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Abstract 

 
This study evaluates the potential of green technologies based on photocatalytic materials for mitigating 

biological hazards and advancing recycling practices in sports environments. The research addresses 

urgent global challenges, including the COVID-19 pandemic, environmental sustainability, and energy 

crises, and their implications for physical activity and hygiene in sports facilities. By employing 

systematic reviews, in vitro experiments, and field simulations, the study demonstrates the antimicrobial 

efficacy of innovative photocatalytic coatings in reducing pathogenic microorganisms on surfaces, 

including biofilms, while maintaining eco-compatibility. 

The systematic reviews and meta-analyses reveal significant antimicrobial efficacy of photocatalytic 

coatings, particularly in reducing bacterial and fungal contamination on various surfaces. These findings 

underscore the potential of photocatalysis to serve as a sustainable alternative to traditional chemical 

disinfectants, addressing concerns about environmental toxicity and the emergence of resistant microbial 

strains. 

In vitro tests validate the structural stability and reactivity of nanohybrid materials, showing high 

efficiency in biofilm reduction and microbial inactivation, as corroborated by advanced characterization 

techniques, including Electron Paramagnetic Resonance (EPR). Field simulations, including tests in the 

ñCavyPoolò model, demonstrate the practicality and effectiveness of photocatalytic technologies in 

reducing microbial loads under real-world conditions. 

The discussions highlight the dual impact of these findings: improved safety and hygiene for sports 

practitioners and a reduction in environmental pollution from traditional disinfectants. This research 

establishes a foundation for the integration of sustainable antimicrobial strategies in sports facility 

management, aligning with public health goals and the United Nations' Sustainable Development Goals. 
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1. INTRODUCTION 

1.1 BACKGROUND 

1.1.1 Demographic data on physical activity practice 

 
The WHO defines physical activity as "any bodily movement produced by skeletal muscles that requires 

energy expenditure". Physical activity provides health benefits, while physical inactivity increases the 

risk of non-communicable diseases (NCD) and has other negative health outcomes, burdening health 

systems (World Health Organization, 2024). 

The WHO recommends that adults and the elderly engage in moderate-intensity physical activity between 

150 and 300 minutes per week or between 75 and 150 if vigorous intensity, or equivalent combinations 

of the two (World Health Organization, 2020b). 

Increased levels of physical activity, in addition to improving overall health, would contribute to the 

achievement of the global NCD targets and several of the Sustainable Development Goals. A recent study 

that included 507 surveys from 163 countries, representing 93.0% of the global population, found that 

nearly one-third (31%) of the world's 1.8 billion adult population is physically inactive (Strain et al. 

2024). Physical activity is an effective prevention strategy, given its many physical, social and mental 

benefits for people of all ages, particularly those who suffer from or are at risk of developing chronic 

diseases. Scientific evidence suggests that physical activity can prevent chronic, multifactorial diseases 

such as heart disease, diabetes, atherosclerosis, cancer and lung disease, promote mental health by 

reducing anxiety and depression, and reduce falls or fall-related injuries. For those with pre-existing 

health conditions such as diabetes and obesity, physical activity is even more indicated as an effective 

remedy to both treat and manage the conditions (Booth et al, 2012). 

The spread of coronavirus disease 2019 (COVID-19), classified as a pandemic by the World Health 

Organization on 11 March 2020, has forced world governments to adopt emergency measures, including 

the closure of schools, universities and workplaces, followed by lockdown. In this period, large part of 

the population reported a decrease in physical activity, which had a significant negative impact on an 

individualôs quality of life (Gallè et al. 2020; Yang et al. 2023). The advent of the COVID-19 epidemic 

had a significant impact on daily mobility and the general level of physical activity practised. Overall, 

compared to the pre-COVID period, there were decreases in daily physical activity levels and increases 

in time spent at home and sedentary levels, particularly watching TV and using electronic devices (Park 

et al. 2022). 
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1.1.2 The ñburningò issues: pandemic, energy crisis, environmental sustainability 

 
Microorganisms are the most abundant life forms on planet Earth. They are also the oldest life forms, 

having originated 3.5 billion years ago. Microorganisms evolve alongside other life forms on Earth and 

remain evolutionarily conserved due to their ability to adapt to different environmental conditions. They 

are tiny organisms, invisible to the naked eye, comprising mainly fungi, bacteria, viruses and protozoa 

(Yadav et al. 2021). Microorganisms are ubiquitous beings and for the most part are non-pathogenic. 

However, some are pathogenic and opportunistic and can infect the organism through water, air and soil. 

Some micro-organisms are responsible for epidemics and pandemics, such as the severe acute respiratory 

syndrome virus coronavirus 2 (SARS-CoV-2, formerly called 2019-nCoV), which belongs to the 

coronavirus family and, like SARS-CoV, is classified in the genus Betacoronavirus. In humans, 

coronaviruses are known to cause respiratory infections such as Middle East Respiratory Syndrome 

(MERS), Severe Acute Respiratory Syndrome (SARS) and SARS- CoV-2 or COVID-19. Coronaviruses 

are spherical microorganisms with an envelope of a lipid bilayer with glycoproteins (external, called 

óspikesô) and transmembrane proteins. COVID-19 disease was first identified in Wuhan, China, in 

December 2019. One month later, in January 2020, the World Health Organisation (WHO) declared a 

Public Health Emergency of International Importance (PHEIC) and on 11 March 2020 the pandemic 

(Zhu et al. 2020). 

The pandemic brought effects not only on levels of physical activity practised but also questions on how 

to properly sanitise indoor environments, not only in relation to covid but also to other communicable 

diseases. During the lockdown, many social, recreational and cultural centres were closed for months, as 

were many hospital wards, resulting in reduced use of the water supply and the formation of stagnant 

water. This led to an increased risk of exposure to water-borne diseases, such as Legionnaires' disease. A 

study conducted in a large Italian hospital in Apulia revealed that the water mains in all three wards 

examined showed higher contamination by Legionella pneumophila sg 1 and sg 6 after lockdown than 

before it (De Giglio et al. 2020). Several guidelines on sanitising environments have been published: the 

Centers for Disease Control and Prevention (CDC) published Interim Guidelines for Biosafety and 

COVID-19 (Centers for Disease Control and Prevention. 2024a). The U.S. Environmental Protection 

Agency (EPA) published a factsheet about cleaning and disinfecting (U.S. Environmental Protection 

Agency. 2021). Also, the World Health Organization published a document to provide guidance on the 

cleaning and disinfection of environmental surfaces in the context of COVID-19 (World Health 

Organization. 2020a). 
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The COVID-19 pandemic has greatly altered our lifestyles and is pushing towards more sustainable 

choices in our daily behaviour. COVID-19 had a strong environmental impact. During the closures, 

various governments restricted the movement of people and vehicles and stopped industrial activities, 

leading to significantly lower levels of pollution, with decreases in greenhouse gas emissions, nitrogen 

dioxide, black carbon and water pollution. Among other things, a significant influence of the 

environment on COVID-19 transmission and mortality has also been highlighted, as there is a correlation 

between climatic parameters such as temperature, humidity, wind speed and precipitation and 

transmission and mortality of this disease (Facciolà et al, 2021). With the advent of the pandemic, the 

problem of the massive use of disinfectants to counteract disease transmission also increased. In 

particular, the risk to the environment and human health of the use of chlorine (NaClO), which transforms 

into highly dangerous compounds (i.e. halogenated organic compounds) that are toxic to marine biota, 

as they can persist in the environment longer than chlorine (García-Avila et al, 2020). The pandemic also 

raised the issue of increased pollution, resulting in the use of Personal Protective Equipment (PPE) such 

as masks or protective gloves. Therefore, people started to look for sustainable alternatives such as 

organic plastics or recycling following the circular economy. In addition, plastic waste has started to be 

considered as a carrier of contaminants, such as antibiotics that can select antibiotic-resistant bacterial 

strains and biofilm producers (Patrício Silva et al, 2021). 

The advent of COVID-19 has led to an increased interest in and use of disinfectants. In particular, 

chlorinated disinfectants are widely used, being effective against viruses on various surfaces. However, 

chlorine presents many health hazards, both when used in molecular and compound form. In particular, 

the formation of disinfection by-products (DBPs), produced by the reaction between active chlorine and 

natural organic matter when chlorine compounds reach the sewage/drainage system and are exposed to 

aqueous media such as wastewater, is very dangerous. In addition, chlorination of hospital wastewater 

can also produce toxic disinfection by-products from pharmaceuticals. DBPs can have negative effects 

on the ecosystem, some of them being cytotoxic, genotoxic and mutagenic (Parveen et al, 2022). 

In recent years, the use of disinfectants has increased exponentially, especially due to the COVID-19 

pandemic. Although these products are essential for reducing the spread of pathogens, it is crucial to 

consider their potential negative effects on human health and the environment. 

Many disinfectants contain chemicals such as chlorine, hydrogen peroxide and chlorine, which can be 

harmful to health if  not used properly. Exposure to chlorine-based disinfectants has been associated with 

respiratory problems and dermatitis (Hassel et al. 2022). Furthermore, overuse of disinfectants can alter 

the skin microbiome, reducing the body's natural defences against infection (Yüksel et al. 2022). 



5  

Another concern is alcohol-based disinfectants, which, although effective against many viruses, can 

cause irritation of the skin and respiratory tract. A survey (Zhang et al. 2021) showed that prolonged use 

of these products can lead to an increase in allergies and sensitisation. 

In addition to their effects on human health, disinfectants also pose significant risks to the environment. 

Chemicals in disinfectants can contaminate water and soil, damaging ecosystems and biodiversity. The 

chemical compounds used in disinfectants can accumulate in aquatic organisms, compromising the health 

of marine ecosystems. Chlorine disinfectants threaten aquatic plants and wildlife by both destroying cell 

walls and damaging proteins through oxidation. Furthermore, chemicals can bind to other materials and 

form harmful compounds. For example, they can combine with nitrogen to form chloramine or N- 

nitrosodimethylamine, carcinogenic substances. The dissolved organic matter in surface water, which is 

present in abundance, can bind to these substances leading to the synthesis of disinfection by-products 

such as trihalomethanes (THM) or haloacetic acids (HAAs), which are very toxic to aquatic organisms 

(Zhang et al, 2020). The disinfection by-products are trihalomethanes, namely chloroform, 

bromodichloromethane (BDCM), dibromochloromethane (DBCM), and bromoform, representing 10%- 

20% of the mixture in chlorinated water, and haloacetic acids, collectively referred to as ñHAA5ò: 

chloroacetic acid (ClCH2īCO2H), dichloroacetic acid (Cl2CHīCO2H), trichloroacetic acid 

(Cl3CīCO2H), bromoacetic acid (BrCH2īCO2H), dibromoacetic acid (Br2CHīCO2H), and are formed 

when chlorine reacts with both organic and inorganic material in the source water, from decaying plant 

material, pesticides, etc. The amount of disinfection by-products is variable from day to day, and can be 

influenced by the season, water temperature, chlorine concentration and the amount of plant material 

present (U.S. Environmental Protection Agency. 2024). 

Furthermore, the indiscriminate use of disinfectants can contribute to the development of resistant 

bacterial strains, a growing problem worldwide. The selection of resistant bacteria has been observed in 

environments where the use of disinfectants is high, such as hospitals and healthcare facilities (Rutala et 

al. 2023). 

Although disinfectants are crucial tools in the fight against infections, it is necessary to balance the need 

for hygiene with the protection of human health and the environment. During and after the pandemic, 

therefore, there was an increase in emerging contaminants in the environment, such as personal protective 

equipment (PPE), disinfectants and drugs of various kinds. These contaminants enter the environment 

through sewage treatment plants, improper disposal of PPE and runoff from surfaces treated with 

disinfectants. Considering this, there is a need to develop effective approaches to mitigate their potential 

adverse effects (Picó et al. 2023). This growing evidence has made the search for alternative disinfection 
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methods urgent. There are several reasons why it is worth investigating alternative methods of 

disinfection. Firstly, one of the major risks associated with the intensive use of chemical disinfectants is 

the development of antimicrobial resistance. Indeed, exposure to disinfectants can select resistant 

bacterial strains, making it more difficult  to treat infections, and finding effective alternatives could help 

reduce this dangerous selection (Maillard et al. 2024). Furthermore, disinfectants can cause dangerous 

effects on human health, such as skin irritations, respiratory problems and alterations of the gut 

microbiota (Dang et al. 2022; Tun et al. 2018). The use of chemical disinfectants can have devastating 

effects on the environment, contributing to water pollution and a decrease in biodiversity (Zhang et al. 

2020). In view of this, the search for alternative methods of disinfection is not only a necessary response 

to today's health and ecological challenges, but also a crucial step towards a more sustainable future. The 

combination of efficacy, safety and sustainability must drive the development of new disinfectant 

technologies. 
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1.2 RISKS IN THE PRACTICE OF PHYSICAL ACTIVITY  

 
The regular practice of physical activity is essential for psychophysical health and well-being. In 

particular, moderate to vigorous intensity physical activity provides numerous benefits such as improving 

the immune response to vaccination, reducing chronic inflammation, releasing cytokines from skeletal 

muscle, and acting on the modulation of specific markers involved in cognitive impairment and 

implicated in diseases such as cardiovascular disease, diabetes, obesity and neoplasia (Walsh et al. 2011; 

Duggal et al. 2019). Based on this evidence, numerous national and international bodies and institutions 

have progressively developed health promotion strategies for their respective populations. The 

performance of any form of physical activity, however, not only for the competitive and professional 

sphere, but also for amateur practice, must be able to take place in conditions of maximum safety and it 

is therefore essential to minimize risks. In this regard, in Italy, Legislative Decree 36/2021, as amended 

by Legislative Decree 120/2023, presents important novelties with regard to the health and safety of 

workers, extending the provisions of Legislative Decree 81/2008 also to Amateur Sports Clubs and 

Associations and effectively imposing risk assessment also in these facilities. The risks are of an 

individual or environmental nature and can be classified into safety risks (of an accidental nature), 

hygiene-environmental risks, and transversal (or procedural) risks. About hygienic-environmental risks, 

it is necessary to consider the great heterogeneity of sports environments, which can lead to the presence 

of different risk factors. Indoor and outdoor sports have different characteristics; the presence of water; 

the need for special equipment; specific surfaces; temperature, humidity, lighting, acoustics, air 

conditioning can determine a different source of risk and are the key points to consider in the risk analysis. 

The hygienic-environmental risks include chemical, physical and biological risks. 
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1.2.1 Chemical risks 

 
Chemical hazards refer to any form of chemicals, including drugs, solutions, gases, vapours, aerosols and 

particulate matter, that are potentially toxic or irritating to the body. Chemical exposure routes are: 

inhalation (gases, vapours, particles, respirable dust or mist); ingestion (accidentally eating or drinking 

hazardous substances); percutaneous (permeation or absorption of a substance through the skin, with a 

needle or other sharp instrument); dermal (contact with corrosive or sensitizing materials) (Centers for 

Disease Control and Prevention. 2022). 

Legislative Decree 81/2008, also known as the óConsolidation Act on Safety at Workô, is the main 

legislative reference in Italy about health and safety at work. It transposes numerous European Directives 

issued over time with the aim of standardizing national legislation on health and safety at work. This 

decree, in Article 222, gives a definition of óchemical agentsô, i.e. óall chemical elements or compounds, 

either alone or in their mixtures, in their natural state or obtained, used or disposed of, including disposal 

as waste, by any work activity, whether intentionally produced or not and whether placed on the market 

or notô. Specifically, in Article 222, we find, in Chapter 1 óProtection from chemical agentsô, Chapter 2 

óProtection from carcinogens, mutagens or substances toxic for reproductionô, Chapter 3 óProtection from 

risks related to exposure to asbestosô, and Chapter 4 óPenaltiesô (Unico Salute Sicurezza Lavoro D.Lgs. 

81/ 2008 Titolo IX Sostanze pericolose. 2008). 

At European level, the European Commission presented the óREACH Regulationô (Registration, 

Evaluation, Authorization and restriction of Chemicals), the main EU law to protect human health and 

the environment from the risks that can be posed by chemicals. This regulation, which makes industry 

responsible for managing the risks posed by chemicals and providing information on the safety of 

substances, records the information in a central database in the European Chemicals Agency (ECHA), 

which coordinates the in-depth evaluation of the information provided on chemicals and manages a 

public database where consumers and professionals can find information on the hazards (European 

Commission. REACH Regulation. 2006). 

There is also the CLP Regulation (Classification, labelling and packaging of chemicals), which was 

created to ensure that the hazards presented by chemicals are clearly communicated through classification 

and labelling. This regulation, which came into force in January 2009, includes the classification criteria 

and labelling rules agreed at UN level, óthe Globally Harmonized System of Classification and Labelling 

of Chemicals (GHS) (European Commission. 2024). 
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Chemical risk also exists in the practice of physical activity. For example, many people engage in outdoor 

sports, and exposure to chemical pollutants such as car exhaust fumes, pesticides, industrial chemicals 

and particulate matter can have harmful effects on health. Inhaling these pollutants during exercise can 

cause respiratory problems, fatigue and allergies. Chemicals used for cleaning or water treatment may 

also be present in indoor environments. Some detergents and disinfectants can emit toxic vapours that 

can cause irritation to the eyes, skin and respiratory tract if inhaled in large quantities (Liu et al. 2022). 

In general, in the practice of physical activity, chemical risks may arise in water sports from the use of 

anti-algae, flocculants, pH correctors, disinfectants and disinfection by-products; in motor sports from 

the use of oils, fuels, detergents, polycyclic aromatic hydrocarbons, volatile organic compounds in sports 

practiced on natural fields, the use of chemicals for fertilization and field maintenance; in sports practiced 

on synthetic fields, the use of metals such as lead incorporated in recycled materials used to fill  the fields 

themselves, per- and polyfluoroalkyl substances (PFAS), and lead in grass blades. In fact, the rubber 

granules used as infill  material in artificial turf fields, which are characterized by several layers of 

different materials, may be made of virgin thermoplastics or other materials from sources such as 

recycled tyres or tyre and rubber seals. Surface wear can also cause the release of highly toxic and 

carcinogenic substances into the environment, such as polycyclic aromatic hydrocarbons (PAHs), 

aromatic hydrocarbons like benzene, toluene, xylenes (BTX), silica, and metals like lead, cadmium, 

chromium, tin and zinc. These surfaces have the capacity to harbour micro-organisms and therefore 

antimicrobial treatments are necessary to prevent biohazard with increased possible exposure to the 

chemical agents used to disinfect the surface (Watterson et al. 2017; Pronk et al. 2020; Valeriani et al. 

2019; McNitt et al. 2021). 

Chemical disinfectants are commonly used to disinfect various matrices in sports facilities, but they can 

be very dangerous for both workers and users if they are not used correctly. Mixing disinfectants with 

other chemicals can also be very dangerous: chlorine, for example, which is a toxic gas, is rapidly 

released from sodium hypochlorite solutions (bleaching solutions) when mixed with acids, exposing 

individuals to chlorine concentrations that could be fatal; calcium hypochlorite easily dissociates 

releasing toxic oxygen and chlorine and can react explosively with ammonia, amines or reducing agents; 

formaldehyde, a toxic and carcinogenic substance, can generate explosions when mixed with strong 

oxidants (Pan American Health Organization. 2020). In addition, some individuals may then be sensitive 

or allergic to specific chemicals, such as those found in sportswear, shoes or materials used in equipment. 

These reactions may manifest themselves as skin irritations or respiratory problems (Jacobsen et al. 

2022). 
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All chemicals used in various environments as biohazard prevention must comply with the Biocides 

Regulation, as well as the Detergents Regulation. The Biocides Regulation (BPR, Regulation (EU) 

528/2012) covers the placing on the market and use of biocidal products, which are used to protect 

humans, animals, materials or articles from harmful organisms such as parasites or bacteria, through the 

action of active substances contained in the biocidal product. This regulation aims to improve the 

functioning of the biocides market in the EU, while ensuring a high level of protection for humans and 

the environment. All biocidal products should not be made available on the market or used unless 

authorized in accordance with this Regulation (Regulation (EU) No 528/2012). 

In particular, regarding swimming facilities, the World Health Organization (WHO) emphasizes the need 

for adequate disinfection of swimming pool water to prevent microbial proliferation (World Health 

Organization. 2006). The chemical risk in this context is related to water treatment with chlorine, bromine 

and derivatives, ozone, copper-silver, UV irradiation, electrochemically generated mixed oxidants and 

hydrogen peroxide/UV. However, some of these substances kill or inactivate microorganisms while the 

water is being treated, but there is no lasting or óresidualô disinfectant effect that reaches the pool and 

continues to act on chemicals and microorganisms in the water. Therefore, when these methods are used, 

a quantity of chlorine is still added. Chlorine treatment has several advantages and is therefore the most 

widely used treatment (Couto et al. 2021). Chlorination is the most widely used because of its 

effectiveness, ease of application and low cost. However, chlorine-based disinfectants (chlorine gas, 

sodium or calcium hypochlorite, di- or trichloroisocyanurates) release hypochlorous acid (HClO), a 

powerful biocide capable of inactivating pathogens but also reacting with organic matter to form 

chlorination by-products (CBP), into water. Disinfection by-products (DBPs) are classified into: 

aromatic, such as phenyl nitrogenous DBPs (phenyl N-DBPs), phenyl carbonaceous DBPs (phenyl C- 

DBPs) and heterocyclic DBPs, aliphatic, the main ones of which are aliphatic nitrogenous DBPs 

(aliphatic N-DBPs) and aliphatic carbonaceous DBPs (aliphatic C-DBPs), alicyclics, such as 

halobenzoquinones (HBQ) and halofuranones, and oxyhalogen compounds, such as bromate, chlorate 

and chlorite (Kalita et al. 2024). Human exposure to these by-products can occur mainly through 

inhalation, but also through ingestion and dermal absorption (Villanueva et al. 2015; Felgueiras et al. 

2020). Such exposure is dangerous to human health as it has high cytotoxicity, mutagenicity and 

carcinogenicity. In particular, long-term exposure is related to carcinogenic, reproductive and 

developmental effects (Wagner et al. 2017; Gopal et al. 2007). Genotoxicity is the ability to damage 

DNA, causing mutations and increasing the risk of cancer. Cytotoxicity, on the other hand, is the ability 

of a substance to damage or kill cells, which can lead to tissue damage and organ failure (Kalita et al. 
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2024; Kamilaris et al. 2024). In particular, disinfection by-products may have carcinogenic, respiratory, 

reproductive and developmental effects, and may expose people to an increased risk of cardiovascular 

diseases. Long-term exposure to certain DBPs, such as THMs and HAAs, has been linked to an increased 

risk of certain types of cancer, including bladder, liver and colon cancer (Richardson et al. 2007). In 

addition, exposure to high levels of DBP (chloramines in particular) is linked to respiratory problems 

such as asthma and bronchitis. (Valeriani et al. 2017; Bougalt et al. 2009). During the gestational phase, 

exposure to high levels of THMs may increase the risk of miscarriage and neural tube defects in the 

foetus (Li et al. 2015). 

Over the past decade, green chemistry has proven to be a viable strategy for environmental disinfection, 

proving itself suitable to protect human health and the environment in a cost-effective manner. This new 

technological approach can also be exploited in swimming pools and sports facilities, where any 

hazardous products can be replaced with equally effective but less toxic ones (Valeriani et al. 2018). 
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1.2.2 Physical risks 

 
Physical risk refers to the risk caused by agents capable of causing tissue damage through the transfer of 

energy from the agent to the person. The different types of physical risks are noise, LASER, radiation. 

Noise, especially when it is loud, can lead to physical and psychological stress, not only reducing 

productivity but also interfering with communication and concentration, contributing to an increase in 

heart rate and blood pressure, and to accidents at work. LASER, on the other hand, consists of an 

amplification of light by stimulated emission of radiation, which can cause injury to the skin and eyes 

through direct or reflected rays. Radiation can be ionising or non-ionising, depending on the 

electromagnetic spectrum (Centers for Disease Control and Prevention. 2022c). In Italy, Article 180 of 

Legislative Decree 81/2008 defines physical agents as ónoise, ultrasound, infrasound, mechanical 

vibrations, electromagnetic fields, optical radiation of artificial origin, microclimate and hyperbaric 

atmospheres, which may pose risks to the health and safety of workersô. In particular, Title VIII  contains 

the following chapters: óProtection of workers from the risks of exposure to noise at workô; óProtection 

of workers from the risks of exposure to vibrationsô, óProtection of workers from the risks of exposure to 

electromagnetic fieldsô and óProtection of workers from the risks of exposure to artificial optical 

radiationô. For each of these, the scope, definitions, exposure limit values, exposure identification and 

risk assessment, provisions to eliminate or reduce risks, and health surveillance are defined (Testo Unico 

Salute Sicurezza Lavoro D.Lgs. 81/ 2008 Titolo VIII Agenti fisici. 2008). 

During physical activity, all these factors must be monitored to prevent accidents to both workers and 

users. For example, individuals practising winter sports such as cross-country skiing, downhill skiing, 

running in cold conditions, triathlons and high-altitude mountain adventure races are at risk of frostbite 

and hypothermia. Exercise in cold conditions can be practised safely with education, proper preparation, 

appropriate response to changing weather conditions, and appropriate equipment. On the other hand, 

those who practice motor sports are subjected to heat stress, noise, carbon monoxide, risk of dehydration 

due to suits, and risk of fire and explosion due to flammable substances. Those who participate in outdoor 

sports have the risk of excessive exposure to ultraviolet (UV) radiation and the resulting carcinogenic 

risk. Those practising water sports are exposed to the risk of electricity, electrocution, environmental 

pollution from electromagnetic fields, noise, and the risk of drowning. Other aspects concern the practice 

of sports in general, where microclimatic parameters such as temperature, ventilation, humidity must be 

monitored, or even purely mechanical aspects and accidents due to machines, materials, water or air 

treatment systems. The prevention of these risks is periodically updated through technical standards and 
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their critical aspects are mainly reported in the various regulations and guidelines (Liguori et al. 2014). 

In all types of physical activity sports, it is particularly important to identify causes or potential hazards 

that may expose users to physical risks. These generally fall into the following categories: risks associated 

with deficiencies in facility management and safety, risks associated with dangerous and/or omissive 

behaviour, and the misuse of equipment. The prevention of physical risks in sports facilities must 

necessarily consider management and facility aspects. The lack of personnel at peak times, or the high 

number of secondary tasks they have to perform, causes a significant decrease in the level of vigilance, 

just as the absence of rescue equipment and the lack of training in cardiopulmonary resuscitation are 

fundamental to ensuring the safety of users. The absence of adequate information signs within the 

facilities and adequate lighting could be a further source of risk for users. Accidents are often due to non- 

compliance with safety rules, and the number of cases found each year in epidemiological surveys is 

therefore within the morbidity and mortality range defined as óavoidableô through the application and 

observance of safety measures and rules by workers, users and managers. In order to reduce these risks 

to an acceptable level, it is the responsibility of the facilities manager to implement all management 

precautions and plant and organizational solutions best suited to his or her context, considering the 

advisability of drawing up and periodically updating all procedures (Fuller et al. 2004; Kerr et al. 2013; 

Porsanger et al. 2021). 
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1.2.3 Biological risks 

 
Biological risk, also known as ñbioriskò, refers to the risk arising from exposure to potentially harmful 

agents or substances of biological origin. In Italy, Decree no. 81 of 9 April  2008, under Title X óExposure 

to biological agentsô, presents Article 267 with the definitions of óbiological agentô, i.e. any 

microorganism, even if genetically modified, cell culture and human endoparasite that could cause 

infections, allergies or intoxication; ómicroorganismô, i.e. any microbiological entity, cellular or 

otherwise, capable of reproducing itself or transferring genetic material; ócell cultureô, i.e. the result of in 

vitro growth of cells derived from multicellular organisms. In Article 268, on the other hand, there is a 

classification of biological agents into 4 groups: group 1 includes agents that are unlikely to cause disease 

in human subjects; group 2 includes agents that can cause disease and pose a risk, and for which 

prophylactic or therapeutic measures are available, even if it is unlikely to spread in the community; 

group 3 includes agents that can cause serious disease and spread in the community, for which 

prophylactic or therapeutic measures are available; group 4 includes agents that can cause serious disease 

and have a high risk of spreading in the community, for which no prophylactic or therapeutic measures 

are available (Testo Unico Salute Sicurezza Lavoro D.Lgs. 81/ 2008 Titolo X Esposizione ad agenti 

biologici. 2008). 

In sports facilities, biological agents pose a risk to both users and workers. The risk is not only on 

surfaces, but also in air and water. Biological agents can be a risk to the health of both users and workers 

in sports facilities. The biological risk may be related not only to surfaces but also to air and water. Most 

infections are transmitted through direct contact, but matrices such as air, water and surfaces can also act 

as vehicles, so vigilant surveillance and early treatment could help avoid outbreaks (Brandi et al. 2007). 

During physical activity, there is an increase in body temperature and sweat is produced, increasing the 

presence of microbes (Chowdhury et al. 2014). Considering the various types of sports facilities, there 

can be infections caused by inadequately disinfected swimming pools, or turf that can damage the skin 

if injured or abraded (Grosset-Janin et al. 2012) from the air, which in the presence of inadequate 

ventilation and humidity can promote microbial growth (Cianfanelli et al. 2016; Grande et al. 2020); 

from the surfaces of gymnastic equipment that can be a vehicle for the transmission of infections (Ryan 

et al. 2011); from textile materials that can retain moisture and become a powerful surface for microbial 

growth: clothing can change the skin and its microhabitat, but it can also be a microhabitat in itself 

(Sanders et al. 2021). 
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Skin infections are most common and result from a variety of microbial agents including bacterial, fungal 

and viral pathogens. The increased mechanical stress, temperature and sweating typical of physical 

activity can increase the likelihood that those who practise sport will suffer from them. 

Viral skin infections include hepatitis B virus, molluscum contagiosum and human papilloma virus. 

Bacterial infections include Staphylococcus aureus infection, folliculitis and furunculosis, impetigo, 

streptococcal infections, erythrasma and punctuated keratolysis. Fungal infections include tinea corporis, 

cruris, pedis and versicolor (Minooee et al. 2015). 

With regard to the most common infections, there may be colonization of methicillin-resistant 

Staphylococcus aureus (MRSA) in sports facilities, especially in wet and damp environments It has been 

reported that MRSA can be found in damp or wet areas, such as taps and sinks, and can cause outbreaks 

even in healthy individuals. MRSA can spread rapidly and cause skin and other infections in sports 

facilities. In particular, it can spread through skin-to-skin contact and by touching contaminated surfaces 

(Centers for Disease Control and Prevention. 2024b). 

In general, control of several parameters such as temperature, humidity and ventilation, necessary to 

maintain a high level of air quality, is essential in sports facilities. In fact, the microclimate, defined as 

the set of physical characteristics of the air in indoor environments, is a fundamental condition for the 

well-being of the bather and operator in the pool and is also important for maintaining adequate hygienic 

and sanitary conditions. 

About the swimming pool environment, infectious agents such as bacteria, viruses, protozoa and moulds 

can threaten the health of bathers. These micro-organisms can have several routes of transmission. The 

risk of disease may be related to faecal or non-faecal contamination of the water, depending on whether 

the micro-organisms are of faecal or non-faecal origin. Microorganisms of faecal origin include viruses 

such as adenovirus, hepatitis A virus, norovirus and Enterovirus, bacteria such as Escherichia coli and 

Shigella, and protozoa such as Giardia and Cryptosporidium. Viruses, given their inability to replicate in 

water, come from direct faecal contamination. The accidental release of faeces by users or in outdoor 

pools by animals or the presence of faecal residues on the bodies of pool users can cause a high 

microbiological risk for pool users. Routine pool maintenance and the observance of adequate levels of 

disinfectant do not appear to be sufficient to control these emissions. To prevent this type of risk, correct 

information to users is necessary (Barna et al. 2012). 

Another important source of pathogenic microorganisms is non-faecal human secretions (e.g. vomit, 

mucus, saliva, sweat). Microorganisms of non-faecal origin include viruses such as Molluscipoxvirus, 

Papillomavirus and Adenovirus, bacteria such  as  Legionella, Pseudomonas, Mycobacterium, 
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Staphylococcus and Leptospira, fungi such as Trichophyton and Epidermophyton floccosum, and 

protozoa such as Plasmodium and Acanthamoeba. These pathogenic micro-organisms can be contracted 

by direct contact, through non-faecal secretions transmitted from person to person, or indirectly, i.e. 

through contaminated matrices (Bonadonna et al. 2019; Brandi et al. 2007). In particular, in order to 

prevent biological risks in swimming facilities, national regulations have been issued in this regard, such 

as the one deriving from the Agreement of 16 January 2003 between the Minister of Health, the Regions 

and the Autonomous Provinces of Trento and Bolzano, on the hygienic-sanitary aspects for the 

construction, maintenance and supervision of swimming pools. The most significant elements of the 

agreement establish: the classification of swimming pools into categories and groups according to a strict 

legal criterion; the identification of the professional figures that must be present in each pool in relation 

to the different responsibilities, external controls, internal controls, and the provision of a system of 

sanctions; the hygienic-environmental requirements (water characteristics, thermo-hygrometric and 

ventilation conditions, lighting and acoustics, products allowed for water treatment). In addition, for the 

safety of users and workers in the pool, it is necessary to consider certain factors that may influence the 

microbiological characteristics of the water: i) treatment (removal of suspended particles, pollutants and 

micro-organisms), including disinfection and filtration; (ii)  a good hydraulic circuit of the pool to ensure 

effective distribution of the disinfectant throughout the pool and removal of contaminated water; (iii) 

addition of treated water to compensate for losses due to evaporation, etc.; (iv) cleaning to remove 

biofilms from surfaces, sediments from the bottom of the pool and particulate matter adsorbed on filter 

materials; (v) adequate ventilation of the covered facilities. The combination of water and air 

management in swimming pools, especially indoor pools, is indeed crucial. In addition, the shape and 

size of the pool may be factors influencing the colonization and proliferation of microorganisms 

(Gazzetta Ufficiale. 2003). Biological risk is also present in the practice of outdoor sports. Especially 

during large-scale sporting events, transmission of pathogens can be facilitated due to close proximity 

during gatherings. Practising outdoor physical activity can lead to the risk of infection through tick bites, 

enteric pathogens, skin transmission and aerosols. Ticks can transmit infections such as Lyme disease, 

for which it is important to avoid direct contact with vegetation to minimize the risk. In open places, there 

is also the risk associated with proximity to wildlife, which can lead to hantavirus infections. Through 

fecal-oral transmission, on the other hand, it is possible to become infected with enteric pathogens, 

especially present in muddy and damp areas, which can lead to episodes of gastroenteritis. Individuals 

practising activities with a high risk of injury may also get skin infections from pathogens such as 

Aeromonas (Velay et al. 2024). 
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Athletes, team members, participants and spectators are exposed to the risk of infection during sports 

events. Proper hygiene of these environments, appropriate vaccinations, early recognition or exclusion 

of infected participants during play may be useful strategies to apply. Physicians caring for athletes must 

play an active role in educating them on effective preventive strategies, while sports facility managers 

must provide training to workers to apply appropriate treatment methods (Minooee et al. 2015). 
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1.3 ANTIMICROBIAL  STRATEGIES FOR THE PREVENTION OF 

BIOLOGICAL RISKS 

 
The Centers for Disease Control and Prevention (CDC) define biological hazards as pathogens that are 

transmissible to individuals through different modes of transmission and capable of causing disease. 

Common modes of transmission are: blood and body fluids, which can lead to hepatitis B virus (HBV), 

hepatitis C virus (HCV), human immunodeficiency virus (HIV)  faecal-oral transmission, responsible for 

hepatitis A virus (HAV), hepatitis E virus (HEV), contact transmission, responsible for herpes simplex 

virus (HSV), human papilloma virus (HPV), cytomegalovirus (CMV), vancomycin-resistant 

Enterococcus (VRE), methicillin-resistant Staphylococcus aureus (MRSA), Clostridium difficile (C. 

difficile);  small-particle aerosols, responsible for mycobacterium tuberculosis; different modalities such 

as contact and/or spray droplets and/or small-particle aerosols, which can cause severe acute respiratory 

syndrome Coronavirus 2 (SARS-CoV-2), Herpes zoster virus (HZV), Influenza virus (Flu) and measles 

(Rubeola virus) (Centers for Disease Control and Prevention. 2022a). 

Biohazard prevention on surfaces can be carried out through methods such as disinfection or sterilisation. 

Cleaning helps to remove pathogens or significantly reduce their load on contaminated surfaces. In 

particular, cleaning with water, soap (or a neutral detergent) and a mechanical action such as scrubbing, 

reduces debris and organic and inorganic substances, but without killing microorganisms (World Health 

Organization. 2020a). Disinfection, on the other hand, eliminates most or all pathogenic microorganisms, 

except bacterial spores, on inanimate objects. In healthcare, objects are usually disinfected with liquid 

chemicals or wet pasteurisation. Disinfectants are used for disinfection, the effectiveness of which 

depends on concentration, volume and contact time. On the other hand, one must also consider that high 

concentration, volume and time can damage surfaces and increase the chemical exposure of users to 

hazardous substances. Sterilisation, on the other hand, is a process that destroys or eliminates all forms 

of microbial life and is performed in healthcare facilities using physical or chemical methods. Steam 

under pressure, dry heat, ethylene oxide (EtO) gas, hydrogen peroxide, gas plasma and liquid chemicals 

are the main sterilising agents used almost in healthcare facilities (Centers for Disease Control and 

Prevention. 2008b). 

In sports facilities, it is important to limit the spread of communicable diseases. Especially since the 

advent of the pandemic, this need has become increasingly urgent. The cleanliness and disinfection of 

public spaces is crucial, because contaminated environments are implicated in the transmission of 

pathogens: contaminated surfaces and objects, also called fomites, play an essential role in the 
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transmission of infectious agents. In general, fomites are contaminated by infectious respiratory droplets 

larger than 5 ɛm in diameter. Therefore, transmission occurs through indirect contact when a person 

touches a contaminated fomite, transferring it to other parts of the body such as the oral mucosa, creating 

the opportunity for infection. Cleaning and disinfection of public spaces is essential, because 

contaminated environments are implicated in the transmission of pathogens: contaminated surfaces and 

objects, also called fomites, play an essential role in the transmission of infectious agents. In general, 

fomites are contaminated by infectious respiratory droplets larger than 5 ɛm in diameter. Therefore, 

transmission occurs through indirect contact when a person touches a contaminated fomite, transferring 

it to other parts of the body such as the oral mucosa, creating the opportunity for infection. Another mode 

of transmission of infections is by direct contact, whereby the subject can be infected by aerosols, 

whereby there is the presence of microbes within droplets with a diameter of less than 5 ɛm that can also 

be transmitted over distances greater than one meter and can persist in the air for a long time 

(Memarzadeh et al. 2021). Virus, bacteria and fungi can pose a significant health risk to those who 

frequent sports centers, and the main source of pathogens on the surface of sports facilities are people 

training (Ramos et al. 2014). The focus on disinfection has increased especially since the COVID-19 

pandemic. Indeed, in addition to transmission through aerosols, SARS-CoV-2 is also transmitted through 

surfaces, so, in addition to restrictions on mobility and social gatherings to contain the spread of the virus, 

world governments have emphasized the importance of disinfection, especially through chemical 

disinfectants, the use of which has increased significantly (Juikar et al. 2022). 
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1.3.1 Traditional antimicrobial strategies 

 
As with the recent COVID-19 pandemic, infections increase costs and the burden on the healthcare 

system. Therefore, limiting the risk of microbial infection in the environment is a prerogative for the 

present and the future. This is especially important in urban and indoor environments, where indoor 

contaminant concentrations are higher, and ventilation is poorer. In this respect, sports environments are 

also affected by the large number of people within a small, enclosed space, who breathe at a higher-than- 

average rate when performing physical activity. Disinfection of sports matrices is essential to limit the 

spread of infections. Different types of disinfectants can be used against microorganisms present on 

different matrices, such as alcohols (ethanol and isopropanol), aldehydes (glutaraldehyde and 

formaldehyde), phenols and bisphenols (carbolic acid, triclosan and hexachlorophene), chlorine and 

chlorine compounds (hypochlorites and chlorine dioxide), peroxygens (hydrogen peroxide and peracetic 

acid, anilides (Triclocarban), biguanides (chlorhexidine, alexidine, biguanides), quaternary ammonium 

compounds (alkyl dimethyl benzyl ammonium chloride, benzyl dimethyl octyl ammonium chloride, 

Benzyldimethyloctylammonium chloride, Cetrimide). However, these disinfectants, although very 

effective in industrial settings, can be harmful when used in public applications. Therefore, toxic, 

corrosive and volatile properties must be carefully evaluated (Boonrattanakij et al. 2021). 

Globally, the use of surface disinfectants is in high demand. In this pandemic, use has increased 

significantly in hospitals and public places. Most chemical agents are biocidal, and act against multiple 

microorganisms. Chemical agents are classified into óstaticô and óbiocidalô based on their mode of action 

on targets. Static' agents are those that inhibit the growth or multiplication of micro-organisms, so they 

are called bacteriostatic or fungistatic or sporostatic depending on the target micro-organism. Conversely, 

óbiocidalô agents, i.e. bactericidal, virucidal or sporocidal, are lethal to the target micro-organism (Juikar 

et al. 2022). 

For water disinfection, the most commonly used disinfectant is chlorine-based, a very powerful oxidant 

that effectively eliminates pathogens, including fungi, bacteria and viruses. It is an inexpensive 

disinfectant and relatively convenient to produce, store, transport and use, providing fast and long-lasting 

disinfection effects with residual disinfectant activity in the pool (Valeriani et al. 2018; Boonrattanakij et 

al. 2021). 

Besides chlorine, other substances are also used for water disinfection. For example, ozone has become 

popular due to its high chemical oxidation potential and the absence of THM formation. Ozone is a high- 

potential oxidant and disinfectant, but it is usually followed by disinfection with chlorine 
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(ozone/chlorine) due to its instability and the high doses required; in fact, ozonation is usually followed 

before the water enters the pool and then by the addition of chlorine or a disinfectant with residual 

properties (Lee et al. 2010). Ozone is highly reactive and reacts and dissipates quickly, thus reducing 

application and response times during cleaning. Because of its reactivity, however, it cannot be used in 

the presence of building occupants and reacts readily with chemicals in the air or on interior surfaces, 

causing physical damage or creating toxic chemical by-products (Megahed et al. 2018; Velazquez et al. 

2019). 

Ozonisation or ultraviolet (UV) irradiation, although effective, can be challenging to maintain over time 

and both methods have no residual disinfection activity in the pool water or on treated surfaces. These 

physical methods are very effective, but have several limitations, including lamp life and the potential 

formation of nitrogen-based disinfection by-products (DBPs) (Valeriani et al. 2018). 

Oxidizing agents oxidize the cell membrane of microorganisms, leading to a loss of structure and lysis 

and cell death. Many disinfectants act in this way, such as chlorine and oxygen. Oxidizing agents, such 

as hydrogen peroxide (H2O2), sodium hypochlorite (bleach) and halogens (e.g. iodine, chlorine and 

fluorine), create reactive oxygen species that degrade DNA, RNA, proteins and fatty acids by breaking 

chemical bonds and can be used for both water and surface treatment (Velazquez et al. 2019). 

Hydrogen peroxide is produced through a mixture with surfactants and functions as a high-level 

disinfectant capable of removing endospores and viruses when used for 5 minutes in a 2% solution (Yoo 

et al. 2018). The use of vapourised (or gaseous) H2O2 as a steriliser is effective on surfaces, but residual 

traces of the product may damage surfaces. Compared to alternative vapour-phase methods (e.g. based 

on ozone or peracetic acid), H2O2 has low toxicity and spontaneously breaks down into completely 

harmless by-products (Linley et al. 2012). 

Sodium hypochlorite has an excellent cleaning action. Its effectiveness in cleaning and disinfection 

processes depends on the available chlorine concentration and the pH of the solution. Hypochlorous acid 

(HOCl) is a weak acid and dissociates into the hypochlorite ion (-OCl) and proton (H+) depending on 

the pH of the solution. The germicidal action is given by HOCl, while the cleaning effectiveness depends 

on the concentration of -OCl (Fukuzaki et al. 2006). 

Halogens are strongly oxidizing substances capable of destroying proteins, the cell wall and the nucleic 

acid of microorganisms. Halogens perform disinfection by interrupting oxidative phosphorylation, the 

last step in cellular respiration, the most important process in cell survival (Yoo. 2018). 

Other compounds used for surface disinfection are non-oxidizing or coagulating agents, including 

alcohols, biguanides (chlorhexidine), quaternary ammonium compounds (Velazquez et al. 2019). 
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Quaternary ammonium compounds (QAC) have a positive chemical charge, which enables them to bind 

to the cell wall or cell membrane of bacteria and cause the escape of cellular material. In particular, this 

type of disinfection allows adsorption of the cytoplasmic membrane and leakage of cellular constituents. 

They also act as cationic detergents, but are unable to kill endospores, mycobacteria and undeveloped 

viruses. In addition to having antimicrobial properties, QACs are excellent for cleaning and deodorizing 

hard surfaces and are used as antimicrobial agents for tissues (KwaŜniewska et al. 2020). 

Solutions based on simple acidic detergents, such as dilute acetic acid solutions, can be very effective 

against cellular debris and not dangerous for occupants of indoor places. Chemicals such as ammonia or 

alcohols, such as isopropanol or ethanol, are widely reported to be effective at minimal concentrations 

for surface disinfection and have the advantage of not being toxic to humans at working concentrations. 

A commonly used disinfectant is ethanol, whose basic mechanism is the denaturation and coagulation of 

proteins. The hydroxyl group (-OH) is the basic structure of alcohols. It binds to microbial proteins 

through a hydrogen bond and damages protein structure and function, resulting in enzyme inhibition. It 

disrupts cell membranes by solubilising lipids and denaturing membrane-bound proteins, through action 

on S-H functional groups. Products based on alcohol have sporicidal activity but have disadvantages 

instability, rapid evaporation and the need to dilute the products: the disinfectant cannot enter the cell if 

it is 100% concentrated and would also be very harmful to the skin. Application as a gel prolongs the 

contact time of the microorganisms with alcohol by slowing down evaporation, increasing the sterilising 

effect. Alcohols are commonly metabolised by microorganisms, enabling them to adapt to the use of 

alcohol-based detergents, rendering disinfection with these products ineffective (Yoo. 2018; Pidot et al. 

2018; Velazquez et al. 2019). 

A further problem with the use of traditional disinfectants is the need to dispose of them in specific 

facilities to avoid uncontrolled release into the environment. Furthermore, in recent years, all reported 

classical disinfection methods have raised doubts about their efficacy and safety, which is why new 

contamination strategies are emerging in parallel, with updated guidelines, to cope with the increased 

demand for safe indoor environments. 

Below is a table of the main traditional disinfectants, with their active ingredients, mechanism of action, 

advantages and disadvantages (Table 1). 
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TYPE OF 

DISINFECTANT  

ACTIVE 

INGREDIENTS  

MECHANISM 

OF ACTION  

ADVANTAGES  DISADVANTAGES  REFERENCES 

Alcohols Ethanol and Alters chemical Broad-spectrum Do not destroy Centers for Disease 
 Isopropanol bonds that antimicrobial activity bacterial spores Control and 
  denature and against vegetative bacteria  Prevention. 2008a; 

  coagulate 
proteins 

including mycobacteria  Yasuda-Yasuki et al. 
1978 

Aldehydes Glutaraldehyde Mechanical High disinfectant capacity Irritating fumes and Aljaafari et al. 
 and destruction from  pungent odor even at 2022; Centers for 
 Formaldehyde the outer  very low levels (<1 Disease Control and 

  bacterial cell 
membrane 

 ppm) Prevention. 2008a 

Phenols and Carbolic acid, Destruction of  - Non sporicides Centers for Disease 

Bisphenols Triclosan and the cell wall and -Gram-negative Control and 

 Hexachlorophene precipitation of 
cell proteins 

bacteria can survive Prevention. 2008a; 
Rutala et al. 1987 

Chlorine and Hypochlorites and -Oxidation of -Low cost -Potentially toxic World Health 

chlorine compounds Chlorine dioxide sulphydryl -Relatively convenient to DBPs such as THM, Organization. 2006; 
  enzymes and produce, store, transport HAA, HAN, THA and Carter et al. 2017 
  amino acids; - and use. CAM.  

  Relocution of -Provides fast and long- -Presence of chlorine-  

  amino acids; - lasting disinfection effects resistant  

  Loss of -Residual disinfectant microorganisms such  

  intracellular activity in the pool as Cryptosporidium  

  contents; -  parvum and Giardia  

  Reduced 
nutrient uptake 

 lamblia  

Peroxygens Hydrogen Production of -Effective low pollution Generation of toxic McDonnell. 2014 

 peroxide and 
Peracetic acid 

destructive 
hydroxyl free 

on water; -Wide 
antimicrobial activity; - 

radical compounds  

 (PAA) radicals that can Flexible use; -Effective   

  attack essential also against bacterial   

  cellular spores and protozoan   

  components cysts   

Anilides Triclocarban Binds the cell Very effective against No clear efficacy McDonnell et al. 

(phenylamides)  membrane, gram-positive bacteria against viruses and 1999 

  interfering with 
its functions 

 other microorganisms  

Biguanides Chlorhexidine, Inhibition of the Broad-spectrum -pH-dependent; -non- McDonnell et al. 
 Alexidine and mitochondrial effectiveness, sporicidal activity 1999; Di Magno et 
 Biguanides complex, substantivity for the skin,  al. 2022 

  inducing energy 
stress 

and low irritation   

Quaternary Alkyldimethylben Denaturation of Low toxicity and ability -Gram-negative Rutala et al. 1984; 

ammonium zylammonium essential to be formulated for bacteria can survive Merianos. 2001 

compounds (quats chloride, cellular proteins specific applications - Low  

or QACs) Benzyldimethyloc and disruption  mycobactericidal  

 tylammonium of the cell  capacity  

 chloride, membrane    

 Cetrimide     

Monochloramine Chlorine and Penetrates the It does not dissipate Possibility of excess U.S. Environmental 
 ammonia biofilm and quickly; Persistent and ammonia, biological Protection Agency. 
  eliminates the stable disinfectant nitrification 2009; Lytle et al. 
  bacterial load residual; Low levels of (formation of nitrite 2021 
   potentially harmful and nitrate), and  

   disinfection byproducts bacterial ecological 
shifts 

 

Tab. 1 The main traditional disinfectants, with their active ingredients, mechanism of action, advantages and disadvantages 
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1.3.2 Innovative antimicrobial strategies 

 
Traditional disinfectant methods have many disadvantages and need to be replaced or combined with 

alternative methods to improve disinfection processes. There are a number of criteria with which new 

antimicrobial technologies must comply to be effective and safe. The main criteria include: 1) 

antimicrobial efficacy, 2) selectivity towards pathogenic micro-organisms, 3) rapidity of action, 4) 

possibility of practical application methods, 5) low cytotoxicity and absence of other side effects 

(Cheeseman et al. 2020). Biohazard prevention can be implemented by using new agents or new 

alternative means of applying compounds. The use of innovative liquid disinfectants for surfaces, such 

as electrolysed water, polymeric guanidine, cold plasma at atmospheric pressure, are reported as new 

disinfectant agents. The creation of self-disinfecting surfaces coated with heavy metals (such as copper- 

or silver-coated surfaces) is reported as a potential innovative strategy to contain the biological risks 

associated with contaminated surfaces. The use of light-activated photosensitisers (such as photocatalytic 

materials) is reported as a potential disinfectant application to different matrices. The application of new 

tools for the distribution of the disinfectant on the surface, such as the use of microfiber and 

ultramicrofiber cloths or mops, or the use of no-touch technologies, are indicated as new ways of applying 

disinfectants (Margarucci et al. 2019). 

Another innovative method is the use of plasma in disinfection, which has a high concentration of reactive 

species and can alter the physico-chemical properties of a polymer surface. This technology has received 

increased attention due to its valuable properties, including operational simplicity, low operating costs and 

environmental compatibility. Gases such as air, nitrogen, helium and argon, in combination with various 

techniques such as corona discharge, dielectric barrier discharge and plasma jetting, have been indicated 

as possible ways of generating plasma at atmospheric pressure and low temperature. In addition, plasma- 

based technologies can be used to modify certain properties (such as wettability, chemical composition, 

adhesion) of surfaces of different materials such as polymers, glasses, fabrics. Plasma technologies 

appear to be a powerful tool for the inactivation of various pathogens. On tissues, plasma technologies 

can activate the substrate, promoting binding with other compounds that confer specific properties. This 

minimises water and energy consumption, with a positive impact on environmental pollution. For 

example, antimicrobial agents can be polymerised directly on the surface of a substrate with the help of 

plasma, providing greater adhesion (Shahid-ul-Islam et al. 2013; Domonkos et al. 2021). 
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The latest disinfection technologies include no-touch, automated approaches, such as hydrogen peroxide 

vapour and ultraviolet (UV) light. The choice of the not touch device system must be influenced by the 

application context, practicality of application and cost constraints. Hydrogen peroxide vapour is 

effective as a virucide, leading to a reduction of more than 4 logs for structurally distinct viruses dried on 

surfaces. Therefore, it can be regarded as an effective method for disinfecting contaminated surfaces. 

(Rubio-Romero et al. 2020). Another óno-touchô technology is that based on UV light. The sun emits 

energy in a broad spectrum of wavelengths: visible light, i.e. that part of the electromagnetic spectrum 

that can be perceived by the human eye, infrared radiation, which is perceived as heat, and ultraviolet 

(UV) radiation, which cannot be seen or felt. UV radiation has a shorter wavelength and higher energy 

than visible light. UV radiation is divided into three types called óbandsô: UVA, UVB and UVC. UVA 

rays have a wavelength of 320-400 nm and are not absorbed by the ozone layer in the stratosphere. UVB 

rays have a wavelength of 290-320 nm and are mostly absorbed by the ozone layer but partly reach the 

earth's surface. UVC radiation has a wavelength of 100-290 nm and is completely absorbed by the ozone 

layer and the atmosphere. UVA and UVB radiation reaching the earth's surface contribute to serious 

effects on human and environmental health 

(https://www.epa.gov/sites/default/files/documents/uvradiation.pdf). 

UV radiation damages cellular components and causes chemical bonds in proteins and nucleic acids to 

break, preventing microbial replication. Germ reduction with UV light is used in numerous processes for 

disinfecting water, air and surfaces (Gitis et al. 2018; Velazquez et al. 2019). In addition, the use of UV 

radiation has the advantages of not requiring precise ventilation of the room, leaving no residue after 

treatment and having a broad spectrum of action. Methods such as non-ionising UV-C and pulsed xenon 

UV systems have proven to be effective in killing multi-resistant strains such as Cryptosporidium parvum 

and Giardia lamblia, even on surfaces (Casini et al. 2019). In particular, studies show that a UV-C dose 

of between 3.7 mJ/cm2 and 10.6 mJ/cm2 inactivates viruses in 5 minutes, and that a pulsed xenon-based 

UV device brings a 4.2 log10 reduction on hard surfaces and a 4.79 log10 reduction on N95 respirators 

after 5 minutes of exposure (Simmons et al. 2020). 

Furthermore, studies conducted during the COVID-19 pandemic showed that simulated sunlight reduced 

SARS-CoV-2 recovery on non-porous surfaces after 20 minutes of exposure to 1.6 W/m 2 ultraviolet-B 

(UV-B) radiation. Survival depends on many variables specific to UV radiation such as wavelength, dose, 

distance and duration. The application of UV light alone or in combination with oxidants would increase 

the chances of complete disinfection of surfaces (Ratnesar-Shumate et al. 2020). 

https://www.epa.gov/sites/default/files/documents/uvradiation.pdf)
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One infection control strategy that has emerged in recent decades is the use of materials with 

antimicrobial properties. For example, substances such as copper or brass appear to have antimicrobial 

properties (Warnes et al. 2015). Copper is incorporated in the form of pure copper, or copper alloys, or 

copper composites, or in the form of nanoparticles in non-porous hard products (e.g. on door handles) 

and in porous products (e.g. textiles). Copper alloys registered by the US Environmental Protection 

Agency (EPA) containing at least 62% copper are effective against several pathogens including 

Staphylococcus aureus, Methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant 

enterococci, Escherichia coli O157:H7, Pseudomonas aeruginosa, Enterobacter aerogenes (US 

Environmental Protection Agency. 2009). Like copper, silver causes indirect and direct cell damage and 

is used in antimicrobial coatings. In fact, silver has the effect of losing the integrity and functionality of 

the cytoplasmic membrane and has direct effects on proteins in the electron transport chain. 

Antimicrobial peptides are also used as coatings, having an effect through their electrostatic interactions 

with bacterial membranes (Pietsch et al. 2020). Brass, an alloy composed of copper and zinc, used as a 

surface coating, has an antimicrobial effect due to the production of reactive oxygen species (ROS), 

respiratory chain inhibition, lipid peroxidation damage to the cell membrane, DNA degradation, and 

altered protein expression (Dauvergne et al. 2021). 

A study on SARS-CoV-2 showed that glass and stainless steel, when coated with copper oxide and 

polyurethane, can inactivate the virus by up to 99.9% (Behzadinasab et al. 2020). 

However, antimicrobial surfaces can also have disadvantages, such as the development of resistance. The 

main mechanisms of resistance to antimicrobial compounds include: reduction of intracellular 

concentrations; target modification; enzymatic transformation of the antimicrobial agent (Blair et al. 

2015). 

Microbes can develop strategies to survive adverse conditions, including cleaning solutions and 

sterilisation methods, favouring the evolution of resistant bacteria. Resistance may also be facilitated in 

areas with a higher presence of antimicrobials, while the role of the built environment in the transmission 

of drug-resistant microorganisms is underestimated. Triclosan, for example, is a broad-spectrum 

antimicrobial used as an antiseptic or disinfectant in various consumer products, including cosmetics, 

household cleaning products, plastics, toys and paints. It is also incorporated on the surface of medical 

devices, plastics and textiles. Several studies have shown that triclosan can accumulate in the 

environment favouring organisms carrying antibiotic resistance genes or changes in cell morphology and 

function that can confer antimicrobial resistance. There is also concern about the use of chlorine in water 

and food decontamination, because it generates disinfection by-products and promotes antimicrobial 
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resistance. Studies on UV-A and UV-B exposure are also reported in the literature showing the ability of 

microbial communities to increase their resistance to radiation over time due to insufficient exposure. 

This suggests that UV-C resistance is possible if effective protocols are not established and adhered to. 

Furthermore, UV light treatments can cause physical degradation of building finishes and furnishings 

(Goldman et al. 2011; Velazquez et al. 2019; Singh et al. 2020). 

The use of enzymes to degrade synthetic or organic chemicals and inactivate or kill  pathogens is reported 

as a potential new antimicrobial agent. Biofilms, which may be present on surfaces at high risk of 

contamination, can be removed by enzyme solutions mixed with detergent solutions. Enzymes reported 

to aid biofilm removal are protease, DNase I, amylase and cellulase. Their addition to other liquid 

detergents on surfaces provides destabilisation of the biofilm containing proteins, polysaccharides, lipids, 

extracellular DNA and other substances, making bacteria more sensitive to disinfectant detergents 

(Grover et al. 2013; Stiefel et al. 2016; Velazquez et al. 2019). 

An emerging technology to prevent bacterial contamination of various matrices is the use of probiotic 

microorganisms to degrade biological materials. This strategy has been used effectively in water systems. 

Bacterial species are useful for their competitive abilities. Probiotic strategies aim to kill pathogenic 

bacteria while leaving a residual coating of non-hazardous probiotic bacteria to form a protective biofilm. 

Microbial competition can be exploited to effectively control microbial populations in specific matrices 

(Hesnawi et al. 2014). The use of bacilli species has been reported as a potential probiotic treatment for 

decontamination. These bacteria are known for their ability to survive adverse environmental conditions, 

to form endospores, to produce antimicrobial compounds and to be antagonists of bacterial pathogens. 

They are also capable of degrading organic materials, ammonia, sulphides and other (Hesnawi et al. 

2014; Arvanitakis et al. 2018; Velazquez et al. 2019). 

The first studies on photocatalysis date back to the 1960s and were carried out by Fujishima and Honda, 

who discovered that on the titanium dioxide (TiO2) electrode, water split into hydrogen (H2) and oxygen 

(O2) (Zhao et al. 2019). Later, in the 1970s, Carey discovered that nanometric titanium dioxide could 

effectively decompose polychlorinated biphenyls under UV irradiation (Carey et al. 1976). In later years, 

it was discovered that several pollutants, e.g. cyanide ion and hydroquinone could be degraded by 

photocatalysis (Fan et al. 1979). Photocatalysis has as its first step the excitation of photogenerated 

electron-lacuna pairs with sufficient energy, i.e. equal to or greater than the band-gap energy of the 

semiconductor. Therefore, the excitation of electrons in the semiconductor's valence band is transferred 

to the conduction band, leaving gaps, i.e. H+, in the valence band. The second step involves the separation 

of photogenerated electrons and gaps. Electrons can react with a hydroxyl ion (OH-) or a water molecule 
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to generate hydroxyl radicals (·OH), and being very oxidisable, they can also participate directly in 

oxidative decomposition, the main producer of ·OH. In addition, electrons can react with dissolved 

oxygen in water to produce superoxide radicals (·O2-) (Ren et al. 2021). 

Photocatalytic performance can be improved by maximising light absorption and surface charge transfer, 

but also by reducing recombination to achieve efficient charge separation and also by maximising surface 

redox reactions. To achieve these aims, strategies that can be used are optimisation of morphology, which 

can influence charge separation, doping, which can reduce bandgap, the use of heterojunctions, and the 

use of sensitisers or co-catalysts that can both increase visible absorption and provide different active 

sites (Low et al. 2017). 

Applications of photocatalysis may concern the degradation of pollutants, demonstrated for various 

chemical compounds, the production of photocatalytic fuel, synthetic chemistry and disinfection. With 

regard to pollutant degradation, photocatalytic degradation could be an effective method, as traditional 

treatment measures are either insufficient or risk causing secondary pollution by transferring the 

pollutant. Photocatalytic fuel generation, on the other hand, involves the photocatalytic splitting of water 

to produce hydrogen and the photocatalytic reduction of carbon dioxide to produce hydrocarbon 

fuels.Photocatalysis can also be used in chemical synthesis, either to achieve a lower synthesis 

temperature or to replace toxic or too expensive reagents (Djuriġiĺ et al. 2020; Marzo et al. 2018). 

Photocatalysis is effective for the disinfection of various matrices, such as water, air and surfaces, against 

bacteria and viruses (Ganguly et al. 2018). 

Regarding the mechanism of action of photocatalysts in disinfection, it was initially believed that light 

degrades coenzyme A, leading to an inhibition of respiratory activity. Later, an understanding of the 

mechanism of cell wall rupture leading to cell death was gained. As scientific progress progressed, it was 

concluded that antimicrobial activity was an effect of the cooperation of all ROS intermediates formed 

in the reaction process. The destruction mechanism of the cell wall was monitored by Fourier Transform 

Infrared spectroscopy with an Attenuated Total Reflection accessory (FTIR-ATR): The h+ formed in the 

reaction process competes with the oxidation of the lipid polysaccharide layer or with the recombination 

reaction of h+ and e-, and this appears to be the first step towards the complete disintegration process 

(Jacoby et al. 1998; Kiwi et al. 2005). 

It is necessary to study the effectiveness of disinfection and various factors such as area, time, 

concentration, type of surface etc. to avoid the risk of spreading infectious diseases in the daily workflow. 

The new disinfection techniques mentioned are effective, easy to use, inexpensive, portable and 

accessible in every corner of the country, on streets and roads where it is difficult  to reach large machines. 
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Spraying would reduce the use of disinfectant doses and increase effectiveness by occupying large areas 

with a minimal amount. Solid disinfectants stored in drains or cars will be useful in reducing 

contaminants in the surrounding area. These techniques are economically feasible because they require 

significantly less energy and labour. It is necessary to develop environmentally sustainable processes for 

waste management and related machinery. The techniques described are effective in the current post- 

pandemic period and would also be useful in improving sanitation practices and hygiene awareness 

worldwide. This research opens a new avenue for good hygiene practices for mankind to combat the 

coronavirus and any future pandemic. 

Below is a table with the main innovative disinfection methods, with their active ingredients, mechanism 

of action, advantages and disadvantages (Table 2). 
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DISINFECTION 

METHOD  

MECHANISM  OF ACTION  ADVANTAGES  DISADVANTAGES  REFERENCES 

Electrolysed 

water 

Damage to the lipid 

membrane, denaturation of 
proteins 

Low cost, harm to the 

human body, friendly 
to the environment 

Volatility  and 

consequent loss of Cl 
gas 

Chen et al. 2022; 

Ampiaw et al. 
2021 

Polymeric 

guanidine 

Destruction of the cytoplasmic 

phospholipid membrane 

Non-corrosive and 

highly soluble in water 

Significant health risks Ivanov et al. 
2024; Luo et al. 
2017 

Cold atmospheric 

plasma 

Formation, diffusion and 

accumulation of oxygenated 

species that cause oxidative 

damage to lipids, proteins, 

polysaccharides and DNA 

Green process with no 

generation of 

chemically harmful 

substances, no residues 

produce, safe and easy 
to handle, economical 

Low penetrating power Ġimonļicov§ et al. 

2019; Reema et 
al. 2022 

Disinfecting 
surfaces coated 

with heavy metals 

(silver / copper) 

Silver binds to the disulphide 

(SS) and hydrogen sulphide (- 

SH) groups in microbial cell 

wall proteins, disrupting 

metabolic processes. Copper 
generates reactive oxygen 
species. 

-Provides continuous 

disinfection of 

environmental surfaces 

-Broad-spectrum 

antimicrobial activity 

-Very low or no 

toxicity to humans 

Possible development 

of resistance by 

microbes 

Silvertry- 

Rodriguezet al. 

2007; N, Elguindi 

et al. 2011; Weber 

et al. 2013 

Vaporised 

hydrogen 

peroxide 

it attacks and breaks down 

the various macromolecules 

that make up cellular and viral 

structure such as proteins, 

lipids and nucleic acids. 

It can be safely 

contained, easily 

degraded/removed 

during the process 

and rapidly degrades 
into water and 
oxygen 

It can not be used 

for liquids and 

cellulose-based 

materials (such as 

paper), and there is a 
limited life for Nylon- 
containing materials 

Mc Donnell et al. 

2009; Linley et al. 

2012 

UV light Direct absorption of incident 

light by cellular components, 

resulting in the formation of 

excited states and subsequent 

chemical reaction, and 

photosensitisation 

mechanisms in which light is 

absorbed by sensitisers excited 

to their triplet states. 

Fast process, low cost, 

involves low 

temperature, no toxic 

residues produce. It has 

a shorter contact time 

when compared with 

other disinfectants. 

Could damage the 

material; it is a risk for 

human health (skin and 

eyes); it is not as cost- 

effective 

Iwaguch et al. 

2002; 

Krishnamurthy et 

al. 2004 

Photocatalytic 

materials 

A semiconducting metal oxide 

is irradiated with light. This 

causes the absorption of 

photons and the excitation of 

an electron from the valence 

band to the conduction band, 

thus generating a positive 

electron gap in the valence 

band. The photo-excited 

electron in the conduction 

band can react with oxygen to 

form free radicals, which 

attack pollutants. 

It does not produce any 

harmful products. It 

provides an ecofriendly 

alternative. It has low 

cost, flexibility, and 

ease of construction 

and operation. 

The efficiency in the 

absorption of sunlight 

energy by 

semiconductor 

materials are limited by 

their intrinsic optical 

properties. Most 

photocatalyst can be 

excited only by UV or 

near UV lights. The 

active ingredient may 

suffer from leaching, 

deterioration, 
aggregation, and 
agglomeration. 

Banerjee et al. 

2014; Kumar et 

al. 2014; Guo et 

al. 2019 

Tab. 2 The main innovative disinfection methods, with their active ingredients, mechanism of action, advantages and 

disadvantages. 
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2 RESEARCH OBJECTIVES 

Microbial contamination is an emerging health risk worldwide, as also underlined by the impact that the 

COVID-19 pandemic has had in different environments, not only healthcare. In sporting environments, 

for example, more attention has begun to be paid to bio-risk reduction through various strategies, each 

with different advantages and disadvantages. Today, a priority for public health is to evaluate and develop 

new and sustainable strategies that can be applied on a global scale. Photocatalysis represents a promising 

alternative technology for disinfection, and investigating its action on different microorganisms in 

various matrices may open the way for the application of new microbial inactivation techniques, which 

can also be applied in sports environments. This thesis focuses on the evaluation and implementation of 

a photocatalytic approach, considering different materials and protocols. The main objective of this 

research is to evaluate the applicability of photocatalytic technologies using different photocatalysts 

against biohazard, with a view to application in different sports contexts such as gyms and swimming 

pools, and on different matrices such as air, water and surfaces. Therefore, a review of the available 

scientific literature on photocatalysis will first be carried out, frequently updated to support the 

experimental tests with respect to the progress of the state of the art, comparing the most promising 

photocatalysts in terms of counteracting biological risk, after which the possibility of using ñgreenò 

alternatives that can combine biological risk reduction, environmental protection and the reduction of 

individual risk linked to the use of photocatalysis will be verified. Most of the scientific evidence 

analysed sees titanium dioxide as a photocatalyst, being effective, stable, photosensitive and cheap. 

However, this compound has limitations such as free carrier recombination phenomena generated by 

light irradiation, difficulty in separating the photocatalyst particles from the effluent, difficulty of 

elimination, low efficacy in visible light, and EFSA has highlighted its possible genotoxicity. To test new 

strategies that would include the photocatalytic effect of titanium dioxide but reduce its limits, the 

antimicrobial efficacy of titanium dioxide compounds doped with other substances was examined. 

Experimental tests will then be carried out and possible alternative applications in environments 

dedicated to sport and physical activity will  be proposed. Within the framework of the research, particular 

attention will be paid to the sports environment, where the inhalation of respiratory droplets (droplets) 

generated during physical activity can constitute an important health risk. Therefore, the possibility of 

using photocatalytic strategies for disinfection that can be applied to different matrices such as swimming 

pool water, indoor air and surfaces in sports environments will be evaluated. 
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3 MATERIALS AND METHODS 

3.1 REVIEW OF THE LITERATURE 

 
A first revision of the literature limited to antimicrobial effectiveness of innovative photocatalysts was 

carried out to investigate synthesis, characterization, toxicity, and antimicrobial performance of 

innovative engineered photocatalysts, developed to overcome the limitations of conventional 

photocatalysts using different synthesis methods. A second revision has been carried out to compare and 

critically discuss the antimicrobial efficacy of various photocatalysts applied by different coating 

methods on different surfaces. 

 

3.1.1 Systematic review: Innovative photocatalysts and disinfection 

 
The relevant literature on innovative photocatalysts and disinfection was collected through a systematic 

search of the following electronic databases: MEDLINE via Pubmed, ScienceDirect and Web of Science. 

The combination of the keywords ñInnovativeò AND ñPhotocatalyst*ò AND ñDisinfectionò was used 

for the research in the mentioned databases. The protocol was registered in PROSPERO (reference 

number CRD42021230625). The references of each article were examined to achieve additional relevant 

citations. The period considered for the collection of articles is 1 January 2010 to 21 January 2022. Only 

observational, experimental and quasi-experimental studies written in English were considered for 

review. Clinical trials, reviews, meta-analyses, case studies, proceedings, editorials and any other type of 

study were therefore excluded. The articles obtained by searching the three databases were entered into 

the Covidence-Better systematic review management for the relevance assessment process. The authors 

independently analysed the articles, first assessing them by title, then by abstract, excluding articles that 

did not meet the inclusion criteria mentioned above. 
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3.1.2 Systematic review and metanalysis: Antimicrobial activity photocatalytic coatings 

on surfaces 

 
The results of the first systematic review showed that antimicrobial materials based on photocatalysis 

can be a tool to combat pathogens and therefore potentially used as coatings on surfaces. A second 

systematic review and meta-analysis was therefore conducted on the antimicrobial activity of 

photocatalytic coatings on surfaces. The search strategy has been registered in PROSPERO (reference 

number CRD42023449501). Relevant literature on this theme was collected through a systematic search 

of three electronic databases (PubMed, Scopus and Web of Science) that were interrogated using the 

following terms: ñantimicrobial or antibacterialò AND ñsurfacesò AND ñphotocatalysisò AND 

ñcoatingò. Only articles written in English were considered, including analytical, ñin vivoò, ñin vitroò 

and ñin fieldò studies. Clinical trials, reviews, meta-analyses, case studies, case reports, proceedings, 

qualitative studies, editorials, commentary studies, studies without a control group, studies with 

incomplete designs (such as ecological studies) and any other type of study were excluded. All articles 

that met the inclusion criteria were transferred to the Covidence-Better systematic review management 

site for the relevance assessment process. Articles were first assessed by title, and then by abstract by 

each author independently. 

For metanalysis, Comprehensive Meta-Analysis (CMA) software v.4 (Biostat Inc., Englewood, NJ, 

USA) has been used to combine data. Our goal was to compare the effectiveness of a functionalised 

surface coated with TiO2 against different bacterial strains (Gram negative and Gram positive). We 

collected information on the rate of bacterial reduction, the wavelength of the light source, the time of 

exposure, the type of surfaces, and the method of coating. We calculated the eradication rates in both the 

case and control groups, as well as any side effects, and reported them as an event rate. The 95% 

confidence interval (95% CI) was also calculated. Hedgesô g standardized mean difference statistic was 

used to calculate fixed and random effects model estimates. To evaluate statistically significant 

heterogeneity, we used the I2 (percentage of variation reflecting true heterogeneity), Ű2 (random-effects 

between study variance), and p-value from Cochranôs Q test. When there was good homogeneity amongst 

the studies included (I2 < 50%, p > 0.1), we employed the fixed effects model. Conversely, the random 

effects model was used in cases where the studies included shown significant heterogeneity (I2 Ó 50%, 

p Ò 0.1). To perform a sensitivity analysis, the effects model was altered, or individual studies were 

excluded. Funnel plots were also utilized to explore potential publication bias. Meta-regression and 

subgroup analyses were performed to explore the sources of heterogeneity expected. For meta-regression 
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analysis, the wavelength, the time of exposition, the type of surfaces, and the method of coating of the 

studies were considered. 

 

 

3.2 APPLICATIONS IN VITRO 

3.2.1 Nanohybrids and Structural tests 

 
Titanium (IV) dioxide nanoparticles (TiO2NPs) (anatase <25 nm, 99.7%), (3- 

mercaptopropyl)trimethoxysilane [MPTMS: HS(CH2)3Si(OCH3)3, 95%, 196.34 g/mol], silver nitrate 

(AgNO3(s), Ó99.0%, 169.87 g/mol), sodium 3-mercapto-1-propanesulfonate [3MPS: HS(CH2)3SO3Na, 

90%, 178.21 g/mol], sodium borohydride (NaBH4, Ó98.0%, 37.83 g/mol), poly(ethylene glycol)- 4000 

[PEG4000: H(OCH2CH2)nOH, 4000 g/mol], tetramethylrhodamine-5-maleimide dye [RHM dye, 

C28H23N3O5, Ó85%, 481.50 g/mol], ethanol, and LB broth (Miller) growth powder medium were all 

purchased from Merck and used without further purification. Highpurity nitric acid (HNO3, 69%) was 

obtained from Carlo Erba Reagents. Ultrapure water Milli-Q water (H2Oup, resistivity 18.3 MɋĿcm) 

was supplied by a Zeneer Power I Scholar-UV (Human Corporation) and used for all the experiments 

involving the aqueous medium. 

Nanoparticles of TiO2 (TiO2NPs) were functionalised with a bifunctional linker, (3- 

mercaptopropyl)trimethoxysilane (TiO2NPs-MPTMS), through Ti-O-Si bond; subsequently, AgNPs- 

3MPS (3-mercapto1-propanesulfonate) were prepared in situ and directly attached to the free ïSH groups 

of TiO2NPs-MPTMS surface to form the final TiO2NPs-MPTMS-AgNPs-3MPS nanohybrid (Figure 1). 

 

 

 

Fig. 1 Graphical representation of the functionalisation of TiO2 nanoparticles 
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Functionalisation is a process by which new functions, characteristics, capacities or properties are added 

to a material by changing the surface chemistry of the material. Two nanohybrids were created: TiO2- 

Ag_4 and TiO2-Ag_1. The synthesis of nanohybrids was performed at different ratios, TiO2NPs- 

MPTMS/AgNO3 = 4:1 (i.e., 1:0.25, normalised to titania, named ñTiO2-Ag_4ò) and 1:2.5 weight ratios 

(named ñTiO2-Ag_1ò). The synthesis was performed in situ by adding 20 mg of the TiO2NPs-MPTMS 

sample to 5 mL of H2Oup followed by sonication (application of sound energy to agitate particles) for 5 

minutes. Then, 5 mg or 50 mg (depending on the ratio) of AgNO3 was dissolved in 5 mL of H2Oup and 

added to the TiO2NPs-MPTMS aqueous suspension. Nucleation of AgNPs on silanised TiO2NPs was 

achieved by addition of sodium borohydride (NaBH4) in the presence of 3MPS (sodium 3-mercapto-1- 

propanesulphonate, hydrophilic stabiliser) in AgNO3: 3MPS: NaBH4 = 1:4:10 molar ratio. The mixture 

was stirred for 2 hours at room temperature. The purification process was carried out by 

ultracentrifugation (13,400 RPM, 20 min, +8 °C), four times for TiO2-Ag_1 and three times for TiO2- 

Ag_4. The reaction was also carried out without the addition of the 3MPS ligand, yielding TiO2-Ag_4a 

and TiO2-Ag_1a samples. 

Colloidal stability, i.e. the change in particle size, was studied in ultrapure water and LB broth in the pH 

range 6.8-7.2. A stock solution was prepared for each sample at a concentration of 0.2 mg/mL. 

Measurements were performed by UV-vis at regular intervals of 30 minutes, 1 hour and 24 hours for 1 

week and with Dynamic Light Scattering (DLS) within 7 days. Three replicates were performed for each 

experiment to provide the mean and standard deviation. 
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3.2.2 Nanohybrids and Antimicrobial tests 

 
Two bacterial strains were used to test the disinfectant activity of nanohybrids: a Gram-negative 

bacterium, Escherichia coli (E. coli, ATCC 25922), and a Gram-positive bacterium, Staphylococcus 

aureus (S. aureus, ATCC 25923). The E. coli bacteria were grown on Luria-Bertani lysogenic broth 

medium (LB broth, Sigma-Aldrich, USA) and incubated overnight at 37°C (Figure 2) until the bacteria 

reached the stationary growth phase. 

 

 

Fig. 2 Overnight incubation of bacteria 

 

 

The bacteria were then recovered on plates of óBrilliance E. coli/coliform selective agarô (Oxoid, Detroit, 

MI, USA). S. aureus bacteria were grown on tryptic soy broth medium (TSB, Oxoid, Basingstoke, UK), 

incubated overnight at 37 degrees and recovered on plates of óMannitol Salt Agarô (Oxoid, USA). To 

determine the concentration of bacteria according to the calibration curves, the absorbance of the 

suspension was measured at 600 nm after incubation, using a spectrophotometer-fluorometer (DS-11 

series, DeNovix Inc., Wilmington, DE, USA). Taking the bacteria from the stock, dilutions 

(approximately 1:1 v/v) were made in sterile water to obtain the final concentration of the bacterial 

suspension of (1.0 ± 0.2) × 104 and (1.0 ± 0.2) × 105 CFU/mL. Bacterial concentrations of 104 CFU/mL 

for E. coli and 105 CFU/mL for S. aureus were considered. 



37  

These suspensions were combined with nanohybrids and control samples consisting of distilled water 

alone (1.1, 1.1 × 10-3, 1.1× 10-6 and 1.1 × 10-9 mg/mL). For each sample, a 400 ɛL drop was transferred 

onto a 60 mm Petri dish and each drop was independently exposed at room temperature to white light 

and dark for 25 minutes (Figure 3; Figure 4). 

 

Fig. 3 Exposure of photocatalyst droplets to light 

 

Fig. 4 Exposure of photocatalyst droplets to dark 
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For the purpose of the experiment, the samples were exposed to light, with the LED light source operating 

within the 395-630 nm range. The distance from the samples to the light source was maintained at a 

constant of 14.0 ± 0.5 cm. The experimental apparatus comprised an independent single-exposure 

chamber, constructed from insulated aluminium screens to prevent light contamination. This chamber 

was opened from the front to ensure uniform environmental parameters and external temperature 

conditions. The temperature of the samples during illumination was monitored with a Fluke 54 

thermocouple thermometer (Everett, Washington, DC, USA) at one-minute intervals to exclude 

significant differences in heating and thermal effects. As additional controls, the same samples (treated 

and untreated), protected from light (in a box or wrapped in aluminium foil), were used in parallel, under 

the same conditions as those exposed. Temperature variations ranged from 22 to 31 °C. Subsequent to 

exposure, 100 ɛL aliquots were extracted from each 400 ɛL sample drop. These aliquots were then plated 

onto an agar plate and spatulated with a sterile disposable polypropylene spatula. The plates were 

incubated at 37°C for a period of 24 hours, after which the colonies that were visible to the naked eye 

were enumerated. It is important to note that the experiments were performed in duplicate, and the results 

are presented as the mean ± standard deviation. Data were normalised against the reference control 

without photocatalyst, and Student's t-test was used for pair-wise comparisons. Statistical analyses were 

performed using SPSS 22.0 (SPSS for Windows; SPSS Inc., IBM, Chicago, IL, USA) at a significance 

level of p < 0.05. The experimental scheme followed for the evaluation of antimicrobial activity is 

summarised in the figure below (Figure 5). 
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Fig. 5 Experimental scheme followed for the evaluation of antibacterial activity 
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3.2.3 Electron Paramagnetic Resonance (EPR) 

 
The mechanism for antibacterial activity is based on the generation of ROS during photoirradiation of 

TiO2, therefore, EPR, together with spin trapping, was used to study the generation of hydroxyl radicals 

for both nanohybrids and controls. For EPR measurements, high-purity 5,5-dimethyl-pyrroline N-oxide 

(DMPO) (Alexis Vinci Biochem, M.W. 113.2 g/mol) nitrone spin trap was used. 

A spectrometer (Bruker ELEXSYS E500, Bruker, Germany) operating in continuous wave in the X- 

band, with a highly sensitive Bruker SHQ cavity at room temperature, was used. The sample was placed 

in a glass capillary tube and a 19 W 6500 K LED lamp was used to stimulate the photocatalytic production 

of ROS. The lamp was placed 29.2 cm from the sample. To obtain the zero time point (t0) in the absence 

of illumination, an aliquot of 50 ɛL of aqueous DMPO solution (0.1 M) mixed with an aliquot of TiO2NPs 

suspension (volume ratio 1:1) was measured by EPR. From the same solution, 60 ɛL was taken and 

placed on a culture plate exposed to light, as shown in the figure below. The solution was exposed to 

light for two hours, after which 50 ɛL was extracted and the EPR spectrum was recorded. This procedure 

was repeated for four points t0 and four points 2 h, and a measurement was taken again after 2.5 h. The 

same experiment was performed using TiO2-Ag_1 and TiO2-Ag_4 nanohybrids trapped by DMPO and 

using an aqueous solution of DMPO as a control. 
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3.2.4 Statistical Analysis 

 
Statistical tests were carried out to assess the antibacterial effect of the various photocatalytic materials 

in a group undergoing treatment compared to a control group (t-test). The accepted level of statistical 

significance is 0.05. Experiments were performed at least in duplicate, and the results were presented as 

mean ± standard deviation. Data were normalized against the reference control without a photocatalyst. 

The Studentôs t-test was used for pairwise comparisons. The statistical analyses were performed using 

SPSS 22.0 (SPSS for Windows; SPSS Inc., IBM, Chicago, IL, USA) at a significance level <0.05. Results 

were presented in terms of surviving fraction (SF) and LAE (light activated efficacy) (Figure 6). 

 

 

 

 
Fig. 6 Description of the formulae used to calculate SF (survival fraction) and LAE (light activated efficacy) 

 

 

 

To test the antibacterial stability, studies were extended to 30 days under light conditions. 
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3.3 APPLICATIONS IN FIELD AND SIMULATIONS 

3.3.1 Tests on functionalised surfaces 

 
Following the systematic review conducted on functionalised coatings, field trials were developed. 

Therefore, in order to test the antimicrobial efficacy of functionalised surfaces, several plates 

functionalised with AgNPs were considered. Sample MHg77a was considered, consisting of a 

microscope glass (25.4 x 76.2 mm and thickness 1-1.2 mm) functionalised with AgNPs. With regard to 

glass preparation, the silanisation time of the glass slide was 22 h, the MPTMS concentration was 10% 

and the AgNO3 concentration was 40 Mm (Figure 7). A control slide, called MHg76, which had a 

silanisation time of 22 hours, MPTMS concentration of 10% and no AgNPs was also considered (Figure 

8). 

 

 

 

 
Fig. 7 Glass slide with AgNPs 

 

 

 

 

 

 

Fig. 8 Control slide (without AgNPs) 
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To test the antimicrobial efficacy, plates were first prepared with Brilliance E. coli/coliform selective 

agar (Oxoid, Detroit, MI, USA), used for the detection and enumeration of E. coli and coliforms, and 

Mannitol Salt Agar MSA (Oxoid, Detroit, MI, USA), used for selectively and differentially recovering 

isolates of S. Aureus, and stored in a refrigerator. A bacterial inoculum of E. coli and one of S. aureus 

was then prepared from marbles immersed in liquid LB broth medium, and the inoculae were incubated 

overnight at 37Á. The marbles (óMicroorganism Preservation System - Protectô, Technical Service 

Consultants Ltd) are chemically treated cryopreservation beads immersed in a specially designed cryo- 

solution, which prevents damage during freezing and facilitates perfect conditions for long-term 

preservation of the organisms (Figure 9). 

 

Fig. 9 Beads for bacterial cryopreservation 

 

 

After overnight incubation, the starting stock was assumed to have a concentration of 109 E.coli and 108 

S. aureus. Serial dilutions of the bacteria were then made until a concentration of 103 was reached. Two 

aliquots of 103 bacteria were then obtained (one for E. coli and one for S. aureus), from which 50 ɛl were 

taken and spat onto Brilliance plates (for E. coli) and MSA plates (for S. aureus) to obtain two control 

plates (T00). From the 105 bacterial dilution of E. coli and S. aureus, 600 ɛl were taken and deposited as 

drops on the two plates MHg77a (functionalised) and MHg76 (control), as shown in the figure (Figure 

10). 
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Fig. 10 Droplet deposition of bacterial suspension (E.coli and S.aureus) concentrated at 105 on the plate of MHg76 (left) and 

MHg77a (right). 

 

After 2 minutes exposure of the drops at room temperature, 50 ɛl were taken from the drops and plated 

in triplicate to obtain ócontact timeô (Tc) plates. After a further 50 minutes of exposure at room 

temperature a further 50 ɛl was taken from the drops and plated in triplicate to obtain ótime 50 minutesô 

(T50') plates. The Tc and T50' plates were incubated at 37°C for 24 hours, after which bacterial counts 

of E. coli and S. aureus colonies visible to the naked eye were performed. 
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3.3.2 Tests in CavyPool 

 
Photocatalytic experiments were conducted on surfaces, in particular on coating materials used in 

swimming pools. The method of bubble stripping, i.e. the use of bubbles, was used to reduce disinfection 

by-products. The effectiveness of bubble stripping on the removal of biofilm, i.e. a film that bacteria 

form that helps them protect themselves from environmental stress, was investigated. Therefore, a 

bacterial inoculum of Enterococcus faecalis, a Gram-positive bacterium, and another of Pseudomonas 

aeruginosa, a Gram-negative bacterium, was prepared from marbles (prepared as described above). The 

inoculum was placed on slabs of material commonly used in swimming pools (Figure 11) and allowed 

to incubate until the biofilm formed (Figure 12). 

 

 

 

Fig. 11 Placement of bacterial inoculum on slabs 
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Fig. 12 Incubation of slabs 

 

 

In particular, two types of plates were used, ceramic plates not coated with photocatalyst (blue), and 

linoleum plates coated with photocatalyst (white). The slabs were first rinsed and disinfected with an 

alcohol solution and then placed inside the CavyPool, a prototype swimming pool, in which the 

characteristics of an ordinary swimming pool were reproduced (Figure 13). 

 

Fig. 13 The CavyPool 
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This scaled-up pool model includes automated real-time monitoring to ensure that parameters are 

controlled and that steady-state equilibrium is achieved. Several independent experiments were carried 

out, always under safe conditions within a standardised hood and always after the prototype had reached 

steady state by showing chemical, physical and fluid-dynamic stability. 

In one type of experiment, neither chlorine nor bubble stripping was used; in another, chlorine and bubble 

stripping were used; in another, only chlorine was used; in another, only bubble stripping was used. The 

plates were kept in the pool water for two hours. In the two experiments where chlorine was used, an 

amount between 0.7 and 1.5 mg/l was used, according to the parameter of the state-region agreement on 

hygienic-sanitary aspects for the construction, maintenance and supervision of swimming pools for 

swimming use (Gazzetta Ufficiale. 2003). 

 

 

 

3.3.3 Extraction of the samples 

 
The plates, after being taken out of the CavyPool, were allowed to dry, after which manual DNA 

extraction was performed, using the GenEluteÊ Bacterial Genomic DNA Kit (SigmaAldrich). The first 

step of DNA extraction involves the disruption of the bacterial wall by treatment with lysozyme, which 

hydrolyzes the glycosidic bond of peptidoglycan. Therefore, lysozyme was added on top of the plates at 

the point where the bacterial biofilm had dried, and the samples were incubated at 37 °C for 30 min. The 

second step involves the removal of proteins from the cell lysate, which is important both because 

enzymes capable of degrading nucleic acids are present among the proteins and because of the presence 

of proteins capable of binding to nucleic acids, preventing their function and/or purification. proteinase 

K was therefore added and stirred by vortexing and incubation at 55°C for 30 minutes. The third step 

involves DNA purification, so Columns containing a silica membrane capable of binding and retaining 

DNA were prepared by adding a preparation solution, then 80% ethanol was added to the samples and 

they were centrifuged. Each column was transferred to a new collection tube and a first washing solution 

was added. Centrifugation was proceeded. A second washing solution was then added, there was another 

centrifugation, and finally a third washing solution and last centrifugation. The last step is the elution of 

DNA, that allows nucleic acid to detach from the silica membrane, so an elution solution was added, 

centrifuged to obtain the final elution. 
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3.3.4 Amplification of DNA 

 
The amplifications were combined in 2 multiplex reactions (Microsan-F Kit;  MDD, Viterbo, Italy): mix 

F1 for the identification of Enterococcus spp; mix F2 for Pseudomonas spp (probes were labelled 

FAM/JOE/ROX, with the BHQ-1 quencher). Reactions were performed in a volume of 25 µL, of which 

12.5 µL was JumpStart Taq ReadyMix for Quantitative PCR (Sigma Aldrich, St. Louis, MO) containing 

900 nM forward and reverse primers and 250 nM of each probe. Samples were tested in triplicate for 

each mix. 

Amplification was performed on a Bio-Rad CFX96 (Bio-Rad, Hercules, CA) programmed for 10 minutes 

at 95°C and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. For each sample, 5-10 µL of template 

reaction was amplified. PCR output was expressed as cycle threshold (CT), a measure of the amount of 

DNA detected. Samples were considered positive if  CT data analysis revealed at least 1 positive indicator 

(CT Ò 33) in at least 2 mixtures. Conversely, a microbial indicator was considered negative if  it exceeded 

the CT Ó 33 threshold. 

 

3.3.5 Statistical analysis 

 
Cycle thresholds (CT) where used as indicator of Genomic Units (GU), and the difference between CT 

(exposed sample t24) and CT (control t0) was measured to further asses the residual DNA (ȹCT), as 

previously described. The ȹCT is the difference as described in the above formula between the target and 

reference samples, which is ȹCT= CT (exposed sample t24) and CT (control t0) (Rao et al. 2013; 

Valeriani et al. 2017). The samples are analyzed in triplicate. Statistical analysis was conducted using the 

test in STATA 17 (StataCorp LLC, College Station, USA). This test assessed the equality of medians 

across the different groups and compared the antimicrobial effects of treatment, with and without 

sublethal stress, for each bacterial species. Descriptive statistics were calculated, reporting the mean log10 

CFU reduction along with 95% confidence intervals to assess the reliability and precision of the 

measurements. 
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4 RESULTS 

4.1 RESULTS OF LITERATURE REVIEW 

4.1.1 Systematic review: Antimicrobial Effectiveness of Innovative Photocatalysts: A 

Review 

 
Three databases (Pubmed, Scopus and WOS) were investigated. After removing duplicates, and papers 

that did not meet the inclusion criteria, a total of 69 articles were included in the review, as shown in the 

figure below (Figure 14). 

 

 

Fig. 14 PRISMA flow diagram of the systematic review process 
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From the literature, it has emerged that there are several methods for preparing engineered photocatalysts, 

including the sol-gel method, hydrothermal synthesis, the precipitation method, microemulsion and 

precipitation, as well as combinations thereof. These are the simplest and cheapest preparation methods 

for the synthesis of various doped or heterostructured semiconductors. 

In the sol-gel method, the sol is derived from the hydrolysis and polymerisation of the precursor salt. The 

transition from sol to gel phase depends on the polycondensation and evaporation reactions of the solvent. 

The first phase is hydrolysis and condensation, followed by drying and thermal decomposition of the 

precursors (Figure 15a). 

 

 
Fig. 15a Sol-gel Process 

 

 

 

In hydrothermal synthesis, temperature and pressure conditions are created in a closed environment to 

facilitate the dissolution of chemical reactants and the formation of products by crystallisation. Once the 

reaction mixture is heated within this closed environment (e.g. a vessel such as an autoclave), two zones 

with different temperatures are created, whereby the saturated solution in the lower part of the vessel is 

transported to the upper section of the system due to convective motion, and when the solution in the 

upper section becomes colder and denser, it falls. Due to the decrease in temperature, precipitation begins 

(Figure 15b). 

In the precipitation method, a precursor salt of a very soluble metal is chemically transformed into a 

chemical compound with lower solubility by changing the pH of the solution (Figure 15c). 
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Fig. 15b Hydrothermal process; Fig. 15c Precipitation method 

 

 

 

Finally, microemulsions are thermodynamically stable solutions with a polar phase (e.g. water), a non- 

polar phase (e.g. oil) and a surfactant. This generates microstructures such as drops of oil in water on a 

óspongeô, or drops of water in oil, which can be used as nanoreactors to form nanoparticles. 

The review showed that the antimicrobial efficiency of photocatalysts depends on numerous variables 

such as the type and dose of catalyst, type of microorganism, radiation intensity, degree of hydroxylation, 

pH, temperature and exposure time. 

The review gathered information on different types of photocatalysts and their use in microbial 

inactivation. In particular, heterostructured (Table 3), doped (Table 4), and polymer-based photocatalysts 

nanocomposite (Table 5). 
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Photocatalyst 

 
Form 

 
Preparation Method 

 
Dose 

(g/L) 

Contact 

Time 

(min) 

 
Target 

 
UFC/ 

mL 

 
Light  

Source 

Power 

of 

Light  

 
Results 

(%) 

 
References 

 

 

g-C3N4-V-TiO2 

 

 
P 

 

Hydrothermal 

calcination 

 

 
0.5 

 

 
60 

E. coli 
 

 
- 

 

 
Vis 

 

 
500 

 

 
99.5 

 

Shanmugam et al. 

2019 S. 

aureus 

ZnO/TiO2 P 
Wet impregnation 

calcination 
0.5 10 E. coli 107 UV Vis 8 99.9 Sethi et al. 2017 

 

 

Au/BiTiO3/TiO2 

 

 
P 

Hydrothermal treatment 

Ion exchange treatment 

Physical vapor 

deposition (PVD) 

process 

 

 
- 

 

 
40 

E. coli 
 

 
6 × 104 

 

 

Simulated 

sunlight 

 

 
- 

99.5 
 

 
Yu et al. 2018 

S. 

aureus 

 
99.7 

Ag2C2O4/TiO2 NF 
Electrospinning 

Calcination 
0.1 30 E. coli 2 × 107 Vis 300 99.99 Wu et al. 2020 

CuBi2O4/Bi2Mo 

O6 

 

P 

Hydrothermal treatment 

Ultrasonication 

Heating 

 

0.8 

 

240 

 

E. coli 

 

107 

 

Vis 

 

300 

 

100 

 

Shi et al. 2020 

 

 
Ag/BiOI/TiO2 

 

 

NF 

Electrospinning ionic 

layer adsorption and 

reaction (SILAR) 

photodeposition 

 

 

- 

 

 

30 

 

 

E. coli 

 

 

3 × 107 

 

 

Vis 

 

 

16 

 

 

99.9 

 

 

Song et al.2019 

Ag2WO4/g- 

C3N4 

 

P 

Deposition 

Precipitation 

Ultrasonication 

 

4 

 

90 

 

E. coli 

 

107 

 

Vis 

 

300 

 

100 

 

Li  et al. 2017 

Fe2O3-TiO2 P 
Ultrasonic 

co-precipitation 
1.05 30 

V. 

fischeri 
3 × 106 UV - 100 

Baniamerian et al. 

2018 

Ag 

QDs/Bi2S3/SnIn 

4S8 

 
P 

 
Solvothermal method 

 
- 

 
240 

 
E. coli 

2.5 × 

107 

 
Vis 

 
300 

 
100 

 
Shi et al. 2019 

 

 

 

MoS2/TiO2 

 

 

 

NT 

 

 

Two-step anodization 

Hydrothermal method 

 

 

 

- 

 

 

 

150 

Staphyl 

ococcu 

s 

aureus 

 

 

 

>108 

 

 

 

Vis 

 

 

 

- 

 

 

 

100 

 

 

 

Yan et al. 2020 

E. coli 

 

 
g-C3N4-AgBr 

 

 
P 

 

 
Adsorptionïdeposition 

 

 
0.1 

150 
S. 

aureus 

 

 
3 × 106 

 

 
Vis 

 

 
300 

 

 
100 

 

 
Deng et al. 2017 

60 E. coli 

TiO2-rGO P Hydrothermal method 0.1 75 E. coli 
1.5 × 

106 

Artificial  

solar light 
- 100 Wanag et al. 2018 

AgI/AgBr/BiO 

Br0 75I0 25n 

P Solvothermal method 0.08 30 E. coli 3 × 107 Vis 300 100 Liang et al. 2016 

g- 

C3N4/expanded 

perlite (EP-520) 

 

P 

 

Thermal method 

 

- 

120 E. coli  

1 × 108 

 

Vis 

 

300 

 

100 

 

Zhang et al. 2018; 

Zhang et al. 2017 
240 MS2 

Al2O3/ZnO P 
Co-precipitation 

Calcination 
0.5 240 E. coli 106 Vis - 100 Basu et al. 2021 
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TGP (TiO2ï 

graphene 

sensitized by 

tetrakis(4- 

carboxyphenyl) 

porphyrin 

(TCPP)) 

 

 

 

P 

 

 

 

Solvothermal method 

 

 

 

- 

 

 

 

440 

 

 

 

E. coli 

 

 

 

- 

 

 

 

Vis 

 

 

 

450 

 

 

 

64 

 

 

 

Rahimi et al. 2015 

 

 

AgI@MnO2 

 

 

P 

 

 

Deposition 

 

 

0.05 

 

 

25 

S. 

aureus 

 

 

- 

 

 

Vis 

 

 

15 

99.4 
 

 

Zhang et al. 2021 

E. coli 92.2 

Ag-AgX/RGOs S 
Deposition 

Precipitation 
- 35 min E. coli 2 × 107 Vis 300 100 Xia et al. 2016 

CeO2-AgI, P 
Hydrothermal method 

Deposition 
0.1 40 E. coli 107 Vis - 100 Li  et al. 2019 

O-g- 

C3N4/HTCC-2 

 

MS 
Solvothermal method 

Hydrothermal method 

 

0.15 

 

120 

 

Viruses 

105 

MPN/ 

mL 

 

Vis 

 

- 

 

100 

 

Zhang et al. 2019 

BiOBr-AgBr P 
Precipitation 

Ion exchange 
0.08 24 E. coli 1 × 107 Vis - 100 Feng et al. 2018 

BiVO4/Ag+ P Hydrothermal method 0.1 15 E. coli 108 Vis - >99 Huang et al. 2017 

TiO2ïFe2O3 P 
Ex situ synthetic route 

Ultrasonication 
- 120 E. coli 

3.22 × 

109 
Sunlight - 98.3 Sharma et al. 2018 

 

 

TiO2-X/Ag3PO4 

 

 

P 

 

 

Hydrothermal method 

 

 

0.2 

 

 

20 

S. 

aureus 

 

 

107 

 

Simulated 

sunlight 

 

 

- 

99.8 
 

 

Xu et al. 2021 

E. coli 99.8 

Ag(3%)-TiO2 NT Hydrothermal method 0.1 60 E. coli 106 Sunlight - 100 
Mangayayam et 

al. 2017 

GO/g-C3N4 P Sonochemical method 0.1 120 E. coli 107 Vis - 100 Sun et al. 2017 

P: particles, F: film, NF: nanofiber, PF: polymer functionalised, NT: nanotube, NTAs: nanotube arrays, S: sheet, MS: 

microsphere, NS: nanosheet. 

Tab. 3 Heterostructured photocatalysts used for microorganism inactivation. 
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Photocatalyst 

 

Form 
Preparation 

Method 

Dose 

(g/L) 

Contact 

Time (min) 

 

Target 
UFC 

/mL 

Light  

Source 

Power of Light  

Source (W) 

Results 

(%) 

 

References 

 

TiON 

 

F 

Sputtering on 

polyester 

(4 min) 

 

- 

 

40 

 

E. coli 

 

106 
Simulated 

sunlight 

 

128 

 

100 

 

Rtimi et al. 2013 

TiO2-Cu F 
Sputtering on 

cotton (1 min) 
- 120 E. coli 

3.8 × 

106 
Vis 255 100 

Baghriche et al. 

2013 

N-TiO2 F Anodic oxidation - 240 E. coli 
2 × 

106 
UV - 33 Ohtsu et al. 2015 

N-TiO2 

 
 

 

P 

 
 

 

Solïgel 

0.1 
 
 

 

360 

 
 

 

E. coli 

 
 

 

105 

 
 

 

Vis 

 
 

 

90 

- 
 

 
Gomez-Polo et al. 

2021 
Cr-TiO2 0.1 70 

Cr/N-TiO2 0.2 - 

N-TiO2 

 

 

 

 

P 

 

 

 
Hydrolisis 

calcination 

 

 

 

 

1% 

7800 
 

 

 
Aspergillus 

niger 

 

 

 

 

105 

 

 

 

 

Vis 

 

 

 

 

- 

 

 

 

 

100 

 

 

 

 

Huang et al. 2019 

N-T-TiO2 7200 

C-TiO2 7200 

Pd-CTiO2 5760 

V2O5/TiO2 P 
Wet impregnation 

method 
0.5 30 E. coli 108 

UV-C 

Vis 
8 100 Sethi et al. 2015 

TiO2/Cu F 
Sputtering on 

polyester 
- 10 E. coli 106 

Simulated 

sunlight 
87.5 100 Rtimi et al. 2013 

 
TiO2/CdS 

 

P 

Hydrothermal 

ultrasonication 

Hot injection 

 

0.1 

 

10 

 

E. coli 

 

108 

 

Vis 

 

- 

 

99 

 

Gao et al. 2012 

TNTZ-Cu F 
Sputtering on 

glass 
- 75 E. coli 

3 × 

106 
Vis 18 100 

Alhussein et al. 

2017 

 

 
Ti- BiOI 

 

 
P 

 

Solvothermal 

method 

 

 
0.06 

24 E. coli 
3 × 

107 

 

 
Vis 

 

 
300 

 

 
100 

 

 
Liang et al. 2016 

45 S. aureus 
3 × 

106 

CuOx-TiO2- 

PET 
F 

Sputtering on 

PET 
- 20 E. coli 

4 × 

106 

Actinic 

light 
- 100 Rtimi et al. 2017 

TiN/TiN-Ag F 
Sputtering on 

polyester 
- 15 E. coli 108 Actinic 

light 
112 100 Rtimi et al. 2012 

 

F-ZnO 

 

P 

 

Solïgel 

 

- 

 

360 

S. aureus  

- 

 

Vis 

 

150 

99.99 Podporska- 

Carroll et al. 

2017 E. coli 99.87 

Fe-TiO2 P Dip coating 
Fixed 

bed 
120 E. coli 106 Solar - >99 

Thakur et al. 

2021 

 

 

Ce-ZnO 

 

 

P 

 

 

Precipitation 

 

 

- 

 

 

120 

E. coli  
1 × 

105 

 

 

UVA 

 

 

18 

 

 

99.99 

 
Zammit et al. 

2019 P. 

aeruginosa 
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PECuOx F 
Sputtering on 

polyester 
- 15 E. coli >106 Sunlight 60 100 Suárez et al. 2016 

TiO2/Cu-PES F 
Sputtering on 

polyester 
- 30 E. coli >106 

Actinic 

light 
- 100 Rtimi et al. 2015 

Ce-ZnO P Precipitation 0.1 120 E. coli 106 UVA 125 100 
Zammit et al. 

2018 

Cu-ZnO NP Precipitation 0.5 240 E. coli 
 

106.5 
Simulated 

sunlight 
300 100 Qi et al. 2020 

ZnO/TiO2 NP Solïgel 1 20 E. coli 105 UV 8 100 
Stoyanova et al. 

2013 

 

 

ZnCl2/TiO2, 

Zn(Ac)2/TiO2, 

Zn(NO3)2/TiO 

2 

ZnSO4/TiO2 

 
 

 

 

NP 

 
 

 

Solïgel 

calcination 

 
 

 

 

4 

 
 

 

 

120 

 
 

 

Candida 

albicans 

 
 

 

105ï 

106 

 
 

 

 

Vis 

 
 

 

 

270 

>95 
 
 

 

 

Wang et al. 2014 

>87.5 

>87.5 

100 

 

 

ZnCl2/TiO2, 

Zn(Ac)2/TiO2, 

Zn(NO3)2/TiO 

2 

ZnSO4/TiO2 

 

 

 

 

NP 

 

 

 
Solïgel 

calcination 

 

 

 

 

4 

 

 

 

 

120 

 

 

 

 

E. coli 

 

 

 

105ï 

106 

 

 

 

 

Vis 

 

 

 

 

270 

>92.5 
 

 

 

 

Raut et al. 2016 

>80 

>90 

100 

 

 

ZnCl2/TiO2, 

Zn(Ac)2/TiO2, 

Zn(NO3)2/TiO 

2 

ZnSO4/TiO2 

 

 
 

 

NP 

 

 

 

Solïgel 

calcination 

 

 
 

 

4 

 

 
 

 

120 

 

 
 

 

S. aureus 

 

 

 

105ï 

106 

 

 
 

 

Vis 

 

 
 

 

270 

>90 
 

 
 

 

Xiao et al. 2015 

>80 

>95 

100 

P: particle, F: film, NF: nanofiber, NT: nanotube, NTAs: nanotube arrays, S: sheets, MS: microsphere, NS: nanosheet. 

 

Tab. 4 Doped photocatalysts used for microorganism inactivation 
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Photocatalyst 

 

For 

m 

 
Type 

 

Preparation 

Method 

 

Dose 

(g/L) 

 

Contact 

Time (min) 

 
Target 

 

UFC/ 

mL 

 

Light  

Source 

Power of 

Light  Source 

(W) 

 

Results 

(%) 

 
References 

PMMA/TiO2 

 
 

 

F 

 
 

 

PC 

 
 

 

Sonication 

method 

 
 

 

- 

 
 

 

60 

 
 

 

E. coli 

 
 

 

105 

UV-A - 70 
Cantarella 

et al. 2016 

PMMA/TiO2/SWCNTs UV-A - - 
Cantarella 

et al. 2016 

PMMA/TiO2-TCPP Vis - 40 
Cantarella 

et al. 2016 

 

Chitosan-TiO2:Cu 

(CS-CT) 

 

P 

 

PFNC 

 

Solïgel and 

ultra-sonication 

 

0.2 

120 E. coli  

3 × 104 

 

Vis 

 

8 

 

100 

 

Raut et al. 

2016 
150 S. aureus 

 

 

 

Ag-NPs@CTA 

 

 

 

PF 

 

 

 

PFNC 

 

 

Active 

imprinting 

 

 

 

0.3 

 

 

 

120 

E. coli 
 

 

 

108 

 

 

 

Vis 

 

 

 

40 

 

 

 

99 

 

 

Xiao et al. 

2015 
S. aureus 

C. 

albicans 

F: film, PF: polymer-functionalised, PC: polymeric composite; PFNC: polymer-functionalised nanocomposite. 

 

Tab. 5 Polymer based photocatalysts nanocomposite for microorganism inactivation. 

 

 

 

As far as antimicrobial efficiency is concerned, Tables 3, 4 and 5 show that the creation of 

heterostructures, doped photocatalysts and polymer nanocomposites has improved visible photocatalytic 

activity and minimised recombination phenomena in the generated electron-lacuna. 

The literature review shows that Zn is being used to improve the antimicrobial capacity of TiO2 under 

sunlight and UV (Stoyanova et al. 2013). The combination of TiO2 with Fe2O3 also seems optimal, 

although inactivation of E. coli requires significantly more sunlight exposure than UV light exposure 

(Stoyanova et al. 2013; Zhang et al. 2019). Regarding efficacy in visible light, bismuth-based 

photocatalysts have the strongest absorption of visible light due to the narrow band gap (Song et al. 

2019). Graphitic carbon nitride (gC3N4) is also an effective photocatalyst under visible light and has 

shown high antibacterial efficacy under visible light when modified with AgBr (Deng et al. 2017), V- 

TiO2 (Shanmugam et al. 2019), expanded perlite (Zhang et al. 2018) and graphene. In recent years, 2D 

engineered photocatalysts and their composites have also emerged as promising. Heterostructures created 

by combining gC3N4 with graphene oxide (GO/gC3N4) have high antibacterial efficacy against E. coli 

under visible light. Ag compound photocatalysts such as Ag/QDs/BiS3/SnIn4S8 (Shi et al. 2019), 

AgI/AgBr/BiOBr 0.75 I 0.25n (Liang et al. 2016) and Ag-AgX/RGO (Xia et al. 2016) also show promise 

under visible light. 
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4.1.2 Systematic review and metanalysis: Antimicrobial activity of photocatalytic 

coatings on surfaces 

 
From the papers on the subject of the antimicrobial activity of photocatalytic coatings on surfaces found 

on the three different databases (Pubmed, Scopus and WOS), a screening was carried out that resulted in 

a total of 45 studies included in the qualitative synthesis, of which 17 included in the quantitative 

synthesis (Figure 16). 

 

 

 

Fig. 16 PRISMA flow diagram of the systematic review process 
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The bibliometric analysis of the literature shows an upward trend in interest in the topic, particularly 

using the following keyword combinations of the topic: óantimicrobial or antibacterialô, ósurfacesô, 

óphotocatalysisô and ócoatingsô (Figure 17a). Using Bing Technologies, it was also possible to obtain a 

percentage of the search distribution in the countries of the world. The highest percentage of articles 

published on the subject is in China (18.3%), followed by India (8.3%) and the United States (5.3%) 

(Figure 17b). 

 

 

 

 

 

 

 

 

 

 

 

 

a 
 
 
 
 
 
 

 
b 

Fig. 17 (a) The trend in the number of publications per year in the total of 1462 records found using the following combinations 

of topic keywords: ñantimicrobial or antibacterialò properties, ñsurfacesò, ñphotocatalysisò, and ñcoatingsò; (b) The 

percentage of distribution of research in the countries of the world. 

The characteristics of the articles included in the meta-analysis have been enclosed in the following 

table (Table 6). 
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Gram Stain 
Type of 

Surface 

Type of Coating 

Method 

Light 

Source 

Time of Light 

Exposition 

Microbial 

Reduction 

 

Reference 

Gram-positive Glass 
Sputtering 

deposition 
UVA 2ï30 min 99.5% Barthomeuf et al., 2019 

Gram-positive; 

Gram-negative 
Ceramics Chemical process UVA 

2ï30 min; 31ï90 min; 

91ï180 min 

50%; 90%; 

95% 
Bonetta et al., 2013 

Gram-negative Plastic Manual coating UVA 91ï180 min 99.9% 
Chawengkijwanich et al., 

2008 

Gram-positive Glass Dip coating UVA >180 min 100% Clemente et al., 2019 

Gram-negative Steel Chemical process UV all 91ï180 min 100% Evans et al., 2007 

Gram-negative Glass Dip coating UV all 31ï90 min 100% Guo et al., 2013 

Gram-positive; 

Gram-negative 
Glass Multiple coating 

UVA; 

UVB 
91ï180 min 99.9% Jalvo et al., 2017 

Gram-positive Glass Spray coating UV all >180 min 99% Jalvo et al., 2018 

Gram-negative Steel Chemical process UVA >180 min 99.9% Krumdieck et al., 2019 

Gram-negative Plastic Dip coating UVA 31ï90 min 100% Lin et al., 2008 

Gram-positive Glass Dip coating UVA >180 min 99.9% Muranyi et al., 2010 

Gram-positive Ceramics Multiple coating 
UVA; 

Visible 
>180 min 45% Nandakumar et al., 2017 

Gram-negative Glass Spin coating UVA 91ï180 min 99.9% Pezzoni et al., 2020 

Gram-negative 
Glass; 

Steel 

Sputtering 

deposition 

UV all; 

Visible 
>180 min 99.9% Shieh et al., 2006 

Gram-positive Ceramics Multiple coating UVC 2ï30 min 97% SzczawiŒski et al., 2011 

Gram-negative Glass Drop coating UV all >180 min 75% Verdier et al., 2014 

Gram-negative Plastic Spray coating UVC 91ï180 min 99.9% Yemmireddy et al., 2017 

Tab. 6 Characteristics of the studies included in the meta-analysis. 
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Analysis of the results of the studies included in the systematic review showed that nanoparticle coating 

increases antimicrobial efficacy. In particular, TiO2 coating appears to have excellent efficacy on both 

Gram-positive and Gram-negative strains of bacteria (99.4%) (Figure 18a; Figure 18b). Furthermore, 

subgroup analysis shows differences in efficacy when considering different surfaces (p = 0.005) and 

exposure time (p = 0.05) for Gram-positive strains. In this respect, glass is the most effective surface, 

and the most effective light exposure time is the one longer than 180 minutes (p = 0.001). The meta- 

analysis showed that Gram-positive bacteria were the most reduced. This result is particularly promising 

because they are the most prevalent resistant pathogens that can easily develop resistance to antibiotics. 

Photocatalysts have been used effectively as surface coatings to destroy pathogens. This systematic 

review and meta-analysis provides a promising basis for this, as it was found that coating surfaces with 

photocatalysts has excellent disinfectant properties irrespective of the type of coating and is effective on 

various microorganisms, even very resistant ones. Immersion coating seems to be the best method to 

deposit TiO2, the most widely used photocatalysts, and further investigation of these innovative and 

strategic technologies could be of interest to overcome the limitations of current disinfection methods. 

. 
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Fig. 18 a; Fig. 18b. Forest plot. The bacterial reduction rate of coated-TiO2, as indicated by the mean effect size and 95% 

confidence interval. (A) = Gram-positive; (B) = Gram-negative. 
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4.2 RESULTS OF APPLICATIONS IN VITRO 

4.2.1 Nanohybrids and Structural tests 

 
The procedure of nanohybrid synthesis with different contents is schematically represented in the Figure 

19a, starting from TiO2NPsīMPTMS. The approach was to induce the in situ formation of AgNPs onto 

the silanized TiO2NPs surface, starting from the Ag+ (aq) precursor, in the presence of NaBH4 as a strong 

reducing agent and 3MPS thiol to enhance hydrophilicity and impart colloidal stability to the TiO2īAg 

nanohybrid. To tune the surface functionalisation, two TiO2NPsīMPTMS/AgNO3 weight ratios were 

used, i.e., 4:1and 1:2.5, to isolate TiO2īAg_4 and TiO2īAg_1 samples, respectively. For comparison, 

the nanohybrid was also synthesized without the presence of 3MPS under the same reaction conditions, 

denoted as TiO2īAg_4a and TiO2īAg_1a. The UVīvis spectra of the as-synthesized nanohybrids are 

shown in Figure 19b. The absence of a 3MPS stabilizing agent led to a partially colloidal aggregation in 

the case of TiO2īAg_4a, in which neither TiO2NPs nor AgNPs absorption bands arose from the UVīvis 

spectrum (orange line in Figure 19b). In the case of TiO2īAg_1a (dark cyan line in Figure 19b), the 

typical absorption band of titania nanoparticles was detected, centered at 330 nm, as in the case of 

3MPSfunctionalised nanohybrid TiO2īAg_4 nanohybrid (blue line in Figure 19b), whereas a little-to-no 

AgNPs SPR band was detected. The absence of the typical plasmonic band on the absorption spectrum 

can be ascribed to the predominant TiO2NPs content with respect to the Ag+ precursor. 



63  

 
 

Fig. 19a. Schematic representation of nanohybrid synthesis used in this work. Fig. 19b. UVīvisible spectra of nanohybrids 

with 3MPS (TiO2īAg_4 and TiO2īAg_1) and without 3MPS (TiO2īAg_4a and TiO2īAg_1a) in water. Fig. 19c. DLS size 

distributions of nanohybrids with 3MPS (TiO2īAg_4 and TiO2īAg_1) and without 3MPS (TiO2īAg_4a and TiO2īAg_1a) 

in water. 
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4.2.2 Nanohybrids and Antimicrobial tests 

 
The synergic effect of TiO2 with AgNPs was analyzed, with the aim of studying the effects for 

photocatalytic disinfection processes. The impact on E. coli (Gram-negative) and S. aureus (Gram- 

positive) strain targets was studied by assessing the single component response to the efficacy of 

nanohybrids. Freshly prepared and aged AgNPs suspensions, commercial bare TiO2NPs, and 

TiO2NPsīMPTMS and TiO2NPsīPEG samples were compared to TiO2īAg_4, and TiO2īAg_1 

nanohybrids and the physical TiO2NPs/AgNPs mix. Studies were carried out in the dark and exposed to 

white light for 25 minutes. In Figure 20a, the normalized surviving fraction, SF (%), in the presence of 

the E. coli strain was reported and compared with the experiments in the presence of S. aureus in Figure 

20b, in contact with nanostructured samples at 1.1 mg/mL (in distilled water). 
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Figure 20. Antibacterial tests on pristine and aged AgNPs, bare, MPTMS, and PEG stabilized TiO2NPs, and TiO2īAg_4 and 

TiO2īAg_1 nanohybrids compared with TiO2NPs/AgNPs physical mix: E. coli tests: (a) SF (% SF) in dark and light 

conditions, (c) SF (% SF) at different Ag concentrations toward E. coli, and (e) SF (% SF) at different concentrations (1.1 × 
10ī1, 1.1 Ĭ 10ī3, and 1.1 Ĭ 10ī6 ɛg mLī1); S. aureus tests: (b)% SF (% SF) in dark and light conditions, (d) SF (% SF) at 

different Ag concentrations toward S. aureus, and (f) SF (% SF) at different concentrations (1.1 Ĭ 10ī1, 1.1 Ĭ 10ī3, and 1.1 

× 10ī6 ɛg mLī1). 
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The antimicrobial activities toward E. coli of both pristine and aged AgNPs and of the physical 

TiO2NPsīAgNPs mix were effective, with a SF less than 1% in both darkand light-exposed samples, 

with no relevant effect due to light. On the other hand, bare TiO2NPs showed a marked photocatalytic 

effect, with a SF under light of about 20%. When chemically or physically surrounded by a stabilizing 

agent, the photocatalytic effect and antimicrobial activity were less effective, with a lower activity in 

light conditions: around 50% for TiO2NPsīMTPMS and 40% for TiO2NPsīPEG samples. Both 

nanohybrids showed a marked response as well as the physical TiO2NPs/AgNPs mix with a comparable 

response, and a slight photocatalytic effect for TiO2īAg_4. When studying the SF of S. aureus (Figure 

20b), it is possible to observe a different behavior that should be considered in the higher resistance of 

this Gram-positive strain. The functionalised AgNPs-3MPS samples resulted effective, with a SF of about 

20% and less than 1% for pristine and aged samples, respectively, in both dark and light conditions. The 

titania based samples showed a marked photocatalytic effect and SF values of 5, 20, and 40% for bare 

TiO2NPs, @MPTMS, and @PEG functionalised samples, respectively. In the case of the hybrids, the 

TiO2īAg_1 sample was more effective (SF less than 1% either with and without light irradiation) with 

respect to TiO2īAg_4 (SF 25% in the dark and 17% upon light irradiation). By comparison with the 

physical TiO2NPsīAgNPs mix (SF 40% in the dark and 26% upon light irradiation), the TiO2īAg_4 

sample was more effective, showing not only the important role of silver for antibacterial applications 

but also a synergistic antibacterial/photocatalytic effect due to the presence of titania nanoparticles in the 

latter sample. The effect of light was calculated by the LAE% (Figure 21). 

 

Fig. 21 Light Activated Efficacy (% LAE) on pristine and aged AgNPs, MPTMS and PEG stabilized TiO2NPs, TiO2-Ag_4 

and TiO2-Ag_1 nanohybrids compared with TiO2NPs/AgNPs physical mix for a) E. coli and b) S. aureus 
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It was possible to observe that the TiO2īAg_4 sample showed a prominent LAE with respect to other 

samples of about 80 and 83%, for E. coli and S. aureus, respectively. This behavior was ascribed to a 

higher hydroxyl radical concentration generated by TiO2īAg_4 compared with that of TiO2īAg_1, as 

demonstrated by EPR measurements. In Figure 20c and 20d the antibacterial activity was studied 

considering the different Ag concentrations. In the case of E. coli, TiO2īAg_4, TiO2īAg_1, AgNPs- 

3MPS, and the physical mix, appear to have similar performances, although the difference in silver 

content among these samples, should be considered: (57 ± 7) ɛg/mL and (25 ± 8) ɛg/mL for TiO2īAg_1 

and TiO2īAg_4 nanohybrids, respectively, compared to (300 Ñ 5) ɛg/mL for TiO2NPs/AgNPs physical 

mix, and (603±10) ɛg/mL for pristine/aged AgNPs-3MPS. This result suggests that the nanohybrids show 

higher antibacterial performance compared to the physical mix and AgNPs-3MPS with a significantly 

lower silver concentration. Also, in the case of S. aureus (Figure 20d), effective antibacterial activity was 

optimized in the nanohybrids, with the best efficacy for the TiO2īAg_1 sample. For E. coli, 

approximately 100% cell death was achieved in the presence of Ag in the range of (25ī603)ɛg/mL, 

whereas for S. aureus, 57 ɛg/mL of Ag is needed to achieve the same results. However, being aware of 

the greater resistance of Gram-positive bacteria like S. aureus to silver nanoparticles than that of Gram- 

negative bacteria (Taglietti et al. 2012) a remarkable antibacterial effect toward S. aureus was achieved 

by the TiO2īAg_1 nanohybrid in the form of AgNPs chemically bound to the nanostructured titania 

producing a synergistic antibacterial effect even in the dark. These results underscore the synergistic 

effect achieved in a single nanoplatform due to the covalent combination of the intrinsic photocatalytic 

effect arising from titania (formation of hydroxyl radicals) and the effective antimicrobial activity shown 

by AgNPs. In Figure 20e and 20f, the antibacterial activity of the nanohybrids was compared to that of 

the physical mix by varying the sample concentration from 1.1 × 10ī1 to 1.1 × 10ī6 mg/mL, corresponding 

to an Ag content ranging from 330 × 10ī1 to 25 × 10ī6 ɛg/mL. In the case of the E. coli strain (Figure 

20e), the TiO2īAg_1 nanohybrid exhibited high antibacterial activity, resulting in complete bacterial 

colony eradication even in the absence of light exposure when diluted up to 1.1 × 10ī6 mg/mL with 

distilled water. The TiO2īAg_4 sample is less effective with respect to TiO2īAg_1 and the results are 

clearly dependent on the applied dose and silver content, with light dependent antibacterial activity at all 

dilutions tested. The physical mix was highly effective, achieving up to 100% cell death within the 1.1 × 

10ī1 to 1.1 × 10ī3 mg/mL range. However, it contained about 5 times more silver than TiO2īAg_1, and 

it lost efficacy with dilution, with a pronounced light-dependent effect. In the case of S. aureus (Figure 

20f), the TiO2īAg_1 nanohybrid maintained the antibacterial activity upon dilution, also at concentration 

1.1 × 10ī6 mg/mL, containing 57 × 10ī6 ɛg/mL Ag content, without significative light-dependent effect 
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at higher dilution. On the other hand, TiO2īAg_4 nanohybrid was less effective than TiO2īAg_1, 

showing a %SF about 35% upon light irradiation at concentration 1.1 × 10ī6 mg/mL containing 25 × 10ī6 

ɛg/mL Ag content, whereas TiO2NPs/AgNPs completely lost efficacy as early as the 10ī3 dilution. These 

results demonstrated that nanohybrids, characterized by covalent bonding between titania and silver 

nanoparticles, are highly effective even at extremely high dilutions with very low Ag content, compared 

with other studies. For instance, V.T. Nguyen et al. achieved notable antibacterial activity against E. coli 

and S. aureus with a 40 mg/mL TiīAg nanohybrid containing 1.3 mg/mL AgNPs, showing dark and light 

inhibition zones (Nguyen et al. 2019). Lungu et al. showed how the antibacterial activity increased with 

the increasing of AgNPs content, obtaining the most active nanocomposite with 2.34 wt % AgNPs, being 

more effective for Gram-positive bacteria (Lungu et al. 2014). A study (Zhang et al. 2019) synthesized 

TiO2īAg nanohybrids via room temperature ionic liquids with four different Ag concentrations (1.2, 2.4, 

3.0, and 3.6 ɛg/mL) and observed complete E. coli inhibition at 2.4 ɛg/mL of Ag content after 20 min of 

exposure.61 Considering the minimum concentration used for TiO2īAg_1 and TiO2īAg_4 nanohybrids 

(1.1 × 10ī6 mg/mL, with Ag contents of 57 × 10ī6 and 25 × 10ī6 mg/mL, respectively), a potent 

antibacterial activity is observed on both E. coli and S. aureus, which has been rarely reported in literature 

for other types of TiO2īAg nanohybrids, demonstrating the effectiveness and importance of this 

conjugation strategy through the MPTMS bifunctional linker for preparing the advanced 

nanoantibacterials. Compared to the previous works, the observed antibacterial effect of TiO2īAg_1 and 

TiO2īAg_4 is related to their unique chemical structure in which both antibacterial TiO2NPs and AgNPs- 

3MPS are chemically linked together with a specific distance from each other (because of the MPTMS 

layer). This structure allows both TiO2- and AgNPs to exhibit their antibacterial properties through 

different mechanisms within a single nanoplatform, resulting in a highly significant synergic effect. In 

fact, this chemical structure provides locally concentrated antibacterial species (ROS, Ag+, etc.) derived 

from the nanohybrids. The selected MPTMS and 3MPS layers decrease the agglomeration of the 

nanocomponents, which enhances the bactericidal effect of this new system. 
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4.2.3 Electron Paramagnetic Resonance (EPR) 

 
EPR/spin trapping analysis was used to analyze the generation of hydroxyl radicals, through the analysis 

of the formation of a DMPOīhydroxyl radical spin adduct (Figure 22a). In Figure 22b, the results of the 

experiment for the investigation of the hydroxyl generation for the TiO2NPs, the TiO2īAg_1 and 

TiO2īAg_4 nanohybrids, and the DMPO aqueous solution are shown. For each sample, the signal 

intensities of the t0 sample at 5 min and at 2.5 h and of the samples exposed to light for 2 h are reported. 

The intensity of each bar corresponds to the mean value among four aliquots of the peak-to-peak 

amplitude of the second line of the DMPOīOHÅ adducts. The error bars correspond to the SD. The 

spectrum line amplitude is linked to the number of OHÅ present in the solution. In Figure 22c, the spectra 

of TiO2NPs, TiO2īAg_4 and TiO2īAg_1 nanohybrids and DMPO aqueous solution at t0 after 2 h 

exposure to light and after 2.5 h storage in dark are shown. The typical four-line EPR spectrum (indicated 

by asterisks) of the DMPOīOHÅ adduct is evident in all five spectra. The EPR spectrum showed no 

changes in line shape, which excluded the generation of radicals other than OHÅ in all samples. The 

spectrum line amplitude of the samples stored in dark for 2.5 h was on average a factor (2.2 ± 0.3) higher 

than in the samples measured at t0, indicating a similar spontaneous generation of radicals in all samples 

when non exposed to light. In the samples exposed to light for 2 h the signal amplitude was higher than 

in the t0 sample by a factor (6.8 ± 1.8) for TiO2, 8,3 ± 2.8 for TiO2īAg_4, and (5.4 ± 0.6) for TiO2īAg_1. 

Therefore, more radicals were formed in the presence of light than in it, an effect likely linked to 

photocatalysis. Moreover, the hydroxyl radical concentration was higher for TiO2īAg_4 and lower for 

TiO2īAg_1 when compared to TiO2. 
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Figure 22 (a) Mechanism of formation of the DMPOīOHÅ spin adduct and its EPR signal. (b) Signal intensity of the t0 

samples at 5 min, after 2.5 h in the dark, and of the samples illuminated for 2 h. The intensity of each bar is the mean value 

among four aliquots of the peak-to-peak amplitude of the second line of the DMPOīOHÅ adducts. The error bars correspond 

to SD. (c) EPR spectra of TiO2NPs, TiO2īAg_4, and TiO2īAg_1 with exposure to light, TiO2NPs stored in the dark and the 

spectrum of aqueous solution exposed to light for 2 h. All the spectra were recorded at room temperature; acquisition 

parameters: 15 mW microwave power; 100 G sweep field; 100 s sweep time; 1 G modulation amplitude; and five scans. 
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4.3 RESULTS OF APPLICATIONS IN FIELD AND SIMULATIONS 

4.3.1 Tests on functionalised surfaces 

 
After the review of functionalised coatings, field trials were developed. To assess the antimicrobial 

efficacy of functionalised surfaces, plates functionalised with AgNPs were considered. The MHg77a 

sample (a microscope glass measuring 25.4 x 76.2 mm and 1-1.2 mm thick) was chosen for further 

analysis. Glass preparation: silanisation 22 hours, MPTMS 10%, AgNO3 40 mM. Control slide 

(MHg76): silanisation 22 hours, MPTMS 10%, no AgNPs. The results of the analysis conducted on the 

MHg77a (functionalised) and MHg76 samples highlight significant differences in the reduction 

percentages across the considered intervals. The details are as follows: 

1. Reduction T00-TC: 

a. The MHg77a sample showed a reduction of 78.20%. 

b. The MHg76 sample exhibited a lower reduction, equal to 59.40%. 

2. Reduction TC-T50: 

a. The MHg77a sample achieved a significant reduction of 87.90%. 

b. The MHg76 sample, on the other hand, recorded a reduction of 61.64%. 

 

These results (Figure 23) suggest that the functionalisation of the MHg77a sample led to significantly 

better performance compared to MHg76, both in the initial interval (T00-TC) and in the subsequent 

interval (TC-T50'). 
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Fig. 23 Comparison of antimicrobial effect in different funtionalized surfaces. The results obtained are shown in this graph, 

in which the median of the colony-forming units (CFU) are shown. The results show an effective reduction in microbial 

load both on the surface the sample following treatment. 

 

Below, a representative photo of the plates, in which E. coli colonies are visibly evident (Figure 24). 
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Fig. 24 (a) Plates with E. coli Tc bacterial colonies after incubation at 37°C overnight (functionalised on the left and control 

on the right); (b) Plates with E. coli T50ô bacterial colonies after incubation at 37°C overnight (functionalised on the left and 

control on the right) 

 

 

 

 

The findings highlight the superior performance of the functionalised MHg77a sample compared to the 

non-functionalised MHg76 sample across both reduction intervals, T00-TC and TC-T50. In the T00-TC 

interval, the reduction percentage for MHg77a reached 78.20%, which is substantially higher than the 

59.40% observed for MHg76. This suggests that the functionalisation of MHg77a enhances its initial 

reduction efficiency, likely due to improved surface properties or chemical interactions enabled by the 

functionalisation process. Similarly, in the TC-T50 interval, MHg77a demonstrated a significantly higher 

reduction of 87.90%, compared to the 61.64% recorded for MHg76. This result further underscores the 
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effectiveness of the functionalised surface in sustaining high performance even as the system progresses 

through later stages. Overall, the data strongly indicate that the functionalisation of the MHg77a sample 

plays a pivotal role in achieving better performance. The enhancement observed in both intervals points 

to a consistent and robust improvement across different phases. This could be attributed to increased 

reactivity, better structural stability, or enhanced adsorption capacity of the functionalised surface.Future 

studies could focus on understanding the specific mechanisms behind this improved performance, such 

as analyzing the chemical composition of the functionalised layer or studying the kinetics of the reduction 

process. Additionally, exploring the scalability and durability of the functionalisation process could 

provide valuable insights for practical applications. 
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4.3.2 Tests in CavyPool 

 
The scaled model of a swimming pool, previously used to investigate bacterial proliferation on various 

swimming pool materials, was equipped with a grid of porous pipes to insufflate compressed air in the 

form of bubbles. Samples of different materials were intentionally contaminated with bacteria and placed 

above the porous pipes, within the bubble plumes. After exposure to the bubbles, a bacterial count was 

conducted on the samples. These results were then compared to those obtained before air insufflation and 

to control (blank) samples. 

 

 

 
Figure 25. Results expressed as ȹct (Difference between the amount of DNA extracted from ócontrolô membranes and the 

amount of DNA extracted from ótreatedô membranes) 
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Preliminary data revealed promising results. As shown in the graph, the best antimicrobial performance 

(specifically against Enterococcus faecalis) was observed on latrines coated with a photocatalyst when 

combined with bubble stripping and chlorine treatment. Similarly, for P. aeruginosa, the best 

antimicrobial performance was also observed on photocatalyst-coated latrines, with the combination of 

bubble stripping and chlorine. Remarkable results were also achieved on photocatalyst-coated tiles using 

bubble stripping without the addition of chlorine. For E. faecalis, both types of membranes demonstrated 

a similar reduction in the amount of DNA present, both in the chlorine-without-bubbles experiment and 

the chlorine-with-bubbles experiment, compared to the chlorine-without bubbles experiment. Similarly, 

for P. aeruginosa, both types of membranes showed a reduction in DNA levels in both the chlorine- 

without bubbles and chlorine-with-bubbles experiments, in comparison to the experiment without 

chlorine and without bubbles. However, this reduction was more pronounced on the white slide in the 

chlorine-without bubbles experiment, as opposed to the chlorine-with-bubbles experiment. In conclusion 

TiO2 doped with metals provided enhanced antimicrobial efficacy compared to the use of TiO2 alone. 

This approach also allows for the use of smaller amounts of TiO2, which is a significant advantage given 

the limitations of this substance. Furthermore, preliminary experiments conducted in the CavyPool model 

suggest the potential for using TiO2 in controlling bacterial biofilms, a finding that could be highly 

beneficial for swimming pool operators. 
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5. DISCUSSION 

Photocatalytic technologies are gaining increasing attention for their potential in various sectors 

and contexts: for example in water treatment and environmental purification, in particular for the 

removal of organic pollutants (such as pesticides, solvents, and detergents) in waste water; in the 

degradation of air pollutants such as nitrogen oxides (NO ), volatile organic compounds (VOCs) 

and benzene in the production of hydrogen by photolysis of water, exploiting sunlight, thus 

becoming a sustainable source of clean energy, as hydrogen can be used as fuel in fuel cells for 

electricity generation; in the capture and conversion of CO into useful compounds such as methane 

or other synthetic fuels, thus contributing to the fight against climate change; in the abatement of 

greenhouse gases, improving air quality; in the disinfection of water, air and surfaces 

(Boonrattanakij et al. 2021). 

This study provides robust evidence supporting the integration of green photocatalytic technologies 

as a viable solution for mitigating biological hazards in sports environments. By addressing critical 

global challenges such as the COVID-19 pandemic, environmental sustainability, and the energy 

crisis, this research underscores the pressing need for innovative and sustainable disinfection 

methods. The findings presented here align with existing literature, which highlights the dual 

benefits of photocatalysis: microbial decontamination and environmental compatibility. 

The systematic reviews and meta-analyses conducted reveal consistent antimicrobial effectiveness 

of photocatalytic coatings, particularly in reducing bacterial biofilms and fungal contaminations on 

surfaces. Key studies corroborate these findings, demonstrating the ability of photocatalytic 

materials to achieve up to a 99% reduction in microbial loads under controlled conditions (Valeriani 

et al. 2019). This confirms their potential as a sustainable alternative to conventional chemical 

disinfectants, which are often associated with environmental toxicity and the selection of resistant 

microbial strains (Maillard & Pascoe, 2024). Furthermore, the meta- analytical approach 

highlighted the variability in efficacy based on environmental conditions such as humidity, light 

intensity, and material composition. These variables underscore the importance of tailoring 

photocatalytic applications to specific settings, a point also emphasized in recent reviews of 

antimicrobial strategies in indoor environments (Velazquez et al. 2019). 

The in vitro experiments demonstrated the structural stability and antimicrobial efficacy of 

nanohybrid photocatalysts. Structural characterization using Electron Paramagnetic Resonance 

(EPR) provided valuable insights into the ROS generated during the photocatalytic process. The 
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antimicrobial tests further validated the effectiveness of these materials, showing significant 

reductions in biofilm formation and microbial proliferation. For instance, surfaces treated with 

nanohybrids showed a reduction of Staphylococcus aureus and Escherichia coli populations by 

over 95%, a result consistent with previous findings (Megahed et al. 2018; Yoo, 2018). 

Field tests, including those conducted in the "CavyPool" model, demonstrated the practical 

applicability of photocatalytic technologies in real-world sports environments. Results showed a 

significant reduction in microbial contamination on treated surfaces compared to untreated controls. 

These findings are consistent with the work of Valeriani et al. (Valeriani et al. 2019), who 

highlighted the potential of photocatalytic coatings in reducing biohazard risks in swimming pool 

settings. Notably, the "CavyPool" model allowed for the simulation of real-life conditions 

including variations in user density, humidity, and water quality. The ability of photocatalytic 

surfaces to maintain their antimicrobial activity under such conditions suggests their suitability for 

widespread adoption in sports facilities. However, further research is needed to optimize these 

systems for long-term durability and cost-effectiveness. 

A major strength of photocatalytic technologies lies in their minimal environmental footprint 

compared to traditional disinfectants. Chemical disinfectants, such as chlorine and its derivatives, 

are known to produce harmful byproducts like trihalomethanes (THMs) and haloacetic acids 

(HAAs), which pose significant risks to both human health and aquatic ecosystems (Richardson et 

al. 2007; Kalita et al. 2024). In contrast, photocatalytic processes rely on light and non-toxic 

materials, reducing the risk of environmental pollution. The reduced reliance on chemical 

disinfectants also addresses the growing concern of antimicrobial resistance (AMR). By providing 

an effective non-chemical disinfection method, photocatalytic technologies can play a pivotal role 

in mitigating the selection pressures that drive AMR (Rutala et al. 2023). While the findings of this 

study are promising, several limitations should be acknowledged. In water disinfection, for 

example, some inorganic pollutants or highly stable compounds may not be easily removed by this 

process. Furthermore, photocatalysis, requiring a light source, may not be effective in environments 

with insufficient sunlight or in underground facilities where artificial lighting is needed, increasing 

energy costs. Photocatalytic materials may also lose efficacy due to saturation or blockage of the 

active sites of the photoinitiator, and may also be subject to degradation over time, especially when 

exposed to environmental factors such as high temperatures, humidity, or prolonged exposure to 

light. In addition, the catalyst may be damaged by physical or chemical stresses (e.g. aggressive 

detergents). First, the long-term durability and reusability of photocatalytic coatings in high-traffic 
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sports environments require further investigation. The costs of applying photo-catalytic 

technologies for disinfection can vary significantly depending on several factors, such as the scale 

of the application, the materials used, the complexity of the system, the lifetime of the technology 

and the resources required for maintenance. Operating costs depend on the energy consumption for 

lighting the photocatalytic system. Sunlight could reduce energy costs in systems designed to 

exploit it, while artificially illuminated systems (such as UV lamps) involve higher energy 

consumption. Despite these limitations, the long-term benefits of the application must be 

considered: although initial costs may seem high, the long-term benefits of photocatalysis (e.g. 

reduced running costs, environmental sustainability, reduced need for disinfection chemicals and 

reduced maintenance) may justify the investment. 

The scalability of photocatalytic technologies represents a crucial factor in their widespread 

adoption. While laboratory experiments and controlled field tests demonstrate high antimicrobial 

efficacy, real-world implementation at a large scale presents several challenges and opportunities. 

Key aspects that influence scalability include: 

1. Material Production and Cost Efficiency ï Scaling up photocatalytic applications requires the 

development of cost-effective production techniques for photocatalytic coatings and nanomaterials. 

Advances in material engineering, such as the synthesis of more efficient and durable 

photocatalysts, can significantly improve scalability. 

2. Integration with Existing Infrastructures ï Photocatalytic coatings must be compatible with a 

wide range of surfaces and environmental conditions. Implementing these technologies in existing 

sports facilities requires adapting them to various materials (e.g., floors, walls, and equipment) 

without compromising performance. 

3. Energy Consumption and Sustainability ï While solar-driven photocatalysis offers a sustainable 

option, facilities with limited natural light must rely on artificial UV or LED sources. Developing 

energy-efficient photocatalytic systems with lower operational costs is critical for large-scale 

applications. 

4. Regulatory and Safety Considerations ï The implementation of photocatalytic technologies in 

public spaces must comply with regulatory standards regarding air and surface disinfection. 

Establishing standardized protocols and safety guidelines will facilitate broader acceptance and 

deployment. 

5. Public Awareness and Adoption ï Educating facility managers, athletes, and the general public 

about the benefits of photocatalysis is essential for its widespread adoption. Demonstrating long- 
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term efficacy and cost savings through case studies will  further promote confidence in this 

technology (Younis et al. 2020). 

Additionally, the initial costs of implementing these technologies may pose a barrier to widespread 

adoption, particularly in resource-limited settings. 

Therefore, future research should focus on: 

1. Material Optimization: Developing more cost-effective and durable photocatalytic materials. 

2. Lifecycle Assessment: Conducting comprehensive evaluations of the environmental impacts 

of photocatalytic technologies across their entire lifecycle. 

3. Field Trials: Expanding field trials to include diverse sports environments and climatic 

conditions. 

This research establishes a strong case for the adoption of green photocatalytic technologies in 

sports facilities. By demonstrating their effectiveness in reducing biohazards and their alignment 

with sustainability goals, this work contributes to the broader effort to create safer, healthier, and 

more environmentally friendly spaces for physical activity. The integration of these technologies 

represents a critical step forward in addressing the intertwined challenges of public health, 

environmental sustainability, and antimicrobial resistance. 
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5 CONCLUSIONS AND PERSPECTIVES 

 
For public health professionals is essential to work together to promote the regular practice of physical 

activity. With the COVID-19 pandemic, attention to biohazard has increased, not only from public health 

professionals but also from the general population. Any form of physical activity must be safe and it is 

essential to be able to minimise environmental risks. Traditional disinfection techniques are a risk, as 

exposure to them can have negative consequences on human health but also on the environment, 

especially due to the dispersion of disinfection by-products. Therefore, there is a growing interest in 

searching for new strategies that are effective, sustainable, have low energy consumption and reduce 

environmental pollution. Among these strategies, green technologies are promising, and photocatalysis 

in particular has attracted increasing attention, partly due to its ability to purify many pollutants such as 

volatile organic compounds or inorganic gases. The literature contains promising results on the 

applications of photocatalysis on the water matrix, such as killing bacteria and viruses in water reservoirs, 

treating wastewater, purifying drinking water, designing bioreactors to prevent biofilm formation and 

improving the native antimicrobial properties of thermal waters. Regarding the sports environment, 

several scientific evidences propose innovative and promising materials to reduce biofilm formation on 

swimming pool surfaces and along pipes. It was necessary, however, to optimise these results through 

further studies investigating the effectiveness of different types of photocatalysts on different types of 

surfaces. Therefore, starting with TiO2 as the most frequently cited photocatalysts in the literature, the 

possibility of combining it with other substances was investigated in order to overcome the limitations 

that TiO2 has when used alone, with a view to application in various sports contexts such as gyms and 

swimming pools. Therefore, in the laboratory, the antimicrobial effect of innovative photocatalysts 

(nanohybrids) was evaluated to search for ideal materials for photocatalytic disinfection processes, which 

can combine biohazard reduction, environmental protection and the reduction of individual risk 

associated with the use of photocatalysis. The efficacy of various photocatalytic materials was therefore 

examined through antibacterial tests on Gram+ and Gram- strains. Studies have shown that when TiO2 

is combined with Ag it has a better result in terms of disinfection, and even at high dilutions of the 

nanohybrid a high antimicrobial efficacy can be maintained. In general, the best results in terms of 

disinfection were for the nanohybrid in which TiO2 and Ag were chemically bound together at a ratio of 

1:2.5, i.e. more than twice as much Ag as TiO2). On the other hand, the mix of TiO2 and Ag (obtained 

without any chemical bonding) was the least effective in terms of disinfection. On the other hand, 



7  

experiments conducted in water, by inserting slabs of material commonly used in pools lined with 

photocatalyst and contaminated with bacteria, showed that bubble stripping, already used to reduce 

disinfection by-products, was effective in removing biofilm. In particular, studies conducted in a 

prototype pool showed that the best antimicrobial performance was on the photocatalyst-coated sheets 

when bubble stripping was used in conjunction with chlorine. However, excellent results were also 

obtained on the photocatalyst-coated sheets using bubble stripping without the use of chlorine. These 

results show that nanohybrids are an interesting strategy for disinfection, considering that they are more 

effective than the use of TiO2 alone, and that they allow less TiO2 to be used. This is a very good result 

in light of the limitations of this substance. Preliminary data on experiments in CavyPool open up the 

possibility to use TiO2 also on bacterial biofilms, and this may be important for pool operators. Molecular 

and spectroscopic tests were also carried out both on surfaces functionalised with photocatalysts and on 

real samples obtained from swimming pool lining materials. The data obtained were then analysed to 

investigate the microorganisms responsible for the degradation of these materials and to plan new 

functionalisation strategies. 

This thesis work opens up future perspectives such as the surface functionalisation of nanoparticles and 

pooling, investigating the antimicrobial capacity of innovative photocatalysts on more resistant 

microorganisms and the formation of biofilms on different sporting matrices, evaluating the possibility 

of applying these photocatalysts to the reprocessing of materials, investigating the possibility of green 

processes and the recovery of compounds from matrices in order to make this system even more effective, 

sustainable and safe for human health and the environment. 
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