lysis or induction 

of apoptotic mechanisms 70,71. Smaller AgNPs can also inhibit the creation of biofilms, which 

protect the bacterial cells from environmental stressors. Ag+ ions and AgNPs smaller than 

50 nm can disrupt the production of exopolysaccharides, allowing them to pass through to 

the cell wall and cause damage to vital structures 71. 

Due to different interaction mechanisms of AgNPs and TiO2 with the bacterial cells, it is 

important to characterize the microorganisms beforehand as their growth dynamics, 

biological mechanisms and structure can influence the antibacterial effect and bactericidal 

efficacy. Various computational methods allow us to model such attributes and their 

interactions with thin films, allowing us to understand the possible mechanisms before 

exploring real-life interactions. 

1.4. XDLVO theory 

The antibacterial mechanism of AgNPs on TiO2 films relies on the surface interactions with 

bacteria. Bacteria have to be in contact with the film to enable the ROS to damage the cell 

surface, therefore, one of the most important aspects to consider is adhesion. Mathematical 

models are able to describe the surface adhesion interactions between microorganisms and 

thin films that influence the antibacterial effectiveness 72. 

One of the theories used for modelling interactions is called the Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory. It is used to describe the forces between two surfaces, such as 

electrostatic (EL) or Lifshitz-van der Waals (LW) interactions, however, it assumes that the 

surfaces are inert chemically, which is not the case for anatase TiO2. It is ideal for describing 

colloidal solutions, however, with bacterial suspensions, the introduction of extracellular 

polymers and chemical bonds complicates the theory and requires additional variables 72,73. 

The DLVO theory can be expanded to include the Lewis acid-base (AB) interactions that 

would help explain non-covalent forces that occur between biofilm of bacteria and the 

surfaces on which they reside. The sum of the LW, EL and AB forces allows us to determine 

conditions under which adhesion is the strongest or weakest 74. The total surface interaction 

energy between the bacteria and the substrate can be described as such: 

                                                   𝑊𝑇𝑜𝑡 =  𝑊𝐿𝑊 + 𝑊𝐸𝐿 + 𝑊𝐴𝐵                                                   (6) 

where, WTot is the total energy of interactions, WLW is the Lifshitz-van der Waals interaction 

energy, WEL is electrostatic interaction energy and WAB is the Lewis acid-base interaction 

energy. 
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Repulsion forces between bacteria and the film can increase distance, making the ROS 

unable to reach the cells, however, increased adhesion can irreversibly attach the bacteria 

to the surface 72. Primarily, closer to the surface of the film, van der Waals interactions are 

dominant, allowing the initial attraction to the surface. Further away from the film, repulsive 

Coulomb interactions begin to repel bacteria from the surface, due to the electrical double 

layer formation. While in theory, these forces ensure that bacteria do not adhere to the 

surface, counter measures of the bacteria, such as eDNA extrusion of the electrical barrier 

and the excretion of biofilm forming, glue like compounds, allows for increased adhesion 75. 

For this reason, it is important to consider expanding the XDLVO theory to include these 

biological changes, as they directly influence the chemical bonds between the substrate and 

the cell. The suspension in which the bacteria reside, has various ions and a specific pH 

level to maintain cell viability during testing and control osmotic shock along, however, this 

influences the charge of the film and the cell wall, increasing interaction complexity 75.  

The surface thermodynamic theories help us better understand the formation and qualities 

of biofilms that would be difficult to predict experimentally. Determination of parameters that 

are used for interaction models stems from investigations of specific microorganisms of 

interest. Their physical attributes and biological properties allow us to be precise and 

accurate with simulations. It is important to understand the structure and biology of a 

bacteria to explain how it influences the adherence kinetics to thin films. 

1.5. Bacillus subtilis as a biological model 

1.5.1. Biology of B. subtilis 

In order to evaluate the antibacterial efficiency of AgNPs and TiO2, various microorganisms 

have been used in research. Traditionally, Gram-negative bacterial strains, such as 

Escherichia coli and Pseudomonas aeruginosa, alongside Gram-positive Staphylococcus 

aureus serve as primary model organisms, due to their prevalence in clinical infections and 

ease of cultivation76–79. While antibacterial efficacy testing with pathogenic bacteria closely 

replicates conditions under which the films would be utilized, there are several biosafety 

concerns. Gram-positive Bacillus subtilis, having the status of Generally Regarded as Safe 

(GRAS), offers a comprehensive and safer alternative for antibacterial testing 80. B. subtilis, 

a non-pathogenic aerobic bacteria commonly found in soil, is widely used in industrial  

applications, including fermentation of foods, manufacturing of supplements and animal 

feeds 81,82. Not unlike other model organisms, such as E. coli, B. subtilis has a rapid growth 

rate in nutrient rich environments and can double in concentration within 30 minutes. High 

nutrient availability allows the bacteria to maximize the synthesis of ribosomes, prioritizing 

the allocation of proteome resources, while the synthesis of proteins unnecessary for rapid 

growth decrease 83. The beginning of the growth cell cycle is linked with the elongation of 

the cell sidewalls and by the forming of the septum at the midcell of the bacteria. These 

mechanisms are controlled by actin homologues present in the genome of Gram-positive 

bacteria. The thick peptidoglycan walls of the Gram-positive bacteria allows the cells to 

remain a consistent diameter 84. 
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1.5.2. Sporulation 

Due to nutrient limitations or unfavorable growth conditions, B. subtilis can form spores that 

protect it from harsh environmental factors. The effect of sporulation is activated by Spo0A 

regulator, inducing population heterogeneity and sibling cell cannibalism 85. Sporulation 

happens in several well documented stages (Fig. 9). 

 

Fig. 9. Schematic diagram of B. subtilis sporulation stages. Modified from 86. 

During the initial stages, the bacteria are in a vegetative state, until Spo0A is activated. 

Sporulation starts with the axial chromatic filament formation in the cell, followed by 

septation. After the spore septum forms, the spore membrane develops, allowing the 

forespore to be released inside of the main mother cell. Stages IV and V encompass the 

formation of the cortex and spore coat, which protects the internal chromatic structures 

within. Lastly, the spore matures and is released from the mother cell, while the remainder 

of the cell autolyzes 85,87. Dormant spore states are reversable when conditions become 

favorable again. Under environmental stimulus, such as amino acid introduction or high 

pressure, and adequate nutrition the spores germinate back into vegetative cells 82. Nutrient 

availability is crucial in the formation of spores and colonies. Compounds such as organic 

nitrogen sources, complex carbon sources, such as starch, and inorganic salts increase 

spore formation due to difficult absorption and induction of starvation of the cells 82. 

Since B. subtilis is non-pathogenic, it allows for the testing of sporulation, spore inactivation 

and other mechanisms of related species, like B. anthracis or C. botulinum, without posing 

serious health risks 88. The spores of B. subtilis, due to their non-pathogenic nature are ideal 

for testing food processing and water disinfection systems 88,89. The incredible resistance of 

B. subtilis spores in harsh environments make it ideal for testing the antibacterial efficacy of 

thin films.  
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While currently, much of the research is focused on vegetative, simple structured cells, real-

life applications require rigorous testing with more dormant states of bacteria. Another 

component that needs to be taken into consideration is the formation of biofilms, which are 

prevalent with bacteria such as B. subtilis.  

1.5.3. Biofilm formation 

The ability of B. Subtilis bacteria to form biofilms is a major point of interest. The strain has 

been widely studied for this reason, due to its ease of cultivation and ability to start producing 

biofilms under specific controlled conditions 90. Biofilm formation begins with surface 

interactions. The previously mentioned initial adhesion interactions with the films are 

reversable up until the distance between the bacteria and the surfaces decreases to less 

than 1.5 nm. This promotes the development of irreversible attachments that bond the 

bacteria to surfaces. After irreversible adhesion begins and the density of bacteria reaches 

a certain point, genes are expressed to begin forming biofilms. Signals in the cell respond 

to this strong adhesion, inhibiting movement of the cell and promoting the production of 

extracellular polymeric substances (EPS) 75. While different compounds and environmental 

parameters influence the structure and production of the EPS, the main properties remain 

the same. These EPS compounds function as an adhesive and a protective shield for the 

bacteria. Within the biofilm, the bacteria cells or spores have a better chance of survivability, 

since EPS helps with nutrient retention, keeping hydration levels, gene transfer and 

protection of enzymes outside of the cell 91,92. The EPS also provide protection from ROS. 

Interactions with ROS results in increasing EPS production and quenching of the toxic 

compounds, however, this also increases the adhesion to the substrate, providing a chance 

for more interactions 91. 

Within the biofilm, there are different phenotypes of B. subtilis bacteria. The differentiated 

cells, such as mobile, sporulating and matrix-producing, contribute to the appearance and 

structure within the colonies and biofilm. Biofilms containing large amounts of matrix-

producing and spore forming bacteria are often called „mature“ and exhibit stronger 

adhesion properties and resistance to environmental stressors 81. 

Research shows a lack of experimental validation of methods that would include mixed 

bacteria phenotypes and the formed biofilms, as certain mechanisms are explored only with 

isolated vegetative state cells, spores, or specific extracellular compounds. 
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2. Methods and Materials 

2.1. Film fabrication parameters 

The films were fabricated using a magnetron (PVD-75 Kurt J. Lesker) to ensure uniform 

films. The initial TiO2 films were deposited using 250 W DC sputtering onto microscope glass 

slides as the substrate under a high vacuum created by turbo-molecular pumps. The 

chamber was kept at a constant pressure of 5 mTorr under an Ar/O2 atmosphere, where the 

flow was kept at a 20/80 ratio. The holder was rotated at 8 RPM and time of deposition was 

maintained until 200 nm thickness of TiO2 was achieved at a growth rate of 1.6 nm/min. 

After the preparation of the films, the temperature was kept at 500 °C for 1 hour to anneal 

the TiO2 and achieve the anatase phase. 

For the AgNP formation, the prepared TiO2 films were sputtered with a 99.9995% purity Ag 

target using RF magnetron sputtering at 50 W power. The chamber was kept under a 2.0 x 

10-1 Pa vacuum with a pure argon atmosphere to avoid oxidation of Ag. The same rotation 

was kept at 8 RPM, deposition time was maintained until the films formed initial layer 

thicknesses of 5 nm, 7.5 nm and 10 nm. Post deposition the films were annealed at 400 °C 

for 1 hour in order to perform solid-state dewetting and form nanoparticles. 

2.2. Morphological analysis 

The prepared TiO2 and AgNP+TiO2 films were analyzed by taking micrographs using an 

optical NIKON Eclipse LV100D microscope (Nikon Metrology Inc. Brighton, MI, USA) using 

50x magnification. For AgNP+TiO2 samples, dark-field parameters were applied. 

Micrographs were taken after the films were fabricated, post washing procedures required 

to collect bacterial suspension and after the films were cleaned and dried, to determine 

longevity of the films.  

After the experimental method was completed and the bacterial suspension was rinsed off 

using 1/500 LB nutrient broth (NB) (Biotecha, Lithuania), the films were left to dry on the 

work surface. Afterwards, methylene blue was applied and kept on the films for 1 minute to 

stain any remaining bacteria or spores, after which it was rinsed off with distilled water and 

left to dry completely. Micrographs were taken of the stained films. 

2.3. Water contact angle 

Water contact angle measurements were taken before the films were used for 

experimentation. The films were cleaned with high-pressure air; a water droplet was 

deposited on the surface of the films and pictures were taken from the side. The acquired 

pictures were analyzed using ImageJ software. 

2.4. XDLVO modelling  

XDLVO modelling of bacterial interactions with films was done using MatLab software. The 

environmental condition parameters used were room temperature (estimated to be 25 °C), 

which using the Boltzmann constant (1.38 x 10-23), allowed us to calculate the environmental 

thermal energy. The radius of B. subtilis bacteria was estimated to be roughly 520 nm, as 

was used in calculations by Pajerski et al. (2019) 93. Since the model needed to reflect the 
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experimental setup, the ionic strength (I) was determined for 1/500 NB. Initial bacterial 

suspension concentration (6 x 105 CFU/ml) was based on the requirements of ISO 

27447:2019 standard for test methods for antibacterial activity of semiconducting 

photocatalytic materials. Irradiation parameters were also taken from the ISO 27447:2019 

standard, the chosen intensity (0.25 mW/cm2) was the maximum intensity before UV 

irradiation damage could occur 94. 

Several models were ran based on the XDLVO theory to explain the survivability of B. subtilis 

bacteria under testing conditions and interaction potential between the films and the cells. 

2.5. Experimental Setup 

2.5.1. Cultivation of B. Subtilis 

For the antibacterial effectiveness testing and preparation of materials, a modified version 

of the ISO 27447:2019 standard was used. Solid agar medium was prepared using LB agar 

(Biotecha, Lithuania) according to instructions, 18.5 g of agar medium powder was melted 

in 500 ml of distilled water in an Erlenmeyer flask under constant stirring. The mixture was 

kept at boiling point for 30 minutes after turning translucent to ensure homogeny and provide 

a low level of sterilization. The agar nutrient medium was cooled to 50 °C before being 

poured into Ø9  cm Petri dishes and set on a flat surface to cool. Once solidified, Petri plates 

were transferred into refrigerator kept at a constant 4 °C. 

1/500 NB was prepared according to instructions. 2.5 g of LB broth (Biotecha, Lithuania) 

powder was dissolved in 100 ml of distilled water to achieve a 1/1 NB solution. For 1/500 

NB broth, 1 ml of 1/1 NB was diluted with 499 ml of distilled water. When not in use, the 

1/500 NB broth was labeled and stored at 4 °C, before inoculation it was brought up to room 

temperature to avoid cold shock of the bacteria. 

Initial bacterial suspension was produced by inoculating a nutrient agar plate from cryo-bead 

B. subtilis inoculum stored at -18 °C. From the culture, 2-5 beads were added onto the plate 

and rolled around the surface of the agar using a sterile loop. The plate was incubated at 37 

± 0.1 °C for 24 hours in a water jacketed incubator (Forma Scientific 3154 Water Jacketed 

Incubator, ThermoFisher Scientific, USA), an additional Petri dish with distilled water was 

added to ensure high humidity level in the incubator. Colonies grown from initial inoculation 

were collected using a sterile loop, streaked onto a fresh medium and incubated again for 

24 h in the same conditions. The resulting colonies from the secondary sub-culture were 

used to make the bacterial suspension needed for OD600 calibration curve measurements 

and the experimental section. The bacterial suspension was made by inoculating ~30 ml of 

room temperature 1/500 NB solution with 5-6 colonies, afterwards, the suspension was 

mixed until no visible clumps of bacteria were present. OD600 measurements were taken to 

determine approximate bacterial cell count. 

2.5.2. Calibration curve 

Before the bacterial suspension was used for experiments, the relationship between 

transmittance at 600 nm UV wavelength and bacterial cell count was established. A stock 

solution was made by inoculating 10 ml of 1/500 NB solution with 10-15 colonies. 
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Transmittance measurements were taken using a USB400 spectrometer (Ocean Optics Inc. 

Rochester, NY, USA) (Fig. 10). Separate attachment was used for cuvette insertion for liquid 

measurements. 

 

Fig. 10. Measurement setup for transmittance of samples using USB400 spectrometer. 

Transmittance value at 600 nm (%T600) was recalculated to reflect optical density (OD600) 

using this formula: 

                                                 𝑂𝐷600 = 2 − 𝑙𝑜𝑔10(%𝑇600)                                                     (7) 

The bacterial suspension was diluted using additional 1/500 NB to reach an OD600 

measurement of 1. This stock solution was then used to perform dilutions with additional 4 

suspensions (A-D) to achieve an OD600 measurement of around 0.5, 0.25, 0.125 and 0.06. 

The stock suspension along with suspensions A-D were diluted further for plating to achieve 

viable cell counts by using 0.5 ml of the initial solutions in 4.5 ml of physiological saline. 

Stock solution (OD600 = 1.001) was diluted to a factor for 10-6, A solution (OD600 = 0.501) to 

a factor of 10-6, B solution OD600 = 0.257) to a factor of 10-5, C solution (OD600 = 0.120) to a 

factor of 10-4 and D solution (OD600 = 0.065) to a factor of 10-4. For each of the solutions, 

100 μl were plated onto agar medium and incubated for 24 hours. Colony count was 

performed for each of the plates and concentration was determined using formula (8): 

                                                   𝐶𝐹𝑈 𝑚𝑙⁄ =  
𝑁𝐴 0,1⁄

𝐷𝐹
                                                                 (8) 

where, NA is the average number of colonies on the agar medium and DF is the dilution 

factor. 

A logCFU/ml as a function of OD600 graph was drawn, from which the trendline formula was 

used to determine CFU/ml of bacterial suspensions used in experiments based on their 

transmittance measurements. 

2.5.3. Irradiation setup 

The experiment was set up based on the ISO 27447:2019 “Fine ceramics (advanced 

ceramics, advanced technical ceramics) – Test method for antibacterial activity of 

semiconducting photocatalytic materials“ standard 94. Bacterial suspension was made using 

a fresh secondary sub-culture and concentration was evaluated following the same 

procedure described in section 2.5.2. The suspension was further diluted with 1/500 NB 
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solution to achieve an approximate concentration of 1 x 106 CFU/ml. Bacterial suspension 

was used immediately after measurement to avoid concentration errors due to growth. A 

time zero (T0) sample of 60 μl (100 μl for full plates) of prepared bacterial suspension was 

plated onto a Petri dish right before the test, to ensure the bacterial suspension used for the 

experiment was viable before being deposited onto the thin films. 

Films were setup based on the ISO 27447:2019 standard (Fig. 11) 94. A clean Petri dish was 

lined with paper towel and dampened with distilled water, cuvette lids were placed in the 

dish to raise the film off of the paper towel to avoid leaking of bacterial suspension or 

contamination. Glass slide was positioned in the center as evenly as possible to avoid leaks 

off the slide. 60 μl of the prepared bacterial suspension was placed at the center of the film 

and covered with a sterile square of LDPE plastic to ensure equal distribution of bacteria 

across the film. The lid of the Petri dish was placed on top to prevent drying. 

 

Fig. 11. Experimental setup (a) for antibacterial effectiveness testing based on modified ISO 

27447:2019 standard (b) 94. Labels indicate light source (1), Petri dish lid (2), LDPE cover film (3), 

Glass slide with film sample (4), Petri dish (5), cuvette lid stilts (6) and damp paper towel (7). 

Experiment was carried out with 10 samples each time. Clean glass slides were used as 

control, while the films tested were pure TiO2, AgNP+TiO2 films where the initial thickness 

was 5 nm, 7.5 nm and 10 nm. Half of the samples were irradiated with a UV lamp that was 

kept at a 30 cm distance from the surface of the films, while the other half was wrapped in 

foil to avoid light irradiation, but kept on the same workspace to avoid environmental 

variables. 

All samples were irradiated for 1 hour, after which the cover film was peeled off and 

submerged into 5 ml of washing liquid. The washing liquid was then pipetted onto the glass 

slide to remove any leftover bacterial suspension. 60 μl of the washing liquid was collected 

and plated onto fresh Petri plates. All samples were incubated for 24-48 hours before 

visually performing a viability check.  
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3. Results and Discussion 

3.1. Physical properties of films 

Water contact angle measurements were done with four different types of thin films: pure 

TiO2 and three AgNP+TiO2 films with varying initial layer thicknesses of 5 nm, 7.5 nm, and 

10 nm respectively. 

 

Fig. 12. Water contact angle dependence on initial silver layer thickness on thin films. 

Based on the results, shown in Figure 12, there is an obvious dependence between surface 

wettability and AgNP concentration on thin films. With increasing AgNP content, the contact 

angle diminishes, in comparison to TiO2, which was used as the baseline. The contact angle 

shifts from 57.44 degrees (TiO2) to approximately 1 degree (10 nm initial Ag layer thickness) 

under visible light irradiation. This indicates superhydrophilic properties of TiO2 films doped 

with AgNPs, which has been reported before in literature by Razak et al. (2020) and Nath et 

al. (2022) 95,96. The increased wettability is a factor in antibacterial effectiveness of the films. 

Increased wettability allows for increased production of ROS due to higher surface spread 

of water, as well as more uniform spread of bacteria across the film, which allows for higher 

interaction rates with the generated ROS 95. While superhydrophilicity has high hydrogen 

bonding effect, enabling it to form a hydrated layer and making it difficult for bacteria to 

adhere to the surface, the production of ESP in B. subtilis can counteract these measures 
91. 

3.2. Biological baseline 

The relationship between absorbance and viable cell count was established to standardize 

the initial concentration of the bacterial suspension (Fig. 13) 
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Fig. 13. Relationship between optical density (OD600) and bacterial concentration of B. subtilis in 

1/500 NB suspension (log CFU/ml). 

Figure 13 illustrates the calibration curve correlating the optical density (OD600) of the 

bacterial suspension with the log-transformed colony-forming unit concentration. 

The calibration curve exhibits a positive linear correlation, represented by the equation y = 

1.8912x + 7.23. There is moderately strong correlation between concentration and optical 

density (R2 = 0.7402), which is to be expected with inherent biological variability of colony 

forming and absorbance measurements. 

The Petri plates used for CFU counting visually confirm the presence and viability of the 

bacteria (Fig. 14). 

 

Fig. 14. Representative agar plates showing viable counts of B. subtilis colonies. Plated 

suspensions were prepared at dilution factors of a) 10-6, b) 10-6, c) 10-5, d) 10-4 and e) 10-4. 
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Figure 14 represents the results of the spread plate method used to verify the concentration 

of the prepared bacterial suspension. Each Petri dish contains nutrient agar inoculated with 

a specific dilution of the culture to ensure it falls within the statistically valid countable range 

of 30-300 colonies per plate. The uniform spread of colonies confirms the homogeneity of 

the suspension and validates the bacterial suspension preparation and dilution protocols. 

The lack of contaminants present also confirms proper sterile technique. Figure 13 and 

figure 14 were used as a quantitative baseline for determining the initial CFU/ml of the 

bacterial concentration used in further experiments. 

3.3. Experimental results 

Experiments were carried out following the determined protocol detailed in section 2.5.3. 

Post-incubation visual check was performed to verify the methodology, however, there was 

a lack of positive control, which made it unable to compare results with accuracy. Initial 

experiments used 5 ml of physiological saline as a washing medium, as indicated by ISO 

27447:2019 standard 94. The T0 growth plates (Fig.15) showed high viability in the initial 

bacterial suspension. 

 

Fig. 15. Agar plates showing viable counts of B. subtilis colonies of initial bacterial suspension 

samples (T0) of plated a) 100 μl of 1 x 106 CFU/ml and b) 60 μl of 1 x 106 (right) and 1 x 105 

CFU/ml (left) suspension. 

Experiments were carried out using the bacterial suspension, however, this did not yield a 

positive control or showed any significant growth in any of other samples. The amount of 

washing medium was lowered to 1 ml to increase the viable colony count and reduce 

dilution. The same experiment was repeated with 5 ml and 1 ml of 1/500 NB solution as the 

washing medium, as it would ensure that the bacterial cells not only retain their osmotic 

balance, as with saline, but also be able to repair minor damages to the cell walls and remain 

stable, as they favor NB solutions 97. All experiments yielded no positive control, therefore, 

further investigations were warranted. 

3.4. UV lamp 

Since initial experiments did not yield comparable results, other parameters of influence 

were analyzed. For the UV irradiation samples, the lamp used did not have specified 

parameters or clear range of wavelengths, therefore spectrometric analysis was warranted.  
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Based on the measured spectra, it was determined that the UV lamp range exhibits 

wavelengths from around 380 to 425 nm, peaking at around 400 nm. That is the typical 

range for UV LED lamps, commonly used for personal use, such as nail appliances. The 

wavelength range for these UV lamps encompasses the far range for UV-A (up to 400 nm, 

going into visible blue light (> 400 nm), which is not harmful enough to kill bacteria 98. For 

photocatalytic applications this type of illumination would invoke the synergistic effect of both 

TiO2 and AgNPs, however, there is no UV-C range wavelengths that would induce sporicidal 

or germicidal effects reported in literature 99,100. Due to these results, we can eliminate the 

possibility that the UV lamp was bactericidal enough to cause all samples, including the 

control, to have no viable bacteria left. 

3.5. Simulation 

XDLVO modelling was done to see the effects that TiO2 and AgNP+TiO2 films have on the 

survivability of B. subtilis bacteria under UV and dark conditions (Fig. 16) as well as the 

XDLVO interaction potential that would explain the adherence of bacteria to films. 

 

Fig. 16. XDLVO modelling graphs of bacterial survivability in based on time in contact with films 

under UV irradiation and dark conditions. 

Figure 16 shows the antibacterial effect of TiO2 and AgNP+TiO2 thin films under different 

illumination conditions. Anatase TiO2 remains inert while samples with AgNPs show a 

concentration dependent reduction in the bacterial population. AgNP+TiO2 sample activity 

can be attributed to the release of Ag+ ions, which can interact with cell walls and cause 

death without light irradiation. Under UV irradiation, the killing rates of all AgNP doped 

samples accelerate. This can be attributed to the synergistic effect of photocatalysis driven 

ROS generation, narrowing of the bandgap and the remaining release of Ag+ ions. Notably, 

the plain TiO2 sample remains flat in both illumination conditions. The modelled electrostatic 

repulsion of bacteria and the surface of TiO2 likely keeps the distance of interactions far 

enough away, that ROS does not reach the bacteria before decaying.  

The interaction potential model was made to explain the interactions between the bacteria 

and the films that influenced the adhesion dynamics (Fig. 17). 
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Fig. 17. XDLVO modelling of interaction potential between TiO2 and AgNP+ TiO2 thin films and B. 

subtilis bacteria based on distance. 

Figure 17 shows XDLVO interaction energy profiles that describe the adhesion potential 

between B. subtilis and various thin film surfaces. Each curve represents the total interaction 

energy (VTot), summed from van der Waals forces, electrostatic interactions and acid-base 

interactions, as a function of separation distance. The repulsive energy barrier predicts that 

bacteria will be hindered from reaching the primary minimum required to irreversibly adhere 

to surfaces and be affected by ROS. However, this model predicts ideal parameters of 

biological organisms, such as uniform spherical shape, lack of extracellular compounds or 

ions, as well as movement. As previously discussed, B. subtilis bacteria produces EPS, 

which are long-chain biopolymers extending far beyond the immediate radius of the cell. 

These EPS can adhere to the films, while the main body of the bacteria is pushed away by 

repulsive forces, effectively anchoring it in place. The spread of EPS also changes the 

surface charges of TiO2 as they interact, effectively neutralizing the electrostatic charges 

and changing interaction potentials. ROS effect of AgNP films does not consider the 

quenching mechanisms of EPS. 

3.6. Microscopy analysis 

TiO2 thin films, used for experiments, were imaged using an optical microscope under bright-

field conditions. As shown in figure 18, there are significant changes to the morphology of 

films.  
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Fig. 18. Micrographs of TiO2 films a) after deposition, b) post experiment and c) cleaned. 

Figure 18 illustrates the morphology changes of TiO2 thin films at different stages of the 

experimental process. The films as-deposited show highly uniform, homogenous surface, 

without obvious defects. Following incubation with Bacillus subtilis, an alteration of the 

surface morphology is visible with clusters of round dots on the surface, indicative of B. 

subtilis spores. These spots highlight the adhesion interactions with the TiO2 films, indicating 

high possibility of EPS compounds interacting with the film and anchoring the cells in place. 

After undergoing subsequent cleaning with distilled water and dried with high-pressure air, 

the adhered biomass is detached, leaving the films relatively clean, however, with some 

residual micro-specs. This could be due to spores being unable to repair the “glue” and 

release more EPS compounds. 

Micrographs were taken of the AgNP-doped thin films post experiment as well, which is 

illustrated in figure 19.  

 

Fig. 19. Micrographs of AgNP+TiO2 films at initial layer thicknesses of a) 5 nm, b) 7.5 nm and c) 10 

nm post experiment. 

The micrographs presented in figure 19 are visual confirmation of the adhesion that could 

have caused the absence of colony-forming units (CFU) on agar plates. The standard wash 

protocols failed to overcome the primary energy minimum causing strong adhesion. The 

spatial distribution of the spores varies with film surface morphology, signifying that surface 

features such as surface roughness and distribution of AgNPs have an effect on the 

adhesion dynamics.  

Cleaned and as-deposited AgNP doped films were imaged using dark-field microscopy to 

see the influence of experimental methodology on the film structure. 
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Fig. 20. Micrographs of AgNP+TiO2 films after deposition (a-c) and after cleaning (d-f) with initial 

Ag layer thickness of 5 nm (a, d), 7.5 nm (b, e) and 10 nm (c, f). 

As illustrated in figure 20, there are significant changes to the surface of the doped films. 

The films after deposition (a-c) show assumed agglomeration of nanoparticles across the 

surface, however, after cleaning, there is a reduction of these surface patterns visible in all 

samples (d-f). Comparatively, dark field microscopy of pure TiO2 showed no surface patterns 

at all, hence why they were not included in the result section. Compositional analysis was 

not done to confirm the presence of AgNPs and the micrographs could potentially show Ag 

agglomerates or clusters, however, the reduction is noticeable either way. This shows that 

during the process of washing and cleaning, the AgNPs or Ag clusters come off of the films 

into the washing liquid. This could mean that the forces required to clean off the biomass off 

the films are enough to damage the structural integrity and cause the films to lose their initial 

antibacterial effect. The nanoparticles could have ended up in the post-washing bacterial 

suspension, which was plated on agar, causing further damage by releasing Ag+ ions and 

resulting in no growth after incubation.  

3.7. Discussion of results 

The findings of this work reveal that the issue of experiment methodology does not stem 

from total bacterial eradication across all conditions, but rather from irreversible 

thermodynamic adhesion. The superhydrophilicity of the initial post-deposition thin films, 

coupled with rigid, stress-induced expression of extracellular polymeric substances (EPS) 

by B. subtilis, shifted the interaction system into the primary energy minimum, which induces 

irreversible adhesion. Standard washout protocols using saline or 1/500 nutrient broth (NB) 

failed to overcome these forces, leaving the spores attached to the surface of the substrate.  

Research by Li et al. (2026) on the adherence property of EPS compounds indicated that 

the adherence of these compounds to surfaces is highly dependent on pH, oxygen content 
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and the hydrophilicity of the substrate 101. A lower pH (pH = 4) and higher hydrophilicity 

induce stronger adhesive properties of EPS, which would explain the adherence of bacteria 

on the films used in this work. The stress-induced production of EPS by B. subtilis coupled 

with the generation of ROS by TiO2 films, lowering the level of oxygen in the environment, 

enabled the bacteria to counteract the electrostatic repulsion properties of AgNP+TiO2 thin 

films 101. 

As the water contact angle measurements showed, the films used for the experiment are 

highly hydrophilic, which would cause the EPS to strongly bound to the surface of the thin 

films. While studies done by Mu et al. (2023), showcase the stronger adherence properties 

of Gram-negative and Gram-positive bacteria to hydrophobic and rougher surfaces, it also 

does not account for the interaction of biofilm compounds 102. These various amino acids, 

ionizable functional groups and structural organization of EPS have a direct influence on 

increasing adherence to hydrophobic and hydrophilic surfaces, which is likely to be a 

contributing factor as to the reasons behind the results of this study 101. The additional 

generated H2 during photocatalysis could have also shifted the zeta potential of the TiO2 to 

a positive value, which in turn caused increased adherence, as was described by studies 

done by Richtowsky et al. (2024), as bacteria are negatively charged 103. These biological 

factors and potential changes were not taken into consideration when modelling interaction 

potential using XDLVO theory, which explains the differing results from the experimental 

section. 

Micrographs taken of the films after washing, showed that the AgNPs or Ag clusters got 

washed off of the films, which poses a concern for the safety of using the films as surface 

coatings for medical applications. There is a risk involved in utilizing AgNPs for medical 

applications, especially where it is directly in contact with healthy human cells, not only 

bacteria. High uptake of AgNPs or Ag+ can exhibit cytotoxicity to all cells in contact, 

especially if they come off of the surface coating 63. The adherence and imbedding of AgNPs 

has to be secure to not introduce particular debris into the body. Compositional or surface 

analysis should be done to ensure that AgNPs are formed on the surface. 

Further investigation is needed to find the dependency between the biological factors of 

bacteria and adherence to antibacterial surface coatings. Modifications to the antibacterial 

efficacy testing methods should include a wider range of variables that would help determine 

interactions more probable in real life applications. Modelling of bacterial and films 

interactions should include more biological variables, such as movement of the 

microorganisms, the potential ion, produced by bacteria or on the surface of EPS, 

interactions. 
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Conclusions 

1. XDLVO simulations demonstrated TiO2 and AgNP/TiO2 film interactions with B. subtilis 

bacteria. Investigations with TiO2 showed that anatase remains inert under both dark and 

UV conditions, while AgNP/TiO2 films showed a reduction in the bacterial population based 

on concentration. Reduction was accelerated under UV irradiation with increasing silver 

concentration due to generation of ROS and Ag+ release. The simulation failed to consider 

biological factors of bacterial interactions, that overpower electrostatic interactions of TiO2 

thin films. 

2. Validation of the modified ISO 27447:2019 experimental protocol revealed that current 

methodology for antibacterial efficiency testing does not take into consideration the 

production of EPS by B. subtilis under stress. Both saline and 1/500 NB wash protocols 

lacked the mechanical and chemical force required to overcome the adhesion of bacterial 

biofilms, causing bacteria to not be recovered for plating. 

3. Water contact angle measurements revealed highly hydrophilic films, from baseline 

57.44° (TiO2) to approximately 1° (10 nm Ag). Bright-field and dark-field microscopy 

confirmed the degradation of AgNP/TiO2 film surface morphology post-experimentation. As-

deposited films exhibited highly uniform nanoparticles or cluster agglomeration, while 

cleaned AgNP/TiO2 films revealed negligible silver content. Mechanical forces required to 

detach EPS compounds compromise structural integrity, potentially leading to release of 

cytotoxic Ag+ ions into post-wash bacterial suspension. 
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