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Indoor residents are constantly exposed to dynamic microbiota that have significant health effects. In addition to hand hygiene, cleaning, and disinfection, antimicrobial coatings (AMCs) can prevent the spread of infectious diseases in public areas. The sustainable use of antimicrobial-coated products requires an assessment of their pros and cons for human health and the environment. The toxicity and resistance risks of AMCs have been considered, but large-scale genetic studies on the microbial community compositions and resistomes of AMCs are scarce. The use of an AMC can reduce the total number of microbes on a surface but poses the risk of dysbiosis, microbial imbalance, such as the polarized growth of metallophilic, metal- and antimicrobial-resistant, and other survivor bacteria, and the overall reduction of microbial diversity. Loss of diversity may lead to the enrichment of harmful bacteria and an increased risk of communicable or immunological non-communicable inflammatory diseases (NCDs). In public buildings, such as kindergartens and nursing homes for the elderly, the use of AMCs is likely to increase due to epidemics and pandemics in recent years. Therefore, comprehensive metagenomic research is needed to monitor the effects of AMCs on indoor microbial community compositions and functions. Although the determination of good indoor microbiota and homeostasis is difficult, microbial communities that have health-protective or harmful effects can and should be identified using a metagenomic sequencing approach before the large-scale implementation of AMCs.
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1 INTRODUCTION
The interactions between human hosts and microbes have changed due to population growth, diet change, urbanization, increased travel, habitat pollution, disinfectant use, synthetic construction, and utility material use, medications such as broad-spectrum antibiotics, and historical events in recent centuries (Davenport et al., 2017; Prescott et al., 2017; Parajuli et al., 2018; SanMiguel et al., 2018; Ahn and Hayes, 2021; Danko et al., 2021). The adaptation ability of humans to coexist with microbes in the natural environment has come a long way, raising the need for a comprehensive and long-term approach to understanding and combating challenges such as epidemics and pandemics. Our lives are completely dependent on microbes in and around us, and our coexistence with microbes usually involves a harmonious symbiosis of entities that maintain health and function (Kilian et al., 2016).
The human body is home to trillions of microbes residing in the small and large intestines, saliva, stomach, dental plaque, and skin. Each person has their own microbiota—a term that refers to all microbes within a certain area—and the organs in a human body are inhabited by different microbiota colonizing their niches (Sender et al., 2016; Scotti et al., 2017; Dekaboruah et al., 2020). For instance, the level of skin microbiota stays modulated throughout its lifetime, and the diversity of the gut microbiota increases and develops gradually during the first 3 years. However, factors such as birth mode, antibiotic exposure, and geographical location can change the species-specific abundance of gut microbiota. After early childhood, microbiota diversity continues to develop throughout an individual’s life. A Western lifestyle, which includes living indoors in a built environment with low exposure to natural microbes, can reduce microbial diversity in human habitats and bodies. (Yatsunenko et al., 2012; Moskovicz et al., 2020; Niu et al., 2020).
Indoor microbiota constitute an integral part of human life and are linked to health and wellbeing (Kumar et al., 2021). The community composition and dynamics of indoor microbes are affected by the features of the building (Table 1), such as heating, ventilation, water-damaged materials, and dust resuspension, the building’s occupants (e.g., humans, pets, and plants) and their behaviors, and the outdoor environment (Adams et al., 2015; Prussin and Marr, 2015). Microbial eradication is required to prevent the spread of infectious diseases in built environments, even though the need for beneficial microbes is known. Cleaning, disinfection, and hand hygiene are traditional methods of preventing the spread of infectious diseases. Antimicrobial coating (AMC) gained attention as a supplementary method during the COVID-19 pandemic, as contaminated surfaces provided considerable pathways for the spread of pathogens (Lei et al., 2017).
TABLE 1 | Common microbial sources of surfaces and air in the indoor environment. The features of the building, the building’s occupants, and the outdoor environment affect the species and prevalence of the microbial organism (Prussin and Marr, 2015; Kumar et al., 2021). Fungal contamination with spores and mycotoxins, for example in damp houses, may cause increased health concerns. Some microbes are beneficial to health, especially from outdoors, and others are pathogenic.
[image: Table 1]Many important research results have already been published on COVID-19 infection prevention, but more solutions are needed. Riddell et al. (2020) showed that the viable SARS-CoV-2 virus could be isolated for up to 28 days at 20°C from common surfaces but the virus survived for less than 24 h at 40°C. Joonaki et al. (2020) called for research on the interaction between virus and surface. The molecular mechanisms that control the adsorption, desorption, and spreading of the virus from surfaces should be clarified. The effects of the chemistry of solid surfaces, such as pH values, relative humidity, and temperature, on virus adsorption and stability under varying conditions have not been adequately studied. The pandemic has shown that communities need to be prepared for emerging virus outbreaks. Social distancing, lockdown, case detection, isolation, contact tracing, and quarantine of exposed have been found to be the most efficient disease-controlling actions (Khanna et al., 2020). But the effectiveness of lockdowns is reduced due to insufficient or delayed action. Sweden’s strategy was initially to use the emergence of natural immunity to prevent the pandemic, which soon proved to be an ineffective measure (Stenseth et al., 2021). Global vaccination campaigns proved effective against COVID-19 disease spreading but the emergence of different variants of the virus (Figure 1) has weakened the effectiveness of vaccines (Corey et al., 2021; Planas et al., 2022) Intranasal administration of a prophylactic and therapeutic small-molecule compound or lipoprotein has shown promising effects in preventing and treating SARS-COVID-2 infection, but the studies are still incomplete. (de Vries et al., 2021; Shapira et al., 2022). Whether AMCs can be an effective, adaptive design solution for combating the spread of infections and keeping the indoor environment healthy remains to be determined.
[image: Figure 1]FIGURE 1 | Distribution and phylogeny of SARS-Cov-2 variants (A) Data from GenBank has been used to visualize the genomic epidemiology of SARS-CoV-2 globally over the past 6 months. The graph shows mutations of 2,853 genomes sampled between December 2019 and October 2022 and is constructed by Nextstrain. (B) The chart visualizes the phylogenetic tree of SARS-CoV-2 variants. The phylogeny tree is enabled by Nextstrain (Hadfield et al., 2018).
The pros and cons of AMCs should be carefully weighed before their widespread use. Continuous development and safety evaluations of AMCs are needed to create increasingly better health-promoting elements (Imani et al., 2020). We have previously contributed to many surveys, reports, and publications concerning the benefits of AMCs and different innovations to prevent the spread of infectious diseases, and we have also critically considered antimicrobial resistance (AMR) and ecotoxicological issues related to AMCs (Ahonen et al., 2017; Rosenberg et al., 2019b; Dunne et al., 2020; Pietsch et al., 2020; Blomberg et al., 2022). In this paper, we take a closer look at microbial ecology concerns with regard to hypothetical microbial community compositions and functional changes in AMCs, which are issues that have received little attention in AMC studies. To our knowledge, no AMC innovations for indoor surfaces have been developed to selectively degrade pathogens and leave vital, health-beneficial microbes undisturbed. By focusing on the skewed structures of microbial communities that affect human health, we address the risk of AMR in metal-based AMCs and the non-selective manipulation of microbial growth by AMCs. Further, we justify the benefits of metagenomic research on AMC monitoring and, based on evolutionarily important nature-derived microbes, provide future prospects, and suggestions for shaping indoor microbiota in hygiene design to support human health.
2 INTERPLAY BETWEEN HUMANS AND MICROBES
Prior to the use of indoor antimicrobial solutions, care should be taken not to create conditions that expose pathogenic microbes to positive selection pressure within the microbiota. Although the idea of a living and dynamic microbiota as a health promoter is not yet widely accepted, studies have utilized the deliberate addition of benign microbes to control the negative health effects of pathogenic microbes (Horve et al., 2020). When the abundance of benign microbes decreases indoors, the competition between benign and pathogenic microbes for resources and a safe habitat reduces, allowing pathogens to become enriched in the microbiota if they can outcompete benign strains (Anttila et al., 2013; Bauer et al., 2018; Paquette et al., 2018). As Stevens et al. (2021) reported in their review, the interactions within a microbiota are complex. Although resident microbial species can form a defense against pathogens, resident microbiota can aid pathogenic species in proliferating via metabolic cross-feeding. In terms of human host health, the substantial benefits of microbiota outweigh the potential harms (Stevens et al., 2021). Microbes can also act as host defenders against parasites; defensive microbes can, for example, provide a complementary or substitute repertoire for host immunity, reduce parasite infectivity, produce toxic compounds, and kill parasites or reduce parasitic growth. The complex tripartite coevolution between hosts, defensive microbes, and parasites can contribute to the health of the human host (Ford and King, 2016; King and Bonsall, 2017).
It is important to look at the complex evolutionary history of microbes and humans, as the interplay between the two groups is changing significantly due to overpopulation, industrialization, urbanization, travel, and the use of antimicrobial products. Throughout our existence, human host control and microbial competition have formed an interplay that can explain the human health benefits of microbiota. Population genetics and community genetics can be utilized to model the evolutionary processes of hosts and microbiomes (a term that refers to the collection of all microbial genomes in a certain habitat). Evolutionary views may also come together to provide a universal perspective for studying indoor microbiota and their effects on human health (Davenport et al., 2017; Foster et al., 2017). For example, genetic mutations can alter the complex population genetic processes and functional characteristics of a microbiome, such as its ability to obtain nutrients from food, metabolize drugs, avoid antibiotic effects, and form an immune response in the host—traits that affect the health of a human host (Garud and Pollard, 2020). The microbiome of a host codes more genes than the host itself and can increase the range of the host genome, providing the host with an advantage of adapting to a new environment. Microbiota’s contributions to host phenotypic variations and evolution have been neglected in past studies, and many challenges still exist in this field of research. However, advancements in genetic characterization, such as metagenomic long-read third-generation sequencing, offer new possibilities for host–microbiome research into processes that influence evolutionary dynamics (Amarasinghe et al., 2020; Henry et al., 2021).
The microbiota in human habitats have changed dramatically because of intense urbanization over the last 2 decades. A massive study involving 60 cities, nearly 5,000 metagenomic samples, and eight trillion bases resulted in a catalog of the urban microbial ecosystem (Danko et al., 2021). This study provided geospatial knowledge of the strains, functional properties, and AMR markers of microbes in addition to comprehensive information on other aspects. This knowledge can serve as a basis for or aid in the designing and molding of balanced, health-supporting microbiota in interior environments. It has been suggested that urbanization and reduced exposure to microbiota in the natural environment affect the human immune system and increase the risk of allergies and other immunological disorders (Hui et al., 2019). In addition to environmental and lifestyle changes, seasonal variations have also been found to influence the microbial compositions of built environments and, thus, the microbiota of inhabitants. Scientists have announced activities to facilitate the migration of non-pathogenic environmental microbes into urban interiors, an issue that is discussed in the “Looking to the future” section of this paper (Parajuli et al., 2018; Hui et al., 2019; Selway et al., 2020; Roslund et al., 2021).
When interactions between microbiota species and their functions are perturbed, a non-adaptive state of disturbance called dysbiosis may occur. Dysbiosis refers to a disruption in homeostasis because of an imbalance in microbiota (Huitzil et al., 2018). Skin is the organ that comes into direct contact with indoor and outdoor surfaces, so it is important to evaluate the health risks of microbial imbalances on antimicrobial-coated surfaces. The biodiversity and ecosystem of a human residence affect the microbial biodiversity of human skin. An imbalance in skin microbiota can lead to both skin diseases and inflammatory non-communicable diseases (NCDs). The skin microbiota plays an important part in the formation and regulation of the body’s immune response (Prescott et al., 2017; Li et al., 2021). Early childhood is an especially important period for the development of healthy microbiota and immunity (Tanaka and Nakayama, 2017; Ronan et al., 2021). Imbalanced microbiota in AMCs may lead to potential health risks on large surface areas such as floors if, for example, infant children crawl on such surfaces for several hours daily in a kindergarten or elderly people are exposed to biased microbiota due to an excessive use of AMCs in a nursing home. If microbial diversity in an indoor environment is reduced, changes are needed to restore microbial homeostasis. When evaluating the risk levels of AMC solutions and products, it is vital to consider skin contact time and frequency. Long daily contact on large skin areas poses a bigger risk than short exposure on small skin area.
In a real-life experiment on skin bacterial dynamics, the microenvironments of the forearms and backs of 13 healthy people were mapped using a targeted 16S ribosomal RNA (rRNA) metagenomic sequencing approach to observe the effects of topical antiseptics or water treatments on the skin microbiome. Skin samples were taken every 6 h for a period of 72 h (SanMiguel et al., 2018). The study results showed a real impact on microbial community diversity and resilience. The effects of the treatments largely depended on the personalized and site-specific characteristics of the microbial communities. Minor microbial members were found to be prone to displacement and replacement with abundant taxa prior to treatment. The study underlined that many microbial taxa can thrive on the skin for a short period, while some have uniquely adapted to long-term colonization. The study also raised the possibility of long-term disturbances in the microbial communities leading to considerable changes in the bacterial communities of the skin (SanMiguel et al., 2018).
Indoor solutions that utilize AMCs target the growth and community composition structures of all microbes, not just pathogenic species, so more attention should be given to the health impacts resulting from changes in microbial communities. Studies have emphasized that the loss of microbial diversity correlates with increased AMR problems (Mahnert et al., 2019). Metagenomic comparisons of surfaces in clinical settings and other built environments have shown that confinement and cleaning can convert beneficial microbiomes into harmful microbiomes as well as result in a loss of microbial diversity, which correlates with an increase in AMR. Regular, strict cleaning has been shown to direct microbiome functions toward increased degradation of anthropogenic cleaning agents, such as xenobiotics, geraniol, limonene, pinene, and naphthalene (Mahnert et al., 2019; Hu and Hartmann, 2021). Based on these findings, it can be hypothesized that various AMCs sustain surface-specific bacterial strains to which humans have not yet adapted. Real-life, large-scale microbial community studies are needed to determine whether the compositions and functions of microbiomes on antimicrobial-coated surfaces change dramatically compared to those of non-coated surfaces. Accurate and reliable research results can dispel prejudices and contribute to the development of safe AMCs.
3 AN OVERVIEW OF ANTIMICROBIAL COATINGS
AMCs enhance indoor hygiene by killing, inactivating, or repelling microorganisms on surfaces. The use of AMCs on a critical, frequently touched surface can decrease microbial load and stop the surface from functioning as a microbial reservoir, in turn reducing the risk of onward transmission of microbes (Dancer, 2014; Ejerhed et al., 2020). AMCs constitute a non-specific intervention that targets a wide spectrum of pathogens, such as bacteria, viruses, mold, and yeast (Cassidy et al., 2020). Thus, while inactivating pathogens, AMCs continuously reduce the total microbiota on surfaces. Antimicrobial surfaces are primarily classified by their functional properties as contact-active, biocide-release, light-activated, or anti-adhesive surfaces (Figure 2) or combinations of these; other categories to classify them can also be found in the literature (Ahonen et al., 2017; Rosenberg et al., 2019b; Mahanta et al., 2021). Biocide-release surface materials are preloaded with biocides that need to be released to destroy microorganisms. Most of the AMCs in the market are biocide-releasing agents and contain antimicrobial metals, especially silver and copper, from which ionic compounds are released (Vincent et al., 2016; Ahonen et al., 2017; Rosenberg et al., 2019b; 2020; Zou et al., 2021). Different AMCs also vary in their effects on microorganisms because of their differing properties and mechanisms of action. Depending on the antimicrobial material, environmental conditions, and microorganisms involved, the inactivation time of microbes ranges from minutes to hours after contamination (Querido et al., 2019; Bäumler et al., 2021). Antimicrobial efficiency is also dependent on the concentration and particle size of antimicrobial products (Linzner and Antelmann, 2021).
[image: Figure 2]FIGURE 2 | Four basic antimicrobial surface types. The biocide-release surface is preloaded with biocides to be released from the surface (e.g., metal ions) for antimicrobial action. On the contact-active surface, biocide is permanently immobilized on the surface (e.g., covalently bound quaternary ammonium compounds) and presents antimicrobial action when microbes come in close contact with the surface. The anti-adhesive surface (e.g., superhydrophilic polyethylene glycol) prevents microbial adhesion and accumulation on the surface, thus reducing the number of attached microorganisms. The light-activated antimicrobial material (e.g., titanium dioxide) destroys microorganisms via the production of reactive oxygen species under specific wavelengths of light.
The goal of an AMC is to continuously reduce the microbial load on a surface and achieve a health-promoting effect without human involvement. The aim of these self-disinfecting surfaces is the same as traditional infection prevention and control methods, such as hand washing, cleaning, and disinfecting, which can prevent the spread of microbes in an episodic manner (Imani et al., 2020; Birkett et al., 2022). AMCs do not replace but, rather, support traditional methods. (Dunne et al., 2018; Cassidy et al., 2020; Blomberg et al., 2022). Clean and hygienic environments need to be maintained in public hospital destinations, such as intensive care wards, premature infant care wards, infectious disease wards, and immunocompromised patient rooms, and the use of antimicrobial products can function as obligatory lifelines for residents. In these destinations, the use of AMCs is highly justified to limit the spread of healthcare-associated infections and infections caused by antibiotic-resistant bacteria. In other public destinations, such as schools, kindergartens, and leisure places, the use of AMCs is optional. Microbial ecology studies could determine the need for use of antimicrobial surfaces.
The transmission of pathogens can be mediated by contaminated surfaces (Otter et al., 2013). As many microbes can stay viable for a long time on different surfaces, indirect contact infection is a significant risk. For example, noroviruses and coronaviruses can remain viable on dry surfaces from several days to several weeks, depending on environmental conditions (Warnes et al., 2015; Cook et al., 2016; Kwan et al., 2018; Kampf et al., 2020). Pathogenic bacteria, including antibiotic-resistant bacteria, can persist for up to several months on dry surfaces, and bacterial spores are even more resistant to environmental conditions than vegetative bacteria (Dancer, 2014; Cassidy et al., 2020). Different antimicrobial coatings and materials have been developed to reduce the lifetime of pathogens on surfaces. The benefits and mechanisms of action of such coatings have already been thoroughly elucidated in several articles (Salwiczek et al., 2014; Bäumler et al., 2021; Lin et al., 2021; Birkett et al., 2022). New antimicrobial coatings are developed with various innovative mechanisms. Durable High-entropy alloys (HEAs) antimicrobial coatings containing many different metals have recently received attention, for example in biomedical applications and in the prevention of marine biofilms. Due to their properties and diverse composition design, these coatings are competitive alternatives for many applications (Zhou et al., 2020; Chen et al., 2021; Rashidy Ahmady et al., 2023).
As AMCs can control and prevent the spread of bacterial and viral pathogens, they have become even more important since the outbreak of the COVID-19 pandemic (Minoshima et al., 2016; Imani et al., 2020; Rakowska et al., 2021; Birkett et al., 2022; Vijayan et al., 2022). Considering this, attention needs to be paid to the challenges of using AMCs on indoor surfaces, such as floors, tables, cupboards, doorframes, mattresses, soft furnishing, and walls. The microbial changes that occur on these surfaces cover a large area and presumably contribute more to the overall changes in microbial community composition and the effects on human health than those on small surfaces. Small, high-touch areas, such as door handles, handrails, counters, taps, touchscreens, and computer mice, can also be substantial infection-spreading surfaces, and AMCs can act as significant inhibitors of pathogens on these surfaces (Adlhart et al., 2018; Reynolds et al., 2019; Rakowska et al., 2021).
Biocidal chemicals used in AMCs are toxic by nature, as they are intended to destroy, prevent the action of, or otherwise exert a controlling effect on harmful or undesired microbes. In the European Union, the relevant regulations for antimicrobial coatings include the Biocidal Product Regulation (BPR, Regulation (EU) 528/2012) and Regulation (EC) No 1907/2006 of the European Parliament and of the Council on the Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH). A safe-by-design (SbD) approach has been developed for AMCs for the timely identification of risks related to industrial innovation processes and the value chain of antimicrobial materials and antimicrobial-coated products. The idea is to ensure safety for three different but interrelated communities—that is, workplace, consumer, and environmental communities. For example, antiadhesive surfaces can be considered SbD because they do not involve the use of biocidal molecules that can induce toxic effects or lead to resistance (reviewed in Ahonen et al., 2017; Adlhart et al., 2018).
Recent antimicrobial metal-based mechanisms that affect microbial attachment, lifetime, death, and spread have been comprehensively reviewed by Birkett et al. (2022). The article provides information on binary and ternary coatings for which different elements are combined. TiO2 photocatalytic surfaces combined with active Cu and Ag were found to have significant long-term antimicrobial efficacies. Superhydrophobic nanoporous and nanopillar coatings were proven to reduce the attachment of bacteria to surfaces. Further, TiO2 surface nanopillars were reported to induce cell impedance and oxidative stress, thus inhibiting bacterial proliferation. However, unlike the use of superhydrophobic coatings, the use of effective metal-based surfaces may lead to a decrease in performance and AMR over time (Birkett et al., 2022).
4 ANTIMICROBIAL RESISTANCE RELATED TO AMCS
Antimicrobial resistance is considered to be one of the greatest risks to human health worldwide (Murray et al., 2022). Predictive statistical models have estimated a total of 4.95 million bacterial AMR-associated deaths across 204 countries and territories in 2019, of which 1.27 million deaths were attributable to bacterial AMR. Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa were the most prevalent pathogens for deaths associated with resistance in 2019 (Murray et al., 2022). In the United States, almost three million people get ill because of antibiotic resistance every year and about 35,000 of them die (Vassallo et al., 2021). These numbers clearly lighten the global burden of bacterial resistance and the seriousness of the global health threat.
An important aim of using AMCs is to reduce the global health risk of AMR, however, the heavy metals contained in the products themselves can induce the emergence and proliferation of resistance via the co-selection mechanism (Knapp et al., 2011; Wang et al., 2021). We have contributed to a publication mapping the risks associated with the use of antimicrobial surfaces made of copper, silver, and antimicrobial peptides (Pietsch et al., 2020). Evolution through de novo mutations, horizontal gene transfers (HGTs), and species sorting of inherently resistant bacteria are potential processes to increase AMR on antimicrobial surfaces. The mechanisms, evolution, and spread of AMR as well as cross-resistance and co-resistance events have been discussed in Pietsch et al.‘s report, which are important considerations with respect to AMC resistance. Briefly, cross-resistance refers to the phenomenon in which AMR mechanism (for example metal resistance) against AMC decreases the sensitivity of bacteria to antibiotics, and co-resistance involves the genetic element, such as plasmid, possessing resistance genes against both metals and antibiotics and acting as a mechanism for co-selection (Baker-Austin et al., 2006; Pal et al., 2017; Mustafa et al., 2021). Pietsch et al. (2020) pointed out the rarity of studies on the development of resistance to antimicrobial silver and copper coatings. Research data, especially in healthcare settings, are needed.
Mustafa et al. (2021) studied the prevalence of metal, antibiotic, and disinfectant resistances in 300 isolates of Salmonella Typhimurium, as metals are widely used in animal feed due to their antimicrobial properties but may cause the proliferation of antibiotic resistance through co-selection. Metal and heavy metal resistance genes were reported to be linked to resistance to antibiotics and disinfectants. In particular, copper resistance genes seemed to enable the development of resistance to several antibiotics and disinfectants. The transfer of the resistance genes czcD, pcoC, and cnrA to Escherichia coli and the increased copper resistance of the transconjugants indicated that these resistance genes were present in the conjugative plasmids. In the context of water and waste treatment, nanoalumina has been shown to cause an over 200-fold increase in the plasmid-mediated HGT of antibiotic multiresistance genes (Qiu et al., 2012). Using both shotgun metagenome and 16S rRNA gene amplicon sequencing, Hartmann et al. (2016) showed that antimicrobial chemicals are linked to increased antibiotic resistance genes (ARGs) in the indoor dust microbiome. Li et al. (2017) used a large complete genome collection from databases and bioinformatics analysis to study the genetic linkages between ARGs and metal resistance genes (MRGs). They emphasized the potential risk that ARG and MRG co-selection poses to both the environmental and medical relevance. These and other resistance research findings should be considered when planning and implementing the use of metal-containing AMCs, as metals and disinfectants have the potential to promote antibiotic resistance.
Studies have found that, in addition to metals, other non-antibiotic compounds such as biocides, can promote antibiotic resistance via co-selection (Pal et al., 2017). Non-antibiotic metalloids, such as selenate, have been shown to enhance the spread of ARGs in bacteria (Shi et al., 2021). Shi et al. (2021) applied metagenomic sequencing to identify ARGs whose abundances increased upon selenate addition. Multidrug-resistant species and the mechanisms of ARG spreading via vertical transfer and HGT in bacteria were identified. Adding selenate was found to increase the ratios of key genes engaged in intracellular reactive oxygen species production, bacterial membrane permeability, type IV pilus formation, and DNA repair and recombination, all of which enhance HGT and ARG spreading (Shi et al., 2021). When designing new AMCs and selecting materials, the risk of resistance due to metal and metalloid components should be considered (Tran et al., 2022).
It is likely that microbes have faced selective pressure due to the antimicrobial effects of metals and metalloids since the early days of their existence. Microbes that evolved and developed resistance to metals gained a competitive advantage over other non-resistant microbes (Li et al., 2021). This phenomenon occurs according to the principles of natural selection and adaptation; evolution favors microbes that tolerate and survive disturbing treatments, and these are enriched in the microbial population (Foster et al., 2017). Antimicrobial resistance is an inevitable continuum in microbial evolution, so developing effective methods to limit the harmfulness of the phenomenon should be prioritized (Imchen et al., 2020). Wu et al. (2022) described the development of microbial resistance to modern antimicrobial nanotechnologies in their extensive review. Since microbial resistance to current antibiotic therapies is a major cause of implant failure in orthopedic surgery, the authors have focused on generating new insights that can prevent resistance development. Wu et al. (2022) explored the design of nanomaterials that are bactericidal, antifouling, immunomodulating, and capable of producing an antibacterial compound, and they provided comprehensive information on the development process and key mechanisms of AMR. The same principles can be largely applied to AMCs with the knowledge that resistance problems do not arise immediately after the use of antimicrobial products; only time will tell if the microbial strains on surfaces are tough and resistant to destruction attempts (Wu et al., 2022). Therefore, the continuous monitoring and mapping of microbial communities on AMCs should be included in the process of product development and use.
4.1 Resistome view
In the early 1970s, it was observed that environmental ARGs resembled clinical ARGs, and following this, ARGs were studied for over 30 years mainly from a clinical perspective until a decade ago when resistome (i.e., the collection of AMR genes in a certain area) studies shed light on the origins, evolution, and spread mechanisms of ARGs (Benveniste and Davies, 1973; Rovira et al., 2019; Kim and Cha, 2021). Metagenomic research methods enable the precise and extensive mapping of the resistome and mobilome (i.e., the collection of mobile genetic elements [MGEs] of the genome, namely integrons, plasmids, transposons, and insertion sequences) in a certain area.
Yin et al. (2022) investigated the temporal and spatial variations of resistomes and mobilomes through a metagenomic analysis of wastewater treatment plants. Samples collected monthly for 13 months from three local sewage treatment plants in Hong Kong were compared with corresponding samples from North American urban wastewater. The analysis revealed valuable results on the long-term proliferation of ARGs, showing that the resistome samples from urban sewage in North America differed significantly from each other, while the ARGs within Hong Kong differed only slightly. Although research methods such as mathematical equations based on bacterial mass could not be directly applied in resistome studies of AMCs with a low mass of bacteria, the goal of both studies is the same: evaluating the health risks of the resistome. The development of more precise genetic-based measurement scales for the risk assessment of AMC resistances would be useful in this regard, and clear, consistent lines of research and modeling would facilitate routine risk assessments.
In a recently published review, Vassallo et al. (2022) argued that, with increasing urbanization, resistome elements are likely to become homogenized, and dominate the entire global resistome. This could result in a loss of natural diversity, ecological disturbances, and a worsening antibiotic resistance crisis. Different environmental, animal, and human resistomes as well as up-to-date research methods and critical ARGs and their hosts have been characterized in the comprehensive articles of Rovira et al. (2019) and Kim and Cha (2021). Although current metagenomic methods can theoretically map resistomes from antimicrobial surfaces to our knowledge, these mappings have not been published (Imchen et al., 2020). Notably, the risk of AMR development due to AMC usage can be reduced by using 1) reactive biocides with fast killing mechanisms 2) rapidly disappearing biocides 3) AMCs only on specified high-touch surfaces, and 4) AMCs with the anti-adhesive or photocatalytic mechanism.
5 METHODS FOR MICROBIAL MONITORING OF SURFACES
Both, traditional culture-based methods and advanced genome-based methods are used when microbes are detected on surfaces. So far, research methods that are commonly employed for all types of AMCs cannot be identified because the diversity of AMCs and microbes that occupy surfaces would require coating- and microbe-specific testing methods and reagents (Rosenberg et al., 2020). Nevertheless, international standard test protocols are available to evaluate the antimicrobial efficacy of surfaces in laboratory conditions. The ISO testing standards include ISO 22196:2011 for antibacterial activity on hard non-porous surfaces (ISO 22196:2011, 2011) and ISO 21702:2019 for antiviral activity on non-porous surfaces (ISO 21702:2019, 2019). Antimicrobial efficacy of textiles used in furnishing can be evaluated using standards such as ISO 20743:2021 for antibacterial activity (ISO 20743:2021, 2021) and ISO 13629–2:2014 for antifungal activity (ISO 13629-2:2014, 2014). The observed drawbacks in the test protocols for hard non-porous surfaces, such as the humidity protocols not mimicking the values in real-life indoor environments, led to the development of a new test protocol in the ISO TC330 group. The new standards for antibacterial, antifungal, and antiviral activity are to be finalized within a couple of years. Notably, no standard protocols are available for testing the antimicrobial efficacy of AMCs in real-life settings.
When testing the effectiveness of an antimicrobial surface, it is important to estimate the number of dead and live microbes on it. The DNA intercalating agent propidium iodide (PI) can get inside a cell only if plasma membrane integrity is lost; in other words, PI staining detects dead cells. However, Rosenberg et al. (2019a) found that extracellular nucleic acids can cause false PI staining results in biofilm viability studies. To obtain accurate viability estimates, they proposed validating the results obtained via alternative methods of staining, such as by using the culture-based method, determining metabolic activity, and minimizing the extracellular matrix collection, as it can contain nucleic acids. Emerson et al. (2017) extensively described the methods used to separate living and dead cells, stating that this is a tricky task. The following methods are described comprehensively in Emerson et al. (2017) article: cultivation, propidium iodide (PI), propidium monoazide (PMA), ethidium monoazide (EMA), Alexa Fluor hydrazide (AFH), RNA analyses (e.g., metatranscriptomics), cellular energy measurements, bioorthogonal non-canonical amino acid tagging (BONCAT) with click chemistry, isothermal microcalorimetry (IMC), stable-isotope probing (SIP), and proteomics/metaproteomics.
When culture methods and genetic next-generation sequencing (NGS) methods were compared in the diagnosis of bacterial and fungal infections, NGS methods showed outstanding advantages (Chen et al., 2020). A disadvantage of NGS was that it could not be used to distinguish living pathogens from dead ones, while an excellent feature was its ability to take into account all types of pathogens, such as bacteria, fungi, viruses, mycoplasmas, and sporozoites. However, if RNA-based metatranscriptomics analysis of total rRNA is applied, only live, metabolically active microbes can be detected and classified. In DNA-based metagenomics, extracellular relic DNA and DNA from dead or inactive cells can cover up to 40%–90% of the total DNA in a sample distorting the results of microbial community structure (Carini et al., 2016; Mäki and Tiirola, 2018; Hempel et al., 2022). By comparing the NGS community composition results of RNA-based and DNA-based analyses, insights into the situation of living microbes versus that of a combination of living microbes and extracellular DNA/dead microbes could be gained. In eukaryotic microbes, community structure mapping using an RNA-based 18S rRNA approach is more accurate than using a DNA-based 18S rRNA marker gene approach because, in nucleated cells, the thousand-fold differences in 18S rRNA gene copy numbers between species can distort the community composition results. However, prokaryotic microbes such as bacteria have only one to several 16S rRNA gene copies per cell, so DNA-based results tend to be accurate enough for common environmental studies (Mäki et al., 2017).
Rawlinson et al. (2019) compiled a comprehensive overview of microbiological sampling of healthcare environment surfaces and guidelines for routine protocols that can be applied to surface sampling. Their review included the factors that influence variations in sampling efficiency, suitable sampling methods for different surfaces and target organisms, a flow diagram for molecular methods, and a collection of articles related to the use of different methods. According to the authors, the variations in the different methods were large, and some of the studies were carried out in laboratories and not in real hospital environments; due to this the results were not comparable, and it was difficult to draw overall conclusions. Guidelines for the examination of surfaces without antimicrobial properties may also be applicable to the study of AMCs, but it would likely be necessary to optimize and test the methods separately for each object.
5.1 Detecting microbes using traditional methods
Common detection methods for microbes on real-life touch surfaces include plating microbes on different agar plates and counting culturable colony-forming units (CFU), using pre-enrichment methods for culturable pathogens, adenosine triphosphate (ATP) bioluminescence testing, visualizing microbes with a light, laser, or electron microscope, and quantitative real-time polymerase chain reaction (qPCR) testing to determine bacterial load and microbial diversity (Landers et al., 2010; Johani et al., 2018; Inkinen et al., 2020). Swab methods and contact plate methods are basic standardized methods for surface sampling. The use of neutralizer agents to neutralize sanitizer residues and antimicrobial activity in AMCs can improve the recovery of bacteria (ISO 18593:2018, 2018; Li et al., 2020). Pathogenic bacteria such as Staphylococcus aureus can appear only in small amounts. In these cases, pre-enrichment can be used to improve detection (Landers et al., 2010).
A recently published study investigated the antimicrobial performance of a commercial laminate coating with silver-doped phosphate glass as an antimicrobial additive against Escherichia coli and Bacillus subtilis bacteria. The culture-based plating results showed that antimicrobial efficiency was highly dependent on the Gram-positive or Gram-negative property of the bacteria and the amount of silver added (Blomberg et al., 2022). In another study, the effect of photodynamic AMC on the microbial burden of frequently touched surfaces in public buses was investigated using the plating method. The results showed that photodynamic AMC kept the microbial load low and significantly reduced the risk of microbial transfer (Kalb et al., 2022). Numerous studies have applied traditional, culture-based microbial surveys, and the results have provided basic information about the microbial burden levels on different surfaces. Traditional methods are inexpensive and widely available; however, plating methods, for instance, detect only viable cells, and ATP activity testing primarily shows the cleanliness of the surface. Bacteria can be identified with the use of different selective agar plates and biochemical testing, but this is laborious and time-consuming.
Rosenberg et al. (2020) investigated the effectiveness of nano-ZnO and nano-ZnO/Ag composite AMCs against biofilm formation in an application-suitable oligotrophic environment by monitoring dissolution-induced toxicities to planktonic cells. Physical methods, such as vortexing, and ultrasonication, with chemical methods, such as high salt concentrations, were applied for biofilm collection. The culturable CFU counting method and statistical analyses were used to quantify the results. After staining, biofilms were evaluated using epifluorescence and confocal microscopy, and electron microscopy was also applied. The results showed, among other things, that bacterial biofilm formation was prevented by the coatings in a dose-dependent manner. The highest level of broad-spectrum inhibition was identified in the ZnO/Ag composite coating. A highlight of this study was that the antimicrobial effect was noticeable in the oligotrophic environment rather than in the often-used microbial growth medium. (Rosenberg et al., 2020). UVA exposure may also be required for testing AMCs with photocatalytic activity (Visnapuu et al., 2018).
Using the qPCR-based method with data and statistical analyses, Chen et al. (2019) revealed the levels of contamination of multiple metals, the main MRG types and distributions, and the co-occurrence mechanisms of MRGs, ARGs, and MGEs in a copper tailing dam area. They reported that the multimetal-polluted soil contained both MRGs and ARGs and then characterized the abundances of different resistance genes and their correlations to the different metals. The results of a versatile network analysis showed, among other things, that the copper resistance gene copB occurred with ARGs. Targeted MRGs, ARGs, and MGEs were amplified using a multitude of appropriate primers.
Bankier et al. (2018) compared three common methods—plate counts of vital cells, flow cytometry (LIVE/DEAD BacLight viability assay), and qPCR (viability qPCR)—to determine the antimicrobial activities of engineered nanoparticle combinations on Staphylococcus aureus and Pseudomonas aeruginosa bacteria. The best results were obtained using a flow cytometer due to its high throughput and rapid and quantifiable data. The plate count method revealed >8-log reduction for bacteria after exposure to high nanoparticle combination concentrations. qPCR did not yield results due to the interference of nanoparticles with qPCR amplification.
5.1.1 qPCR challenges due to metal inhibition
Since reports on amplification-based genetic microbial community mappings of AMCs are scarcely available in the published literature, it can be expected that PCR-based analyses of AMCs are not simplistic. Amplification of microbes from AMCs may require a large amount of optimization due to low microbial numbers and inhibited reactions due to antimicrobial products such as metals. In a recent study, the inhibition of PCR by metals was tested by comparing cycle threshold values in the reactions of 4-log metal ion concentrations (Kuffel et al., 2021). Zinc, tin, iron (II), and copper ions were potential disturbing factors but only in elevated concentrations. The tolerance level of different polymerases to metal ions in the PCR reaction also varies, so choosing the right polymerase can be a significant way to improve amplification efficiency (Kuffel et al., 2021). Metal ion chelating agents, such as ethylenediaminetetraacetic acid (EDTA) and ethylene glycol tetraacetic acid (EGTA), are valuable reagents for optimizing DNA recovery and PCR. For example, EDTA chelates a wide range of metals, improves DNA recovery efficiency when used in optimized concentrations, and does not interfere with downstream reactions (Nkuna et al., 2022). In forensic research, the recovery and amplification of touch DNA from metal surfaces is challenging due to metal ions binding to the DNA (Bonsu et al., 2020). Bonsu et al.’s (2020) review provided valuable insights into DNA binding to metal substrates and the merits and limitations of current methods, which can be considered when planning and performing PCR of microbial DNA from metal-based AMCs. Nucleic acid amplification can be a bottleneck in the NGS analysis of AMCs. If the extracted microbial DNA is cleaned carefully enough, PCR inhibition due to metals gets neutralized, and the PCR conditions and reagents are carefully tested, presumably, optimization of PCR conditions would facilitate successful amplification of microbiome on AMCs.
5.2 High throughput metagenomic sequencing and other omics studies
New genetic technologies have revolutionized identification of indoor microbes’ impacts on human wellbeing. The health effects of the compositions, functions, and dynamics of indoor microbiota are being studied to an increasing extent. Over the past decade, widespread and affordable large-scale, culture-independent, high-throughput metagenomic, and metatranscriptomic sequencing of DNA and RNA, respectively, has opened up new possibilities for identifying microbial communities that are beneficial or harmful to health, especially with the addition of immune response data gathered from indoor residents exposed to certain microbial communities (Kelley and Gilbert, 2013; Byrd et al., 2018; Boers et al., 2019; Soininen et al., 2022). Microbial ecology tools, such as microbial community diversity metrics of targeted and shotgun metagenomic sequencing data, have improved the possibility of understanding microbiota dynamics (Birtel et al., 2015; Horve et al., 2020). Microbial abundance and diversity measurements and visualizations, including species richness and evenness (α-diversity), non-metric multidimensional scaling (NMDS) plots of UniFrac and Bray-Curtis dissimilarities (β-diversity), and temporal and spatial variations in microbial compositions, offer valuable metrics for characterizing the safety, applicability, and efficiency of AMCs (Birtel et al., 2015; Kim et al., 2017; Avolio et al., 2019; Willis, 2019). Metagenomics can be used to detect known species as well as unknown microbes (Ko et al., 2022). In addition, multiomics approaches that can help identify connections between the microbiome of an antimicrobial surface and human gene expression can be beneficial for studies on AMC health risks (Lobanov et al., 2022; Park et al., 2022) The microbial metabolomics-based approach can provide an additional methodological repertoire for surface hygiene studies, complementing metagenomic, metatranscriptomic, and proteomic analyses (Tang, 2011; Vernocchi et al., 2016; Ahn and Hayes, 2021). Although metagenomic mappings of interior surfaces have been carried out for a decade, genetic real-life studies of AMCs are scarce. Figure 3 presents a workflow proposal for the molecular monitoring of AMCs.
[image: Figure 3]FIGURE 3 | Workflow for a targeted metagenomic and metatranscriptomic NGS of 16S rRNA. After isolation and amplification of nucleic acids, the concentrations, and quality of the products are checked using, for example, a Qubit fluorometer and TapeStation (or Bioanalyzer), respectively. Long-read sequencer NanoPore MinION has easier steps for library preparation.
In a recent study, skin microbiota was characterized by applying shotgun metagenomic sequencing; this method produces significantly more information than phylogenic marker gene-based microbiota assays because all microbiota kingdoms, including bacteria, fungi, and viruses, are revealed with high resolution from species to strain level and their functional diversities are revealed with same sequencing data (Li et al., 2021). This comprehensive study involved the construction of an integrated Human Skin Microbial Gene Catalog using 1,360 skin samples with over 10 million genes and the human skin resistome data of pathogenic and non-pathogenic bacteria. As homeostasis of skin microbiota results in the promotion of skin health, high-resolution characterizations of the skin microbiome and resistome were essential (Li et al., 2021). In a 2-year study, nasal and oral colonization and transmission dynamics of methicillin-susceptible Staphylococcus aureus (MSSA) bacteria were investigated in 326 healthcare workers and 388 patients as well as samples taken from a hospital environment (from nine departments, a near-patient environment, high-frequency touch sites, and air) using whole genome sequencing (WGS) approach (Kinnevey et al., 2022). The WGS method identified numerous potential MSSA transmission events in workers, patients, and the hospital environment under non-outbreak conditions. Many principles of this research can be applied when planning to monitor the health benefits and hazards resulting from AMC use, specifically regarding the dynamics of bacterial transfers from surfaces to humans. By taking samples from indoor residents in addition to surface samples, the health effects of AMCs can be mapped even more comprehensively. Bacterial shotgun metagenomic and whole genome sequencing approaches are massive data-generating analysis tools for clinical, agricultural, and environmental research. Metagenomic research results are significant, especially when investigating the type and range of AMR genes in AMCs (Raphenya et al., 2022). However, getting reliable results requires a vast amount of computing power and a lot of experience in using different bioinformatics software and pipelines.
Metagenomic NGS methods have evolved extensively over the past decade. New NGS approaches can produce real-time sequencing data of long reads; DNA molecules of over 10 kilobases, and they are designated third-generation sequencing (TGS) methods, produced mainly by Oxford Nanopore Technology (ONT) and Pacific Biosciences (Fukasawa et al., 2020; Xiao and Zhou, 2020; ben Khedher et al., 2022; Schiavone et al., 2022; Tan et al., 2022). The ONT MinION sequencer has some valuable features for TGS: it does not necessarily require template amplification, is portable and designed to work with a laptop, detects several kinds of modified bases, and can sequence RNA directly. The sequence accuracy of ONT has continuously improved due to better sequencing chemistry and pore design, and due to improved algorithms for basecalling; nevertheless, errors still occur, particularly due to homopolymers, which account for about 47% of errors. The accuracy of ONT can be improved significantly by using error correction tools and new chemistry to obtain over 99% (Q20) accuracy of basecalls. Accuracy is also dependent on guanine-cytosine (GC) content (van Dijk et al., 2018; Delahaye and Nicolas, 2021; Kerkhof, 2021; Sahlin and Medvedev, 2021). In research on plant viruses, the results of traditional Sanger sequencing were compared with the results of two different protocols of nanopore sequencing, targeting a known and an unknown virus genome. Nanopore sequencing was found to assemble genomic results that corresponded to 99.5%–99.7% identity to Sanger sequencing consensus results. The study showed that nanopore sequencing has a homopolymer issue that has been shown in Ion Torrent and Illumina sequencing—that is, homopolymer length variation causes sequencing inaccuracy (Marine et al., 2020; Chehida et al., 2021; Stoler and Nekrutenko, 2021).
Long-read sequencing greatly increases the resolution of microbial phylogenic classifications and is especially applicable when using approximately 1,550 bp length 16S rRNA marker gene-based classification of microbes. Traditionally, the targeted metagenomic approach, such as the amplicon sequencing of 16S rRNA gene fragments, has proven to be an efficient and reliable choice for microbial classification and requires significantly less computer power than WGS. In addition, the availability of increasingly complemented public 16S rRNA databases (e.g., SILVA, RDP, GenBank, and Greengenes) improves the reliability of the results. The 16S rRNA gene contains conserved sequences that are typical for all taxa and to which the primers are annealed as well as variable regions (V1–V9) from which microbial taxa can be classified with the help of bioinformatics (Matsuo et al., 2021). Before the era of TGS, only short, 150–600 bp hypervariation fragments were sequenced with the commonly used Illumina or Ion Torrent platforms. However, the taxonomic resolution of short fragments remains insufficient because the selection of region-specific primers affects resolution, and public databases do not yet contain full-length sequences of all known microbes (Myer et al., 2020) When the short-read method was compared to the full-length sequencing of 16S rRNA using the nanopore sequencer MinION, the relative abundances of dominant bacterial genera were highly similar, but long-read sequencing using MinION resulted in a better resolution and more accurate bacterial composition of the sample at the species level (Matsuo et al., 2021). For the microbiome monitoring of AMCs, MinION could be a good choice due to its capability for full-length sequencing of 16S rRNA. When the method was tested with simple and complex microbial communities, even from a low-biomass dog skin sample, full-length 16S rRNA sequencing successfully revealed the composition of the microbiome (Cuscó et al., 2019).
6 LOOKING TO THE FUTURE
An approach to meeting the challenges of urbanization and decreased microbial diversity is derived from the natural selectivity of microbiota produced by soil and vegetation, which humankind has adapted to throughout history (Figure 4). Specifically, indoor microbiota can be shaped according to the diversity and composition of soil and plants by transferring outdoor microbes indoors and adding houseplants to built-in interiors (Roviello et al., 2021). To an increasing extent, studies have shown that the interaction between human and environmental microbiomes affects human health and the prevalence of NCDs (Ahn and Hayes, 2021; Panthee et al., 2022).
[image: Figure 4]FIGURE 4 | Living indoors, limited contact with natural microbes, strict cleaning with hygiene products, and the use of antimicrobial products can reduce the diversity of indoor microbiota and that of the inhabitants, impacting human health. The diversity of indoor microbiota increases when residents and domestic animals bring microbes from nature indoors and when green vegetation and domestic animals are found in the habitat. Farm life and time spent in nature are significant health-promoting factors.
Roslund et al. (2022) investigated the impact of biodiversity on immune tolerance using a double-blind and placebo-controlled intervention trial. The results showed that the immune responses of children in the intervention group differed from those of children in the placebo group. According to the article, children’s immune regulation can be supported by adding microbiological diversity to everyday life. The authors suggested that sustainable nature-based opportunities for the prevention of immune-mediated diseases should be further explored among urban residents. However, it should be kept in mind that some houseplants may create unfavorable effects, such as allergies, among vulnerable persons (Lamminpää et al., 1996; Paulsen et al., 2014; Pesonen and Aalto-Korte, 2020).
In a recent study, the skin microbiota of 57 healthy schoolchildren were studied by disturbing and swabbing skin before and after exposure to one of three environments (which were also sampled for comparison to the skin samples) for 45 min: a classroom, a sports field, or a biodiversity-rich forest (Mills et al., 2022). The results of the targeted metagenomic 16S rRNA gene-based sequencing, bioinformatics tools, and statistics calculations showed that moderately short exposures to biodiversity-rich areas may have a long-term diversifying effect on human skin. The study also showed that the microbial diversity and variability of skin microbes may decrease over time if the skin microbiota is repeatedly disturbed by cleansing. Microbiota of indoor air dust were also studied by characterizing the effects of houseplants on microbiota diversity using rRNA gene-targeted metagenomic sequencing. Houseplants were found to increase microbial diversity but not microbial numbers (Dockx et al., 2022).
Further, it has been proposed that the rich microbiota of traditional farm homes can protect against asthma, and a farm home-like composition of indoor microbiota may be used as a health-promoting model of indoor microbiota (Ege et al., 2011; Kirjavainen et al., 2019). Air-circulating green walls have been shown to alter bacterial abundance and diversity in human skin and the immune responses of blood cytokines. Working in an office with a green wall was associated with an increased relative abundance of beneficial skin bacteria, such as the genus Lactobacillus, and an increase in the Shannon diversity of phylum Proteobacteria and class Gammaproteobacteria. These findings support the idea that plant elements in an urban environment can alter residents’ microbiomes and immune responses and may promote health in built environments (Chapat et al., 2004; Soininen et al., 2022). However, more research is needed to provide sufficient evidence of the effects of nature-derived microbes on human health, taking allergic reactions into consideration (Tischer et al., 2022). Although nature-derived microbes can act as health promoters, the use of antimicrobial products is justified in the fight against pathogenic microbes. Shaping the indoor microbiota so that it supports the health of indoor residents is a great challenge in an urbanizing society.
7 DISCUSSION
A high diversity of microbes is needed to promote health and as a prophylactic measure for communicable and non-communicable diseases. Antimicrobial products, such as antibiotics, disinfectants, and AMCs, may lead to selection pressure in microbiota, resulting in the spread of harmful microbes even when the total number of microbes in an environment decreases. Due to the COVID-19 pandemic, interest in AMC usage has increased remarkably. However, whether microbial diversity in AMCs decreases because of antimicrobial actions and whether pathogens or microbes with resistance have a selection advantage in AMCs has not yet been studied. The danger is that reduced microbial diversity increases the risk of NCDs and of AMR-related health issues. Since AMCs are potential modifiers of microbial community compositions, the taxonomic and functional diversity and resistance elements of microbiomes on AMCs should be effectively elucidated to avoid a state of ignorance, as was the case with the excessive use of antibiotics at the onset of resistance problems. Risk assessments focusing on the development of AMR and polarized growth of microbes that are detrimental to health should be conducted considering the ecological aspects of microbiota. In addition, new approaches, and adaptive design solutions for the built environment are needed to combat infectious diseases, such as COVID-19. Since aerosols and fomite-mediated transmission of viruses and other harmful microbes have been acknowledged, new innovations in AMC materials and genetic testing of microbes on AMCs are needed to control diseases from spreading in indoor environments.
Over the last decade, tremendous improvement in research methods has allowed for metagenomic analyses of microbial communities using powerful NGS and TGM methods and bioinformatic tools that accurately characterize microbiota. These can be used to find ways to reduce microbial load and control diseases. Although metagenomic analyses have been in use for a decade, the available standardized test protocols for antimicrobial surface efficacy rely mainly on culture-based techniques. When selecting antimicrobial-coated products for sustainable use, empirical, genetic-based research data on microbial communities is significant: which microbes thrive on antimicrobial-coated surfaces compared to non-coated surfaces, what functional genes or ARG microbes contain, which genes are expressed, and whether AMCs cause the gene pool of indoor microbes to become significantly homogeneous in the long term. These findings facilitate comparisons of microbiota diversity and composition in different coatings to predict the microbiome’s potential impact on human health. Shotgun metagenomic sequencing in particular offers possibilities for the versatile analysis of microbiota functionality compared to the phylogenetic marker-gene-based, targeted metagenomic sequencing approach. In addition to environmental microbial data, metagenomic data of microbiota from indoor occupants’ skin, saliva, and gut can provide comprehensive, precise knowledge about the effects of AMCs on health.
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