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Microbial infection and antibiotic resistance is recognized as a serious problem to society from both an economical perspective and a health concern. To tackle this problem, “nanotechnology,” a multidisciplinary field of research, has provided a plethora of nanomaterials for potential applications in the antimicrobial sector. This letter discusses how antimicrobial nanomaterials are shaping this challenging field and being evaluated as therapeutic and medication delivery agents. The recently designed smart antimicrobial surfaces with switchable features that displayed synergistic antibacterial action were also highlighted. To end, we provide the current scenario and future perspectives with regards to emerging antimicrobial nano-engineered materials and nanotechnology.
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INTRODUCTION
In human history, various pathogenic microorganisms such as bacteria, viruses, protozoa, and fungi have been the leading cause of morbidity and mortality around the globe (Luo and Gao, 2020). To combat with these pathogen related infections, many generations of antibiotics have been developed. However, the indiscriminate and excessive usage of antibiotics has accelerated the advent of antibiotic-resistant microbes, putting a substantial strain on the public healthcare system and communities. In fact, most of antibiotics are losing their effectiveness against the drug-resistant bacteria. Moreover, the situation is further exacerbated by the withdrawal of biopharmaceutical industries from exploring new antibiotics due to economic and regulatory obstacles (Gao and Zhang, 2021). This slowed progression of effective medicine may revert us to the pre-antibiotic era, when microbial infections were potentially fatal. For these reasons, there is a critical need for the design and development of new antimicrobial technologies that can be used as an alternatives or in conjunction with conventional antimicrobial treatments (Kaushik, 2019).
Over the last few decades, nanotechnology has been seminal in the field of biomedical research and emerged as a new solution to unmet the medical needs. The advancement in nanotechnology has brought the fabrication of nano-sized materials with high surface-to-volume ratios. A broad range of nanomaterials such as carbon and metal-based nanomaterials, nanocomposites, dendrimers, polymers, nanoemulsions, micelles, liposomes, etc. have been shown to exhibit a remarkable antimicrobial properties (Chauhan et al., 2019; Kaur et al., 2019; Garg et al., 2020; Garg et al., 2021; Makabenta et al., 2021; Singh et al., 2022). They are considered more capable as compared to their micro/macroscale counterparts in terms of inhibiting microbial growth (Zare et al., 2015). Nanomaterials, as an antimicrobial therapeutic, provide distinct benefits over traditional antibiotics in terms of countering microbial resistance mechanisms (Liu et al., 2019; Tiwari et al., 2021). Similarly, nanomaterials have shown remarkable potential in the delivery of drugs to specific target sites in the body. Moreover, nanomaterials can adapt various bactericidal trials which make them less prone to microbial resistance than conventional antibiotics. Besides antimicrobial nanomaterials are nascent as nanomedicine that has broad impact in the biomedical applications including targeting, imaging, therapy, etc.
ANTIMICROBIAL NANOMATERIALS AS AN ALTERNATIVE
Nanomaterials access antimicrobial modalities that are novel to microbes and thus are not in their natural defensive arsenal. With their high-speed developments, nanomaterials have now been identified as nontraditional antimicrobial agents for tackling the microbial resistant to traditional antibiotic drugs. The size and high surface-to-volume ratios of various nanomaterials are likely to allow for multivalent interactions with microbial biomolecules that can be regulated by surface functionalization. The shape of nanomaterials can influence their intrinsic properties like plasmonic, photocatalytic and magnetic properties, also resonates the antimicrobial activity against the microbes (Dhau et al., 2021; Kush et al., 2021). With the rapid advancement in nanofabrication techniques, a diverse array of nanostructures have been designed for instance nanodots, nanoparticles, nanosheets, nanocubes, nanodumbells, nanorods, nanowires, nanocones, nanoshells, nanoneedles, nanocages, nanoflakes, nanoflowers, nanoplates and so on (Chauhan et al., 2020; Cheeseman et al., 2020; Chakraborty et al., 2021).
As an antimicrobial therapeutic agent, nanomaterials are increasingly being touted as new line of defense to combat microbes. Many antibiotic resistance mechanisms have been reported in microbes, including changes in membrane permeability, modification of the antimicrobial drug receptor, over-expression of specific efflux pumps, antibiotic degradation, and antibiotic target site modification (Dhau et al., 2014). The fast evolution of microbial antibiotic resistance has been accelerated by the life-cycle of the microbes. Nanomaterials have the ability to carry out multiple antimicrobial actions (i.e. cellular membrane disintegration, ROS formation, ATP depletion, and damage to intracellular biomolecules such as nucleic acid, proteins, ribosomes, enzymes etc.) at the same time (Figure 1). The utilization of these multiple mechanisms makes the resistance development to nanomaterials difficult since multiple gene mutations would be required simultaneously in the same bacterial cell for acquiring resistance (Pelgrift and Friedman, 2013). For instance, Yuan et al. studied the high antibacterial efficacy of synthesized Silver (Ag) nanoparticles (NPs) against P. aeruginosa and S. aureus bacterial cells, extracted from milk samples produced by mastitis-infected goats. Results demonstrated that the antibacterial activity of Ag NPs were due to the production of malondialdehyde (MDA), reactive oxygen species (ROS) and proteins leakage in the bacterial cells. In addition, it was observed that Ag NP-treated cells had significantly lower lactate dehydrogenase activity (LDH) and adenosine triphosphate (ATP) levels compared to the standard. These physiological and biochemical measurements were suggesting that Ag NPs can induce bacterial cell death by different mechanisms (Yuan et al., 2017). Likely, Zanni et al. created a unique nanomaterial (ZnGs) made up of zinc oxide nanorods (ZnO-NRs) and graphene nanoplatelets (GNP) that kill S. mutans in both planktonic and biofilm forms. As shown in Figure 2A, the killing mechanism may be caused to the mechanical damage produced by the ZnO-NRs. The increased lateral size of the GNPs with growth orientation of ZnO-NRs helps to increase the nanostructures adherence to the cell wall and the penetration of the ZnO-NRs through the cell membrane, resulting in more puncturing and damage to the bacterial surface (Zanni et al., 2016).
[image: Figure 1]FIGURE 1 | Potential applications of antimicrobial nanomaterials as therapeutic agent and drug delivery carrier.
[image: Figure 2]FIGURE 2 | (A) FE-SEM images of ZnGs, pure S. mutans and S. mutans in the presence of ZnGs (Zanni et al., 2016); (B) Confocal and FE-SEM images of P. aeruginosa biofilm (as blank), with gentamicin (GEN) and with Au NPs loaded gentamicin drug (GPA) (Mu et al., 2016); (C) FE-SEM images of Nanowire-pierced bacterial cells after 1h incubations (Diu et al., 2014); (D) FE-SEM images of Bacteria following 3-h static incubation on flat titanium alloy (control) and TiO2 nanopillar surface (NW-805–5) (Jenkins et al., 2020).
Nanomaterials can be utilized not just to overcome microbial resistance, but also as a “medium and carrier” for drugs (Figure 1). Average sized drug have less influence on the intracellular microbe due to the poor membrane transport of antibiotics. Moreover, non-specific delivery of drug at the infection areas usually leads to overuse and evolution of drug-resistant bacteria. These challenges can be addressed by projecting nanomaterials as drug-carrying mediators to the infected areas. Nanomaterials can minimize the systemic side effects, premature drug release and entail the active or passive targeting of drugs to an infection site. Recently, Park et al. used the gold (Au) NPs-DNA conjugates loaded with antimicrobial peptides Lys AB2 P3-His to inhibit the growth of A. baumannii infection in mice. It was observed that the colonization of bacterium was reduced in the mouse organs, leading to enhanced the survival rate and time of the mice as compared to the mice treated with Au NP-DNA or Lys AB2 P3-His only (Park et al., 2022). Likewise, Yaqub et al. have reported the more pronounced antimicrobial activity of copper (Cu) NPs conjugated with doxycycline as an compared to Cu NPs alone against P. aeruginosa, although similar to those with the drug alone (Yaqub et al., 2020). Mu et al. fabricated the phosphatidylcholine-decorated Au NPs loaded with gentamicin drug and reported a superior antibiotic activities against established biofilms as well as further inhibiting the biofilm formation of pathogens including Gram-positive and Gram-negative bacteria (Mu et al., 2016). Moreover, it was found that they had good biocompatibility and higher killing capability against multiple pathogenic bacteria in infected macrophages than gentamicin did alone as visualized in confocal microscopy and FE-SEM images (Figure 2B).
A plausibly more effective nanomaterial-based delivery system involves a stimuli-responsive strategy that responds to the distinct micro-environment of the infection site, allowing the release of drugs in a spatio-temporally controlled manner (Canaparo et al., 2019). Generally, the microenvironment around the microbial infection sites has been proven to be markedly different from that of normal tissue. Thus many endogenous stimuli factors such as enzymes, lower pH, hydrogen peroxide and release toxins, etc. have been employed for responsive drug release to the microbial infection regions (Figure 3). The acidic metabolic products released from bacteria can lead to increase in the local acidity i.e. pH lower than 7.4. Radovic-Moreno et al. developed a pH-responsive and surface charge-switching vancomycin encapsulated poly (d,l-lactic-co-glycolic acid)-b-poly (l-histidine)-b-poly (ethylene glycol) NPs for the treatment of S. aureus bacterial infection. The results suggested that at pH 6, the NPs avidly bind to bacteria and delivered the vancomycin to the infection sites as compared to pH 7.4 (Radovic-Moreno et al., 2012). Likewise, the elevated H2O2 level at the microbial infection site can be exploited to build H2O2-responsive drug delivery systems. Along with these stimulus factors produced in vivo, exogenous stimuli-responsive nanomaterials can also be designed for controlled drug release by using a series of external triggers such as heat, light, microwave, ultrasound, electric and magnetic fields, etc. These artificially controllable stimuli provide a remarkably different perspective for designing nanocarriers and making them effective for combating biofilm infections (Ding et al., 2021).
[image: Figure 3]FIGURE 3 | Different type of stimuli responsive drug delivery of antimicrobial nanomaterial.
The ability of bacteria to persist on surfaces, both in healthcare facilities and on common public surfaces, is one of the major areas of concern in the transmission of infectious diseases. Since most of the serious infections such as COVID-19 are facilitated by the high touch surfaces and microbial colonization of surfaces (Dubey et al., 2022). As the nanotechnology continually advances, various innovative approaches have focused on the designing of nanomaterial surfaces which can prevent the microbial transmission and biofilm formation on the surfaces by killing or inhibiting attachment of microorganisms (Imani et al., 2020). Over the years, the ‘race to the surface’ concept has been applied to define the contest between host cells and pathogenic microbes to inhabit the biomaterial surfaces. In these concern, the coating of antimicrobial nanomaterials on the implant surfaces have become well-established approach to inhibit the growth of bacteria and prevents microbial colonization around the implants. These biocidal surfaces, often termed as ‘release-based coatings,’ slowly release chemicals into the immediate surroundings of the implant materials, preventing microbial infection. However, uncontrolled release of the antibiotic from these in-situ drug releasing materials may sometimes result into cytotoxicity, inflammation responses and the evolution of microbial resistance.
The micro/nano-structuring of surfaces have provided an interesting alternative to widely used approaches for constraining microbial adherence or for killing microbes via cell-surface interaction (Figure 4). These hierarchical nanopatterned surfaces were initially inspired by natural biomaterials, such as lotus leaves, gecko feet and insect wings that are known to have variety of functions including super-hydrophobicity, ultra-low/high adhesion, self-cleaning and bio-fouling (Xu et al., 2021). The physical interaction between the microbial cell wall and the nano-engineered surface drives the mechano-bactericidal activity of these surfaces (Linklater et al., 2021). To date, a wide range of nanofabrication techniques has been employed to create bactericidal nanopatterned surfaces on black silicon, carbon nanotubes, graphene, polymers and titanium, indicating that these materials could be used as future biomaterials (Bhardwaj et al., 2021). For instance, Diu et al. prepared two titanium based nanostructured surfaces i.e. persistent nanowire coverage (nano-brush) and isolated nano-wire pockets (nano niche) by hydrothermal process on a flat titania surface. These titania nano-patterns have a relatively low aspect ratio (<2) and more order of magnitude taller than nanopillers. The results indicated that these nanostructured titania surfaces have selective bactericidal activity against P. aeruginosa bacterial cells and less activity for S. aureus (Figure 2C). Moreover, it is clear that P. aeruginosa was more resistant to nanostructured surfaces at passive, static incubation conditions than incubation with agitation, dynamic condition (Diu et al., 2014). Jenkins et al. have generated the titania nanopillars on titanium alloy (grade 5) by using thermal oxidation technique which mimics the nanoprotrusions found on dragonfly wings. This study observed that titania nanopillar induced cell impedance which is expected to reduce the capacity of bacteria to replicate on nanopillar surfaces (Figure 2D), and thus enhance the anti-biofilm properties of nanopillar surfaces (Jenkins et al., 2020).
[image: Figure 4]FIGURE 4 | Schematic diagram of surface coating agent to prevent the microbial infection.
In recent years, a new class of smart antimicrobial surfaces with multiple functionalities have been developed with switchable properties that can kill and inhibit the microbes, simultaneously. Such antifouling surfaces can be designed by incorporating microbicides and stimuli-responsive materials. Similarly, the smart surfaces with the ability to switch between two distinct functions i.e. switchable bacteria-killing and bacteria-releasing capabilities have been developed with promising potential for use in the biomedical field. Likely, Wei et al. have prepared the smart antibacterial surfaces composed of azobenzene (Azo) groups as a photoswitchable platform and β-cyclodextrin derivative containing seven quaternary ammonium salt (QAS) groups, as a biocide. These surfaces were reported to achieve a strong bactericidal effect that can kill more than 90% of attached bacteria. On irradiation with UV light, the Azo groups switched to cis form, resulting in the dissociation of the Azo/CD-QAS inclusion complex and release of dead bacteria from the surface. (Wei et al., 2017).
FUTURE PERSPECTIVES
In the current state of art, biomedical application of antimicrobial nanomaterials is currently primarily at the academic research level, with limited translation into the clinical stage. They are emerging ‘outside of the box’ approach to combat pathogenic microbes and recalcitrant antibiotic resistance. Their tunability and ability to interact multivalently maximize their therapeutic effect and minimize toxicity. In addition, their coating on medical devices has drastically reduced the surface-associated microbial infection and biofilm formation. Moreover, the emergence of stimuli-activated antimicrobial nanomaterials is an attractive alternative for replacing or supplementing current treatment techniques. Their potential impact for the detection of bacterial infection, antibiotics delivery and the development of medical devices with antimicrobial coatings has already been demonstrated by the clinical approval.
Various advocacy groups state that antimicrobial nanomaterials are quite benign but still, there is doubt about the impact of antimicrobial nanomaterials on the environment, health and safety. Even after 6 decades, this doubt has not been reduced because there is no specific mechanism of nanomaterials have been addressed which causes cell death. In addition, there are still many controversies regarding the metal toxicity and secondary pollution generated by antimicrobial nanomaterials that will contaminate water resources and could interact with humans, animals, and the environment. Future perspectives should be focused on the optimization of antimicrobial efficacies and make checklists to determine if nanomaterials pose adverse health effects or environmental damages. More efforts are necessary to design metal-free facile recyclable antibacterial nanomaterials in the future. It is worth noting that the majority of antimicrobial research conducted against the Gram-positive and -negative bacteria. In future, more research should be performed on the disinfection activities of viruses, fungus, and even parasites with these antimicrobial nanomaterials.
While several recent studies have advanced the field of drug delivery, the primary limits for stimuli-responsive antimicrobial drug carrier are the ability to penetrate deeper layers of tissue and avoid unwanted tissue damage. In addition, the antimicrobial drug carrier are mainly impacted by in vivo factors. Therefore, we need to invest more efforts for studying the effect of drug carriers on the normal activities of the human body and achieving accurate stimuli response for the drug release time, locations and drug concentration.
Despite the anticipated potential of antimicrobial nanomaterials in the medical field, there are several bottlenecks still exist to achieve clinical translation. There are no clinically viable antibacterial nanoformulations, such as vaccinations for treating pandemic infectious diseases or as antimicrobial drug (Makvandi et al., 2020). These technologies are still in their early stages, and future research will necessitate systematic studies and in vivo trials to better optimize and analyze the “real world” uses of such therapeutics (Cheeseman et al., 2020). We believe nanomaterials based therapeutic strategies will foster the antimicrobial technologies on the next level if future research should be more comprehensively engrossed on the antimicrobial nanoformulations which address the particular gaps in the literature.
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