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Urinary tract infection (UTI) is one of the most common reasons for antibiotic treatment. Nevertheless, uropathogens are steadily becoming resistant to currently available therapies. In this context, nanotechnology emerges as an innovative and promising approach among diverse strategies currently under development. In this review we deeply discuss different nanoparticles (NPs) used in UTI treatment, including organic NPs, nanodiamonds, chemical and green synthesized inorganic NPs, and NPs made of composite materials. In addition, we compare the effects of different NPs against uropathogens in vivo and in vitro and discuss their potential impact the in the near future.
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Introduction

Urinary tract infection (UTI) is the second most common infection in humans (Foxman, 2014; Jarzembowski et al., 2018), affecting around 150 million people each year around the world. It possesses a public health cost estimated in around six billion dollars (treatment and healthcare), representing a significant economic and public health burden (Stamm and Norrby, 2001).

UTI can be acquired in the community and hospitals (Flores-Mireles et al., 2015; Rawal et al., 2019), and is defined as an inflammatory response of the urothelial cells, which is induced by pathogenic microorganisms (Gram-negative and Gram-positive bacteria, and fungi) that are capable of colonizing any urinary tract tissue (urethra, bladder, ureters and kidneys) (Foxman, 2014; Jarzembowski et al., 2018), being uropathogenic Escherichia coli (UPEC) the most frequent agent of the infection. Additionally, other important pathogens are Klebsiella pneumoniae, Staphylococcus saprophyticus, Enterococcus faecalis, group B Streptococcus, Proteus mirabilis, Pseudomonas aeruginosa, Staphylococcus aureus and Candida sp (Flores-Mireles et al., 2015). Particularly, in hospitals, catheter-associated UTI (CAUTI) is one of the most common nosocomial infections, and it can lead to increased morbidity and mortality due to secondary bloodstream infections (Flores-Mireles et al., 2015).

Historically, UTI treatment begin with empiric antibiotics, such as nitrofurantoin, fosfomycin, ciprofloxacin, or levofloxacin. Nevertheless, with the constant emergence of multi-drug-resistant (MDR) pathogens, the treatment now begins with β-lactams, fluoroquinolones, trimethoprim-sulfamethoxazole, amoxicillin-clavulanic acid or a third-generation cephalosporin, until the acquisition of culture sensitivity results (Flores-Mireles et al., 2015; Klein and Hultgren, 2020). In addition, these bacteria can also form biofilms, which usually result in difficult-to-treat infections, causing long-term hospitalizations and high health care costs (Flores-Mireles et al., 2015; Jamal et al., 2018; Vestby et al., 2020). Biofilms are clusters of microorganisms embedded in an extracellular matrix produced by themselves (Jamal et al., 2018; Vestby et al., 2020); they are formed when the microorganisms adhere in clusters to each other or/and to a living or non-living surface, developing well-structured micro-colonies, that after maturation, end up with detachment (Flores-Mireles et al., 2015; Jamal et al., 2018; Vestby et al., 2020). Moreover, the biofilm also functions as a host-defense mechanism for the bacteria, and it enhances antibiotic tolerance.

Thus, the constant emergence of antibiotic-resistant uropathogens, along with their ability to develop biofilms, hinders infection treatment. For this reason, the development of new effective treatment strategies to prevent and combat both, UTI and CAUTI efficiently, is a challenge for science (Flores-Mireles et al., 2015; Rawal et al., 2019). In recent years, nanotechnology has had an important impact on drug discovery and development of more effective and potent medicine. Nanoparticles (NPs) are complex three-dimensional structures, with a diameter up to 1000 nm, which are designed to elicit multiple effects. The properties of NPs are associated with their reduced size and the interplay between their components and the environment (Rawal et al., 2019). In nanomedicine, NPs components have diverse functions, since not only the active ingredient elicit therapeutic effects, but also excipient may exhibit diverse advantageous properties. For example, they can highly improve drug delivery into specific sites (i.e.: tissues or target cells) by: enhancing drug solubility; improving drugs penetration across biological barriers; and controlling drug release, thus enhancing bioavailability (Slevin, 2012; Rawal et al., 2019). Therefore, based on the advantages NPs exhibit, they can be used to design and develop different drug delivery systems. Examples of these systems for UTI management include organic and inorganic nanoparticles (and their combinations); the design of these NPs combine a matrix with antimicrobial characteristics and the addition of active molecules (such as antibiotics or proteins), to improve the antibacterial effect of the new systems (Mittal et al., 2018). Thus, the goal of this review is to introduce and discuss the recent nanotechnological advances to improve UTI treatment. We focus on different systems and materials used for NPs design and synthesis, and on the results that these NPs have shown against the uropathogenic microorganisms.



Organic Nanoparticles

Organic NPs are stable particles consisting of organic compounds like polymers or lipids, that have found impressive applications in drug delivery (Mitragotri and Stayton, 2014). Therefore, due to their composition they are more suited for biological applications and have gained more importance every day in nanomedicine and pharmaceutical industry (Mitragotri and Stayton, 2014). In the search for UTIs new treatment strategies, they are considered primarily as nanocarriers (Mitragotri and Stayton, 2014; Mittal et al., 2018) (Table 1). These nanocarriers maintain special relevance given their inhibitory activity over pathogens’ biofilm formation. In this context, Macedo et al., observed that the functionalization of standard urinary catheters material (i.e.: polydimethylsiloxane) with antibacterial aminocellulose nanospheres (ACNSs), provided a growth inhibitory activity of 80% against E. coli-associated biofilm formation, compared to the control silicone surface (Macedo et al., 2017). In addition, Franceso et al., evaluated the effect of urinary catheters functionalized with ACNSs and hyaluronic acid (HA) polyanion to develop a layer-by-layer construct on silicone surfaces against P. aeruginosa biofilm. The results determined that a 5-layer construct reduced the number of bacteria clusters. Moreover, the 10-layer construct exhibited antibiofilm activity, without signs of bacteria colonization (Francesko et al., 2016).


Table 1 | Physicochemical characteristics of organic nanoparticles.



The antibiofilm effect of glycerol monolaurate (GML) was also evaluated against P. aeruginosa. GML is an emulsifier with antimicrobial properties against enveloped viruses, Gram-negative and Gram-positive bacteria (Lopes et al., 2019). In the work of Lopes et al., free GML and GML nanocapsules were evaluated; they reported that only when the biofilms were treated with GML nanocapsules, the biomass, proteins, polysaccharides, and viable P. aeruginosa were significantly reduced. Moreover, GML nanocapsules were able to inhibit biofilm formation by about 37% in subinhibitory concentrations (Lopes et al., 2019). These results support an antibiofilm activity of AC and GML, when loaded into NPs in comparison to free molecules, suggesting that nanotechnology can improve the antibacterial properties of some compounds. Interestingly, in the case of AC, it only exerts antibacterial effects as a nanosphere, since its antibiofilm ability depends on the high cationic charge of nanospheres surface, which favors the interaction with the negatively charged cell membrane of the bacteria (Macedo et al., 2017). In regard to GML, in its free form, its antibacterial properties cannot be fully exploited, since both, its poor solubility and low bioavailability, limit their use (Lopes et al., 2019). Therefore, these results invite to perform further investigations with these molecules, since NPs not only can be used as antibiofilm agents, but also, they could be employed for the treatment and prevention of other infections, beyond the catheter-associated nosocomial ones.

Another organic material explored for silicone surface coating is chlorhexidine (CHX). Chlorhexidine is an antiseptic agent usually used against gingivitis or to sterilize surgical instruments (Supranoto et al., 2015). Phuengkham el al., observed that CHX exhibited a minimum inhibitory concentration (MIC) between 0.3 and 0.6 µg/mL against S. aureus, S. epidermidis, and E. coli. Next, they prepared poly(ε-caprolactone) (PCL) nanospheres loaded with CHX (CHX-NP). The aiming of PCL-based NPs was to obtained a controlled drug release and to provide uniformity and stability for the formulation (Jones, 2004). During the in vitro release from silicon tubes studies, they observed that CHX-NPs released 3.35 ± 0.16 µg/day of CHX for 2 weeks, whereas in the physical mixture of CHX and PCL (CHX-PCL) most of CHX was released after 4 days; both cases contained 2 mg/mL of CHX. In addition, it was shown that the use of a silicone surface coated with both, CHX-NPs and CHX-PCL, decreased the initial adherence for all tested bacteria, up to 15 and 5 days, respectively (Phuengkham and Nasongkla, 2015). Likewise, similar antimicrobial results were observed by Srisand et al., using the same CHX-NPs as a cover of foley catheters, which inhibited 100-fold higher than uncoated catheters the growth of E. coli, S. aureus, and C. albicans. It is noteworthy that these NPs can be long-term preserved by 2% (w/v) sucrose lyophilization (Srisang and Nasongkla, 2019).

Therefore, these studies suggest the multiple applications of CHX when used within nanosystems, such as enhanced antibacterial potential against UTI pathogens and the capability to achieve sustained release. All these characteristics suggest that CHX is an excellent candidate for subsequent investigations, from the prevention of CAUTI to UTI treatment.

On the other hand, in a similar surface-charge strategy, Liu et al. analyzed an antimicrobial photodynamic therapy (PDT) using Chlorin e6 (Ce6) encapsulated in charge-conversion polymeric nanoparticles (NPs). PDT is a photochemical reaction, that uses a photosensitizer (Ce6) to generate reactive oxygen species (ROS) upon laser irradiation (Patrice, 2007). PDT exhibits advantages over UTI antibiotic therapy, since the photodestruction of the photosensitizer can disrupt both, Gram-positive and negative bacteria walls at low concentrations and reduced cytotoxicity, as well as bypassing the selection of resistant strains (Liu et al., 2015). To support this concept, the authors first evaluated the antibacterial properties of NPs, free Ce6, and polymer (P1) by plate count after PDT. NPs showed a complete inhibition with a MIC of 11.93 µg/mL for S. aureus, and 17.91 µg/mL for E. coli. Ce6 exhibited higher MIC values, while no antibacterial activity was observed for P1. Additionally, in an cystitis mouse model, the authors showed that NPs administration had a significant decrease in bacteria burden in infected tissues in comparison to free Ce6 (Liu et al., 2015).

In addition, considering that fungus are also common urinary tract pathogens, Ludwig et al, evaluated how to decrease Amphotericin B (AmB) toxicity using chitosan (CS)-coated poly(lactide-co-glycolide) (PLGA) NPs (CS-NPs) (Ludwig et al., 2018). The authors evaluated the antifungal effect of AmB loaded in CS-NPs (AmB-CS-NPs) (sustained release) in 20 different strains of Candida sp. isolated from infected patients (Ludwig et al., 2018). This work used the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (EUCAST) to determine the in vitro susceptibility of all of isolated from Candida strains. In the in vitro susceptibility tests, all the isolates were susceptible to both, free AmB and AmB-CS-NPs. On the other hand, in the cytotoxicity assay, AmB-CS-NPs presented negligible hemolysis, while free AmB showed 100% of hemolysis in 24h (Ludwig et al., 2018).

Natural compounds had also been widely investigated to treat UTIs using the advances in nanomedicine and nanotechnology (Talegaonkar et al., 2008). In this area, notable research in chronic bacterial prostatitis (CBP) has also been reported. Yoon et al. investigated the antibacterial effect of reduced-size catechin (nanocatechin), intending to increase its dissolution rate and bioavailability. Catechins are polyphenolic antioxidants that appear in some plants as secondary metabolites. Green tea (GT) catechins are well known to exhibit a broad range of medical uses. For example, GT catechins are valuable antimicrobial agents (Reygaert, 2018); however, their oral bioavailability is limited by its metabolism, being converted into inactive products by intestinal bacteria (Hollman et al., 1997; Clifford et al., 2013). Therefore, the authors developed GT nanocatechins (GTN) coated with hydroxypropyl methylcellulose (HPMC), included as an enteric coating to improve GTN absorption. The authors compared the antibacterial activity of GTN, in contrast with catechin and ciprofloxacin (recommended antibiotic to treat prostatitis) using an animal model. Results showed that the three formulations reduced colony-forming units (CFU) of E. coli significantly, in contrast with the control group. Moreover, the GTN group registered a statically significant decrease of CFU in comparison with the catechin group (Yoon et al., 2011). Although GTN did not expose better antibacterial activity than ciprofloxacin, it could be considered as an adjuvant agent for antibiotics in general. Therefore, the GTN properties can be used for medical purposes, achieving a faster and more effective patient’s recovery, by hampering the development of antibiotic resistance.

Another strategy for the enhancement of natural compounds use as UTI treatments, is improving their oral bioavailability by intravaginal delivery with nanotechnology (Talegaonkar et al., 2008). For example, Kaur et al. formulated an intravaginal nanoemulsion-based gel (NBG), composed by polyphenol 60 (P60) present in GT catechins and curcumin (CUR) as antibacterial agents against UPEC. Analyzing the E. coli growth curve in the presence and absence of P60+CUR-NBG, the authors showed that the aqueous solution of P60+CUR inhibited the growth at 15 hours while NBG at 5 hours (Kaur et al., 2017a). A similar investigation used P60 and cranberry (CRB) to develop an NBG for intravaginal treatment of UTIs. Similar to the previously mentioned investigation, the growth curves of E. coli showed that the aqueous solution of P60+CRB inhibited growth at 15 hours while NBG at 5 hours (Kaur et al., 2017b). Finally, in another investigation, P60 was combined with ciprofloxacin (CF) in a nanoemulsion. In this case, the antibacterial activity was tested against E. coli, K. pneumoniae, P. mirabilis, C. amalonatus, and C. diversus. The results showed that at 4 and 10 ng/mL, the nanoemulsion inhibited the growth of all studied strains (Atinderpal et al., 2018).

More translational studies have studied release kinetics in vitro and pharmacokinetic studies in vivo (Kaur et al., 2017a; Kaur et al., 2017b; Atinderpal et al., 2018). The importance of presenting pharmacokinetic and pharmacodynamics’ studies of NPs lies in the fact that these would allow their escalation to clinical assays, becoming closer the possibility for their clinical use. To determine in vitro drug release of P60 and CUR from P60+CUR-NBG Kaur et al. employed a dialysis bag immersed in simulated vaginal media. Results showed sustained release pattern for both the P60 and CUR within 12 hours. P60 achieved the maximum release (91 ± 0.16%) in 8 hours while CUR (84 ± 0.21%) in 5 hours. For the in vivo pharmacokinetic analysis, the P60 was radiolabeled with 99mTc to prepare radiolabeled-P60+CUR-NBG and radiolabeled-aqueous solution of P60+CUR. Then, both preparations were administrated intravaginally in rats and the concentration of radioactivity was calculated in percentage per gram of the total administered dose at different hours. The concentrations of radiolabeled-P60+CUR-NBG in kidney and bladder after 3 hours of administration was 3.07 ± 0.15 and 3.35 ± 0.45 respectively, which was higher than the obtained after administering radiolabeled-aqueous solution (radioactivity of 1.66 ± 0.30 for kidney and 1.48 ± 0.20 for bladder) (Kaur et al., 2017a). In the next investigation, in vitro drug release of P60 and CRB from P60+CRB-NBG was performed employing simulated vaginal media with porcine vaginal mucosa. In this case P60 showed similar maximum release (90.92 ± 0.6% in 8 hours) and CRB (99.39 ± 0.5% in 6 hours) from NBG. For the in vivo pharmacokinetic analysis a similar procedure was carried out and the obtained results were also similar. The radioactivity of radiolabeled-P60+CRB-NBG in kidney and bladder after 3 hours of administration was 3.20 ± 0.16 and 3.64 ± 0.29 respectively, while radiolabeled-aqueous solution showed a radioactivity of 1.21 ± 0.28 in kidney and 1.88 ± 0.14 in bladder (Kaur et al., 2017b). The investigation performed by Atinderpal et al. used a dialysis bag sank in simulated vaginal media for the in vitro drug release analysis. Herein, P60 and CF exposed the maximum release at 7 hours (94.8 ± 0.9% and 75.1 ± 0.15%, respectively) from P60+CF nanoemulsion. In this study authors also radiolabeled P60 with 99mTc and followed similar procedure for the in vivo pharmacokinetic analysis. The results indicated that the concentration of radioactivity of radiolabeled-P60+CF nanoemulsion after 3 hours in kidney and bladder were found to be 3.50 ± 0.26 and 3.81 ± 0.30, respectively, contrasting radiolabeled-P60+CF aqueous solution, which showed a radioactivity of 1.21 ± 0.11 in kidney and 1.34 ± 0.12 in bladder (Atinderpal et al., 2018). Results evidenced that nanoemulsions administrated via intravaginal could cross the vaginal mucosa efficiently, reach target organs (kidney and bladder) and combat uropathogens in UTIs in a rat model. This could be attributed to the mucoadhesive properties of nanoemulsions and their components. This highlights the importance in intravaginal administration route in the treatment of UTIs considering that the most affected population of UTIs are women. Furthermore, this strongly supports the use of natural compounds like GT catechin, CUR, and CRB for UTI treatment when administered using nanotechnology, since it allows to enhance compounds pharmacokinetics. Besides, it permits their administration by diverse routes, using different pharmaceutical forms, overcoming the oral route limitations. Nevertheless, the advantages of using natural compounds within nanosystems is not restricted to women, but also for the treatment of men prostatitis, among others.

In another example of the relevance of in vitro drug release studies, Fong et al. used CHX as an organic modifier (OM), as well as an active ingredient (Styan et al., 2008), by including it in a system of silicate NPs within polyurethane nanocomposites (PUNCs) for sustained release. This OM allowed the adequate dispersion of silicate NP (hydrophilic) inside the hydrophobic PUNC-polymer matrix (Styan et al., 2008). Furthermore, CHX was employed to obtain montmorillonite (MMT), a phyllosilicate mineral with a nanolayered structure (Fong et al., 2010). Then, PUNCs were functionalized with CHX-modified MMT (PUNC-CHX-MMT), additionally they loaded 1% w/w and 2% w/w of free CHX to the PUNC-CHX-MMT. Later, the authors assessed the antibacterial properties against S. epidermidis of PUNC-CHX-MMT in contrast with PUNC-CHX-MMT+1%CHX and PUNC-CHX-MMT+2%CHX. Results showed that PUNCs have sustained antibacterial activity in the urinary tract model achieving negative in vitro bladder cultures for longer periods (PUNC-CHX-MMT+2%CHX (~50 days); PUNC-CHX-MMT+1%CHX (~25 days); and PUNC-CHX-MMT from 12 to 20 days). Later, the in vitro released of CHX was determined as a ratio of the theoretical amount of CHX loaded into the materials, plotted against the square root of time. The data obtained fitted with the Higuchi model, suggesting a diffusion release mechanism of CHX from the PUNCs. The results also showed that CHX had an initial burst release from PUNCs, probably due to thermodynamic CHX interaction with material surface, followed by a retarded rate of drug release, thus allowing the dissolution of CHX effective antibacterial concentrations. Thus, like similar studies here discussed, these NPs showed a sustained release profile, mainly depending on polymer properties and drug loading (Fong et al., 2010).

Venkat et al. studied kanamycin-chitosan nanoparticles (KMCSNPs) against E. coli and P. mirabilis. They immobilized these NPs on the surface of a polyurethane urethral stent (PUS), aiming to prevent UTI episodes. Results revealed that KMCSNPs-PUS possessed the highest antibacterial activity compared with the PUS functionalized with blank chitosan (CS) NPs (CSNPs-PUS), probably due to the polycationic nature of KMCSNPs-PUS. Their positive charged surface interacts more efficiently with the negative charge on bacterial cell membranes, leading to its disruption. Nevertheless, it cannot be ruled out that this can also be associated to synergistic effects of kanamycin and CSNPs. Additionally; drug release studies were performed by the inversion of KMCSNPs in artificial urine. Then, the amount of KM present in the medium was quantified in different intervals of time. Results demonstrated an initial release of 10-15% of KM within 12 hours, followed by a controlled release of drug within 7 days. This sustained release significantly reduced the risk of biofilm formation in artificial urine (Venkat Kumar et al., 2016).

Both investigations showed the potential of NPs-loaded on catheter or stent materials to prevent biofilm formation and combat urophatogens. Furthermore, the in vitro drug release results were associated with their antimicrobial/antibiofilm activity, suggesting high clinical value.

Moreover, nanosystems have been used for the development of a potential vaccine against UPEC. In this context, Crecente et al. engineered polymeric nanocapsules (NCs) to deliver the IutA antigen. IutA is an aerobactin receptor associated to UPEC iron uptake (Tokano et al., 2008), which was included in the NC to achieve an early presentation of the antigen to the organism, enhancing antibody production. In this NCs, the antigen IutA was entrapped between CS and dextran sulfate layers. These NCs had a vitamin E oily core where the hydrophobic immunostimulants can be harbored, whilst the hydrophilic polymeric surface anchors polar molecules efficiently (e.g. proteins). To determine the efficacy of the vaccine, the humoral response in mice pre-immunization was assessed. Results revealed that the group treated with IutA NCs increase de IgG levels against the IutA protein 10-fold higher than the group treated with IutA adsorbed into Alum adjuvant. This highlights the potential of the NCs as a vaccine against UPEC strains (Crecente-Campo et al., 2018). This investigation provided considerable advances in the importance of using nanotechnology to develop nanovaccines and their potential for preventing UTIs and CAUTIs. The vaccine development possesses great potential for public health applications, since it could reduce the number of UTI cases each year, the antibiotics use, and the development of antibiotic resistance.


Nanodiamonds

Nanodiamonds (ND) are carbon-based nanoparticles that have been studied as promising candidates for drug delivery. In general, carbon nanomaterials exert their antibacterial activity by direct interaction between their surface chemical groups and the bacterial wall, thereby inducing physical damage and metabolism inhibition. Interestingly, NDs enhance these antibacterial properties due to their physical and chemical characteristics such as small size, diverse and adjustable surface functionalization, chemically inert core, and their capability to be internalized into mammalian cells (Faklaris et al., 2008). Moreover, NDs are biocompatible and less cytotoxic in comparison to other carbon-based NPs, acquiring more importance in biomedicine (Zhu et al., 2012) (Table 2). To support this hypothesis, Beranová et al. evaluated the antibacterial effect of NDs against E. coli, showing that NDs exerted antibacterial activity in a concentration dependent manner (5 µg/mL inhibited 25% of bacteria growth, while 50 µg/mL or more inhibited bacteria growth completely). The authors concluded that the bactericidal effect may have been due to the clustering of NDs around bacteria, which would probably interrupt essential cellular functions (Beranová et al., 2012).


Table 2 | Physicochemical characteristics of nanodiamonds.



On the other hand, Iyer et al. evaluated the ability of two different sizes of NDs (6 and 25 nm NDS) for being endocytosed into human bladder cells and kill intracellular UPEC, using T24 bladder cells infected by an invasive UPEC strain. Infected cells were then treated during two hours with 200 µg/mL of NDs. The results indicated that 6 nm NDs displayed better antibacterial effects on UPEC than acid-treated 25 nm NDs. Internalization assays were performed in the same cells using transmission electronic microscopy (TEM). Microscopy images showed that acid-treated 6 and 25 nm NDs were associated and internalized into bladder cells suggesting their utility against UPEC (Iyer et al., 2018). In this research area, Khanal et al. have developed trimeric thiomannoside clusters conjugated to NDs (ND-Man3) as anti-adhesive nanoparticles. The aim of ND-Man3 was targeting E. coli type-1 fimbriae, its major virulence factor. The efficiency of the ND-Man3 to inhibit bacterial adhesion to cell surfaces mediated by type 1 fimbriae was evaluated with two different assays: the inhibition of yeast agglutination; and inhibition of bacterial adhesion on the T24 bladder cells. The inhibition of yeast agglutination assay evaluates the capacity of E. coli type 1 fimbriae to recognize mannosylated residues on yeast surface, which is visualized by their aggregation in positive samples. The results revealed ND-Man3 inhibited the adhesion of bacteria to yeast cells 91 times more than unconjugated NDs. In addition, in the case of the bacterial binding to T24 bladder cell inhibition assay, the authors tested the ability of ND-Man3 to interfere with bacterial FimH-mediated recognition of T24 cells. The results showed that ND-Man3 inhibited adherence to T24 cells 133 times more than unconjugated NDs (Khanal et al., 2015).

Considering the aforementioned, NDs intrinsic antimicrobial properties are a promising approach for UTI management, since they have showed to be effective in the elimination not only of the extracellular bacteria, but also intracellular. This characteristic is very important because urinary tract pathogens like UPEC can invade host cytosol and exponentially grow there, forming biofilm-like inclusions called intracellular bacteria communities (IBC) (Anderson et al., 2003; Conover et al., 2016). These IBC cause chronic and recurrent infections and are very difficult to eliminate due to the inability of many antibiotics to cross cell membranes (Maurin and Raoult, 2001; Anderson et al., 2003). Hence, the use of NDs as antimicrobials would overcome classic antibiotics limitations.

The presented studies show the potential of organic nanoparticles as carriers, adjuvants, or drugs in UTI treatment. They highlight their use as coating materials for different urinary tract devices (Fong et al., 2010; Beranová et al., 2012; Khanal et al., 2015; Phuengkham and Nasongkla, 2015; Francesko et al., 2016; Venkat Kumar et al., 2016; Macedo et al., 2017; Ludwig et al., 2018; Lopes et al., 2019; Srisang and Nasongkla, 2019). Thus, this kind of therapy would be destined specifically to hospitalized and catheterized patients. Among this research the studies conducted by Fong et al. and Venkat et al. standout due to their in vitro drug release experiments. Thereby showing the possible behavior these NPs would have inside the body when used as catheters coating to prevent and avoid CAUTIs. Furthermore, the use of intravaginal administration of nanoemulsions based on natural compounds is one of the most promising alternatives to improve the actual treatment against UTIs (Kaur et al., 2017a; Kaur et al., 2017b; Atinderpal et al., 2018). This is due to natural compounds’ benefits for human health and their biocompatibility, in addition to the inherent benefit that a local administration represents. It is important to emphasize that these studies that propose the intravaginal administration route are the only ones that analyzed in vitro and in vivo pharmacokinetics parameters making this administration route the most suitable used in the treatment of UTIs in women. Another strategy to achieve local administration of nanoparticles is the injection directly into the bladder, as suggested by Lui et al. (2015), Iyer et al. (2018) and Khanal et al. (2015). In that context, it is noteworthy that in all previous cases a local administration route is preferred for the treatment of UTIs with nanoparticles, either by intravaginal or intravesical route for both, inpatients and outpatients. Moreover, the use of nanosystems capable of inactivating or killing urinary tract pathogens as catheters coating would prevent CAUTIs and reduce the formations of biofilms. In addition, vaccination is gaining importance in the search for a novel strategy towards UTIs prevention, as shown by the results obtained by Crecente et al. using subcutaneous vaccines for the reduction of the increasing number of UTI and CAUTI and the prevention of antibiotic resistance (Crecente-Campo et al., 2018).




Inorganic Particles

Inorganic nanocomposites are widely investigated in the literature due to a wide variety of potential applications in different fields, especially in biomedicine (Altavilla and Ciliberto, 2017). Within the biomedical research, many inorganic materials are explored for their potential benefits in the treatment of UTI. These new nanocarriers or nanoscaled materials include silver, copper, iron, gold, and others. In this section the used of these nanomaterials in UTIs is assessed.


Silver-Based Nanoparticles

Silver is recognized as a promising strategy against microorganisms, since it disrupts both, cell wall and metabolic pathways (Sim et al., 2018). The use of silver-based nanosystems to treat UTIs has been studied isolated and in combination with other materials (Table 3). For example, Syed et al. assessed the antibacterial effect of silver nanoparticles (AgNps) against E. coli and S. aureus isolated from CAUTI patients. In this investigation, the bactericidal potential of AgNps was assessed by direct colony count. The number of viable bacteria was measured after the exposure of 105 CFU/mL to different concentrations of AgNPs suspension (0, 10, 50, and 100 μg/mL) after 24 hours of incubation. Results showed that AgNps reduce the number of viable cells for both, E. coli and S. aureus, in a concentration dependent manner (Syed et al., 2009). On another research, El-Batal et al., developed silver-boron nanoparticles (AgB-NPs) and evaluated their antimicrobial activities against MDR urinary tract pathogens. These AgB-NPs had a MIC of 3.90 µg/ml against E. coli, 7.81 µg/ml against S. aureus, and 1.95 µg/ml against C. albicans. After 24 h of incubation, through the agar-disc diffusion test, the zone of inhibition revealed that AgB-NPs were effective as antimicrobials at a concentration of 25 µg/ml. The best action was displayed against E. coli (18.0 mm ZOI) and S. aureus (16.0 mm ZOI); additionally, they exhibited effective antifungal effects, with great potency against C. albicans and C. tropicalis (20.0 mm and 15.0 mm ZOI, respectively) (El-Batal et al., 2019). Another investigation explored the development of Ag/ZnO nanoparticles alone and in combination with ciprofloxacin and assessed their efficacy against an E. coli-induced UTI rat model. These Ag/ZnO NPs exerted a MIC and minimum bactericidal concentration (MBC) of 32 µg/mL and 512 µg/mL, respectively. Additionally, the use of the 512 µg/mL Ag/ZnO NPs in combination with ciprofloxacin reduced the severity of renal cortical thickness of pyelonephritic rats (Khoshkbejari et al., 2015). In a different study, the authors investigated the synergism between AgNPs and antibiotics against MDR uropathogens (E. faecium, S. aureus, A. baumannii, E. cloacae, three different isolates of E. coli, K. pneumoniae, M. morganii and P. aeruginosa). Ampicillin (AMP) and amikacin (AMK) were assessed alone and in combinations with AgNPs against the MDR clinical strains isolated from CAUTI patients. All clinical isolates showed a MIC between 4-16 µg/mL and 4–128 µg/mL to AgNPs and amikacin, respectively, while all Gram-negative strains resulted to be ampicillin resistant. The combinations of AgNPs + AMK showed a synergistic effect reducing the MIC by 2 to 32-fold. On the other hand, AgNps + AMP reduced S. aureus and E. cloacae MICs by 1- and 4-fold respectively (Lopez-Carrizales et al., 2018). In another research looking into optimizing the antibacterial and antibiofilm properties of AgNPs, Bhargava et al. developed L-fucose-functionalized nanoparticles (FNPs). The aim was to increase FNPs interactions with P. aeruginosa PAO1 using LecB lectins present on the bacteria. They compared them to similar size and concentration of citrate capped silver nanoparticles (CNPs). The authors observed that, by measuring the MBC in static conditions, only 40 µg (Ag)/mL in FNPs aliquots were required to kill all bacteria in comparison with CNPs, which required 70 µg (Ag)/mL (Bhargava et al., 2018),. In another attempt to synergistically increase the therapeutic efficacy of silver nanoclusters (NCls), branched polyethylenimine (bPEI) and silver were combined in the synthesis of bPEI-coated blue fluorescent cationic silver nanoclusters (bPEI−Ag-NCls). bPEI is an effective transfection reagent widely investigated as a non-viral vector for DNA delivery (Kunath et al., 2003). The antibacterial ability of these NCls was evaluated against twelve MDR uropathogenic strains by determining MIC through the broth dilution method. AgNO3 and PEI were used as controls. The results showed that bPEI-Ag NCls had a 2-to 3-fold lower MIC than AgNO3 and 10- to 15-fold lower MIC than that PEI. In addition, in hemolysis assays and fibroblasts cultures, it was additionally shown that these bPEI-Ag NCls had a selective cytotoxicity against bacteria, and were biocompatible with human fibroblasts and red blood cells (Huma et al., 2018).


Table 3 | Physicochemical characteristic of silver-based NPs.



Silver was widely used as antibacterial agent in the 19th century, until the discovery of the new antibiotics in the early 20th century (Möhler et al., 2018; Sim et al., 2018). However, bacteria have progressively developed different mechanism to evade antibiotic effects (Möhler et al., 2018; Sim et al., 2018). Nowadays, the fight against infections like UTI caused by MDR pathogens represents a challenge. So, to overcome antibiotics resistance, silver is being reconsidered as antimicrobial agent. But now, the use of silver is studied in a more refined manner using strategies such as nanotechnology. AgNPs are already being used for catheter coating to prevent CAUTI due to their antimicrobial and antibiofilm potential. However, their ability to be combined or functionalized increases the interest in the use silver-based NPs to develop powerful molecules for UTI treatment, one of the most MDR pathogens-associated infections.


Green Silver-Based Nanoparticles

Inorganic NPs can be engineered by physicochemical and biological pathways. Physicochemical methods to synthetize NPs employ strong reducing agents, and organic solvents (Pal et al., 2019). The use of these chemical reagents represents toxicity and environmental issues. For this reason, biological synthesis methods are preferred (Iravani, 2014; Pal et al., 2019). On the other hand, biological synthesis methods comprise the use of plants, bacteria, fungi, or algae for the bioreduction of metal ions in the productions of NPs. Therefore, NPs generated by biological synthesis are free of toxic chemicals and biocompatible. For this reason, biological synthesis is considered as green synthesis, and it has also demonstrated to be simple and cost-effective (Iravani, 2014; Pal et al., 2019).

Due to the remarkable advantages of green synthesis, it is also considered in the development of new compounds for UTI treatment (Table 4). For example, leaf extract of Azadirachta indica has been used to synthesize Ag-embedded mesoporous silica nanoparticles (mSiO2-AgNPs) using the plant as reductor agent. The antifungal activity of mSiO2-AgNPs were tested against MDR C. albicans using various concentrations (0, 2, 8 µg/mL). The results of agar disc diffusion assays revealed thar the antifungal activity was significantly enhanced in a dose dependent manner, exposing the best activity at 8 µg/mL (Qasim et al., 2015). Likewise, another investigation used bacteria for the metal reduction (Divya et al., 2019). They used bacteria isolated from healthy coral samples (MGL-D10) to synthesize green silver nanoparticles (AgNP MGL-D10). These nanoparticles were assessed against UTI causing pathogens such as Bacillus sp, C. albicans, E. coli, K. pneumoniae, P. aeruginosa, and S. aureus by using MIC determination. Results showed that 10 µg of AgNPs were effective inhibiting a 50% of the tested microorganisms, whereas 30 µg of AgNPs showed an inhibition of 100% for pathogen growth, such as Bacillus sp, S. aureus, and C. albicans. In addition, E. coli, K. pneumoniae, and P. aeruginosa were completely inhibited using 40 µg/ml of AgNP MGL-D10. Moreover, the concentration of 50 µg/ml destroyed biofilm effectively as well (Divya et al., 2019).


Table 4 | Physicochemical properties of green silver-based NPs.



In another investigation, AgNPs were synthesized using Anogeissus acuminata as potential treatment of MDR urinary tract infecting bacteria. Anogeissus acuminata was selected due to its secondary phytochemicals with antimicrobial ethnomedical uses (Singh et al., 2016), which was expected to convey its antibacterial properties in the synthesis of AgNPs. Antibacterial effects of different concentrations of these AgNPs (5, 10, 15 µg/mL) were determined using the agar well diffusion method against eleven MDR pathogens: two Gram-positive (S. aureus and Enterococcus faecalis) and nine Gram-negative (A. baumannii, Citrobacter freundii, Enterobacter aerogenes, E. coli, K. oxytoca, K. pneumoniae, P. mirabilis, P. vulgaris, and P. aeruginosa) isolated from UTI patients. The results revealed that these green AgNPs had great concentration-dependent antibacterial activity, obtaining the largest ZOI (19 to 13 mm) at 15 µg/mL (Mishra and Padhy, 2018). In a different investigation Shafreen et al. used Nitzschia palea (microalgae) for the synthesis of green AgNPs. Nitzschia palea is a diatom considered as an antibiofilm agent against UPEC (Shafreen et al., 2017). These green AgNPs were developed with the objective of halt curli-E. coli biofilm formation. Curli are thin proteinaceous fimbriae, which mediate cell-cell interaction promoting biofilm formation (Kikuchi et al., 2005). The authors determined for these green AgNPs, a 300 ng/mL biofilm inhibitory concentration (BIC, concentration able to inhibit more than 50% of biofilm) (Shafreen et al., 2017). To determine the presence of curli-E. coli, it was used the analysis of specific morphological characteristics (cultures should have red, dry, and rough (RDAR) morphology). In addition, cultures ability to bind to congo red agar, as a maker of curli formation (Shafreen et al., 2017) was also measured. Results showed that when E. coli grew on AgNPs plates, cultures appeared with pale, smooth and wrinkled morphology, suggesting that curli-mediated biofilm formation was inhibited. Furthermore, the reduced binding to congo red dye validated the morphological results (Shafreen et al., 2017). In another investigation Srinivasan et al. used Piper betle leaves extract to synthetize Piper betle-based silver nanoparticles (PbAgNPs), since it has antibacterial activity reported (Prabha et al., 2014). In this work the authors wanted to evaluate the potential of PbAgNPs as anti-quorum sensing (QS) agent. Given that QS is related to a wide number of biological functions, including biofilm formation (Parsek and Greenberg, 2005). The anti-QS activity of PbAgNPs was evaluated by their potential to inhibit QS-mediated virulence factors such as prodigiosin and protease production, as well as biofilm formation. PbAgNPs exhibited a 16 µg/mL and 32 µg/mL MIC, against S. marcescens and P. mirabilis, respectively; whilst MIC concentrations were of 6 µg/mL for S. marcescens and 10 µg/mL for P. mirabilis. In addition, PbAgNPs exerted inhibitory effect over S. marcescens virulence factors reducing: i) 62-72% of prodigiosin pigment production; ii) 31-42% of protease production; and iii) 63-71% of reduction of biofilm formation. On the other hand, the results for P. mirabilis were significant only in biofilm inhibition (53-69%). Consequently, authors suggested that PbAgNPs had anti-QS potencial, especially inhibiting biofilm formation (Srinivasan et al., 2018). Green synthesis of AgNPs was also carried out employing two Indian medicinal plants, Aegle marmelos (Mujeeb et al., 2014) and Saraca asoca (Singh et al., 2015). The antibacterial activity of the resulting AgNPs was assessed against P. aeruginosa, K. pneumoniae, E. faecalis, S aureus and Coagulase Negative Staphylococci by the agar dilution method. Very effective antibacterial properties were found when 5 µg/mL AgNPs was assayed against all pathogens (Meenakumari et al., 2000).




Copper-Based Nanoparticles

Because of its biocide nature and its antibacterial ability reported since Egyptian medical texts (Nunn, 2002), copper (Cu) is another common metal widely used for the synthesis of nanoparticles as nanoantibiotics, having the advantage of its lower cost in comparison with silver (Rane et al., 2018). The utility of Cu against uropathogens is principally as antibiofilm agent to prevent CAUTI (Table 5). To amplify this concept Shalom et al. coated urinary silicone catheters with Zn-doped CuO nanoparticles. Subsequently, their antibiofilm activity was evaluated against E. coli, S. aureus, and P. mirabilis, observing a biofilm persistence of 9, 8% and 0.5%, respectively. Finally, the authors performed experiments using rabbits as an in vivo model to which coated and uncoated catheters were applied. Rabbits catheterized with uncoated catheters developed CAUTI at day 4 of the experiment. In contrast, CAUTI was not diagnosed in rabbits catheterized with coated catheters during the time that the experiment was performed (7 days) (Shalom et al., 2017).


Table 5 | Physical characteristics of copper-based NPs.



In another study, researchers evaluated the antibiofilm activity of commercial CuO NPs against biofilm formed from methicillin-resistant Staphylococcus aureus (MRSA) and E. coli. First, Agarwale et al., determined a 30 μg/mL and 35 μg/mL CuO NPs-MIC, for MRSA and for E. coli, respectively. Next, they assessed the antibiofilm activity of CuO NPs employing sub-MIC concentrations. Results indicated that CuO NPs completely inhibited biofilm formation at a concentration from 2MIC to ½MIC, while lower concentrations did not inhibit the biofilm completely (Agarwala et al., 2014).

The aforementioned exposed that Cu used into NPs reduces biofilm formation efficiently, which is associated to the damage that Cu produces in microorganisms, since it destroys microorganism’s envelope and nucleic acids leading to cell death (Rane et al., 2018). These Cu properties added to nanotechnology strategies, present Cu-based NPs as excellent candidates for their inclusion in CAUTI prevention treatments. Furthermore, the inclusion of NPs onto catheters surface reduces biodistribution and bioavailability problems, thus representing a big advantage for their future biomedical approval and commercialization.


Green Copper-Based Nanoparticles

Nowadays, copper nanoparticles can also be synthesized by green methods (Table 6). For example, Rajivgandhi et al. developed green CuO NPs using leaf extract of Camilla japonica as reductor agent. These NP were evaluated against beta-lactamase (ESBL) positive Gram-negative uropathogens (P. aeruginosa and K. pneumoniae). The results of disc diffusion assays revealed that the CuO NPs inhibited the growth of tested bacteria at a concentration of 100 µg/mL. In addition, reduced cell viability and loss of the cell membrane integrity was observed by laser scanning microscope in both uropathogens, supporting the evidence for Cu NPs as potentials antibacterial agents (Rajivgandhi et al., 2019). In a different research, the culture supernatant of Serratia nematodiphila was employed for the synthesis of green copper sulfide nanoparticles (CuS NPs), by the reduction of copper sulfate to copper sulfide (Malarkodi and Rajeshkumar, 2017). The antibiotic activity of these NPs was assessed by ZOI microbiological assay and compared with commercial antibiotics such as amikacin, amoxicillin, azithromycin, cefixime, ciprofloxacin, chloramphenicol, penicillin, nitrofurantoin, ofloxacin among others. For the ZOI determination, 120 μg/mL of CuS NPs and 30 mg of each commercial antibiotic were employed. ZOI results revealed that E. coli was the most sensitive bacteria to of CuS NPs, with a ZOI of 24 mm, followed by S. aureus (22 mm), P. vulgaris (17 mm) and K. pneumoniae (16 mm). These results were superior than those obtained with commercial antibiotics, since none of these exhibited a ZOI greater than 20mm, evidencing the high potential of CuS NPs (Malarkodi and Rajeshkumar, 2017). Tabernaemontana divaricate leaves extract was also used in the synthesis of CuO NPs; the plant was chosen due to its reported medical applications (antiparasitic, antibacterial, antifungal, and anti-inflammatory) due to its high content of phytochemicals (Pratchayasakul et al., 2008). Antimicrobial activity of these CuO NPs were assessed by a modified Kirby Bauer disc diffusion, against UPEC. The results exhibited that green CuO NPs presented a ZOI of 17 mm at a concentration of 25 µg/mL, in comparison to the 50 µg/mL needed of a tetracycline solution, to achieve the same ZOI. These results supported the antimicrobial potential of the synthesized green CuO NPs (Sivaraj et al., 2014).


Table 6 | Physical characteristics of green copper-based NPs.






Zinc-Based Nanoparticles

Other metal with antibacterial properties used for NPs synthesis is zinc, which has potential to achieve more effective UTI treatments (Table 7). Zinc oxide nanoparticles (ZnO NPs) have been developed by two different methods (green and conventional chemical syntheses). The antibacterial ability of these NPs was evaluated against carbapenem-resistant RS307 strain of Acinetobacter baumannii, an opportunistic pathogen of urinary tract. Growth kinetics assay showed that the growth of A. baumannii were inhibited by chemically ZnO NPs more than by green synthesized ZnONPs. This effect was attributed to the ROS production by the chemically synthesized NPs (Tiwari et al., 2018). In other research, authors investigated the capacity of ZnO NPs to reduce both biofilm formation and antigen 43 (Ag43) expressions in UPEC CFT073. Ag43 is an important surface adhesin encoded by the E. coli-flu gene (Zalewska-Pia Tek et al., 2015). E. coli surface also presents the Ag43 receptor, which mediates bacteria-bacteria adherence, favoring their auto-aggregation, essential for the biofilm formation (Ulett et al., 2007). The ZnO NPs MIC was determined against UPEC isolated from urine samples of inpatients and outpatients, using the agar diffusion methods and different NPs concentrations. Some isolated bacteria resulted to be ESBL-positive, thus resistant to third generation cephalosporins. The MIC obtained for no ESBL-producing E. coli was 2971 µg/mL, while for ESBL-producing E. coli the MIC was 3541 µg/ml. With the MIC concentration, they measured the antibiofilm activity of the ZnO NPs by microtiter plate assay. For that, they first measured the extend of biofilm by optical density (OD490), considering values of ˂0.1, 0.1-0.2, 0.2-0.3, and ˃0.3, representing non, weak, moderate, and strong biofilm former respectively (Naves et al., 2008). They determined that the biofilm formation was fully inhibited in about 20% of isolates with strong biofilm formation, 14% in moderates, and 16% in weaks. Finally, they assessed the level of the flu gene expression by Real-Time PCR assay, determining that ½MIC concentration of NPs significantly reduced the flu gene expression in these bacteria (Shakerimoghaddam et al., 2017). Hence, they found a direct correlation between biofilm strength and flu gene expression. Other authors have developed Magnesium-doped zinc oxide nanoparticles (ZnO : MgO NPs), and evaluated their antibiofilm activity against CAUTI-isolated P. mirabilis. To evaluate the effect of ZnO : MgO NPs over P. mirabilis biofilm, they covered glass coverslips with polymer and nanoparticle dispersion containing 1% of HPMC and different percentages of ZnO : MgO NPs (0.0004, 0.0011, 0.0023 and 0.0053% w/w). They used glass coverslip with and without 1% HPMC as controls. Then, coated coverslips were incubated with P. mirabilis culture for 7 days. Coverslips were then subjected to immunofluorescence staining and confocal microscopy image acquisition. Deep image analysis and mathematical morpho-topological descriptors (bacterial volume, and number, and extracellular volume) revealed that each NPs concentration induced a different biofilm behavior. The best concentration of these NPs to inhibit biofilm formation was 0.0011% w/w, maintaining the smallest morpho-topological parameters values during all assays compared to controls and the other NPs concentrations (Iribarnegaray et al., 2019). In a different study, Hosseine et al. evaluated the ZnO NPs effect on agglutinin-like sequence (ALS) 1 and ALS3 gene expression. ALS are proteins present in cells surface of C. albicans with a key role in biofilm formation, especially ALS3 (Nailis et al., 2010). The antifungal effect of ZnO NPs was carried out by MIC determination against patients-isolated C. albicans strains. The results of MIC determinations showed that all strains were sensitive to ZnO NPs at a concentration of 17.76 µg/mL. Then authors analyzed the effect of ZnO NPs on the expression of ALS genes by Real-Time PCR. For that, they treated C. albicans strains with a sub-MIC concentration of ZnO NPs. Results indicated that, after treatment with the sub-MIC concentration of ZnO NPs, the expression of ALS1 and ALS3 decreased significantly, suggesting ZnO NPs as an effective antibiofilm agent (Hosseini et al., 2019). In another investigation, Hosseini et al. studied the influence of ZnO NPs on C. albicans biofilm derived from urinary-catheters isolated strains, some of which were fluconazole resistant. First, the authors determined the MIC of ZnO NPs for all strains obtaining a MIC of 28 µg/mL for fluconazole-susceptible strains and of 47 µg/mL for fluconazole-resistant. Later, the antibiofilm assay showed that concentrations of 29 µg/mL fully inhibited biofilm formation in 80% of susceptible strains and 50 µg/mL inhibited biofilm formation in 100% of resistant strains (Hosseini et al., 2018). On another research, Bhande et al. assessed the synergism between ZnO NPs and beta-lactam antimicrobials (cefotaxime, ampicillin, ceftriaxone and cefepime) against a panel of clinically isolated UTIs ESBL producers (E. coli, P. aeruginosa, S. paucimobilis, and K. pneumoniae). The MIC determination was 80 µg/ml for E. coli, 60 µg/ml for K. pneumoniae, 30 µg/ml for P. aeruginosa, and 50 µg/ml for S. paucimobilis. In addition, time-kill assay by synergistic compound (ZnO NPs + beta-lactam antibiotics) was monitored using broth dilution and agar diffusion method (% fold inhibition) for ESBL producers. Results exposed that both, antibiotics and ZnO NPs delayed the normal pathogens exponential growth. Nevertheless, when they were treated with the different combinations of ZnO NPs + beta-lactam antibiotics, it was observed a sudden impairment in the exponential phase, and a very low stationary phase during the growth transition (Bhande et al., 2013).


Table 7 | Physicochemical characteristics of zinc-based NPs.




Green Zinc-Based Nanoparticles

Green synthesis has also been employed for the development of zinc-based NPs. Herein the authors engineered ZnO nanosheets (NSs) to be applied in UTIs treatment. They used the actinomycete Nocardiopsis sp. GRG1 (KT235640) to synthesized green ZnO NSs, for the treatment of MDR uropathogens. The antibacterial activity was carried out through Kirby bauer disc diffusion assay. Results indicated that 25 µg/mL of ZnO NSs gave the maximum ZOI against P. mirabilis (27 mm)   and 24 mm against E. coli, whereas extract only exhibited a ZOI of 10 and 5 mm for P. mirabilis and E. coli, respectively. In addition, the antibiofilm properties were evaluated using 20 µg/mL of ZnO NSs. After 24 hours of treatment with ZnO NSs, it was observed an biofilm inhibition in about 92% and 90% for P. mirabilis and E. coli about, respectively (Rajivgandhi et al., 2018). These results support the utility of ZnO NSs for the treatment of UTI MDR pathogens.




Gold-Based Nanoparticles

Gold-based NPs (AuNPs) (Table 8) have shown potent bactericidal activities by different mechanisms, including membrane damage, protein inactivation and DNA replication inhibition (Cui et al., 2012). For that matter, the antibacterial activity of functionalized AuNPs has been evaluated, using a wide range of different gold-cationic characteristics, such as chain length, non-aromatic, and aromatic properties, for those purposes. The antibacterial activity was first tested on a E. coli laboratory strain (DH5a); using the broth dilution method, the researchers determined that all functionalized AuNPs inhibited E. coli proliferation at nanomolar concentrations. Next, they tested the antibacterial ability of the most potent NPs against E. coli growth. These specific AuNPs carried an n-decan end group (NP3) and inhibited E. coli proliferation at 32 nM (Li et al., 2014). In another study, the authors conjugated AuNPs with chlorhexidine (Au-CHX NPs), where they evaluated the antibacterial and antibiofilm activity against twenty strains of K. pneumoniae isolated from UTI patients and one reference strain (ATCC 13882). The antibacterial effects were investigated by the broth dilution method, while the antibiofilm activity was evaluated by the microtiter plate method. Results revealed that the MIC necessary to inhibit K. pneumoniae ATCC 13882 strain was 25 µM, whereas for all the clinical isolates it was 100-200 µM. Regarding the ability for interrupting the biofilm formation, 25 µM reduced the K. pneumoniae ATCC 13882 strain biofilm to almost 85%, whilst 100 µM were required to reduce the biofilm of clinical isolates to about 90%. It was also determined that concentrations of 100 µM of Au-CHX NPs were able to disrupt the preformed biofilm of all isolates (Ahmed et al., 2016). A different investigation with AuNPs developed silica coated gold nanorods (AuNRs-SiO2) loaded with verteporfin (VP). VP is a photosensitizer, clinically approved as efficient near infrared (NIR) nanostructures for PDT (Turcheniuk et al., 2015). Herein the aim was to use a continuous wave (CW) or a pulsed-mode laser to eliminate E. coli related with UTI. To determine the potential of the AuNR-SiO2–VP as antibacterial photodynamic probe, their bactericidal capacity was assessed under pulsed laser illumination. Using this laser at 710 nm (1 W/cm2), repeated irradiations of AuNR-SiO2–VP, AuNR-SiO2 and VP were applied on E. coli strains. The results showed that E. coli UTI89 was not inactivated at 4 mM neither with AuNR-SiO2 nor VP, while AuNR-SiO2–VP eradicated an infectious dose of 104 CFU/mL of E. coli (Turcheniuk et al., 2015).


Table 8 | Physicochemical characteristics of gold-based NPs.



Thus, gold nanosystems have great potential for UTI treatment, since they allow the incorporation of other compounds, potentiating their activity using different strategies for bacteria eradication.



Silica-Based Nanoparticles

Another inorganic molecule used to improve actual UTI treatments is silica, which has been generally used in combination with other materials (Table 9). For example, Tameemi et al. synthesized nanostructures of silica-titanium sieves (Si-Ti-Sv) as nanocarriers for izohidrafural, a new antibacterial agent, obtaining Izo3-Si-Ti-Sv. The antibacterial activity of these nanocarriers was assessed against different bacteria strains of nosocomial UTI pathogens (E. coli, K. pneumoniae, P. mirabilis, M. morganii, and E. faecalis). The results showed Izo3-Si-Ti-Sv had greater antibacterial potential than Si-Ti-Sv and nitrofurantoin. Furthermore, Si-Ti-Sv exposed higher antibacterial activity than nitrofurantoin but lower than Izo3. The authors attributed this synergistic effect to the photolytic properties of titanium dioxide, in the form of anatase, which is present in the hybrid Si-Ti-Sv and generates ROS, thus destroying cells. The increased antimicrobial activity of Izo3, in regard to nitrofurantoin was explained by the isoniazid moiety, a powerful antimicrobial present in the molecular structure of the drug (Al Tameemi et al., 2017). In a different research, the authors conjugated SiO2 NPS with tannase, an enzyme that catalyzes the hydrolysis of tannic acid ester bonds to produce gallic acid and glucose (Singh et al., 2019). Tannase was obtained and purified from Serratia marcescens. The conjugation was done by feeding and pulse methods (Nsayef Muslim et al., 2017). Then they compare the antibacterial activity of SIO2 against UTI-related pathogens (S. agalactiae, S. aureus, K. pneumonia, E. coli, P. aeruginosa, E. aerogenes and S. marcescens) with ciprofloxacin, SiO2 NPs alone, and partially purified tannase. The best results against tested pathogens were achieved with tannase-SiO2 NPs conjugated feeding method (Nsayef Muslim et al., 2017). Mesoporous silica nanoparticles (MSNPs) have also been investigated as part of possible future UTIs treatment because their physical and chemical characteristics are easily modifiable. The ability to alter at will characteristics such as pore size, surface area, stability to organic solvents, biocompatibility, and others, facilitates the incorporation of organic and inorganic particles, thus enhancing antibacterial properties (Stein et al., 2000). Based on this information, mesoporous silica nanoparticles were functionalized with phenazine-1-carboxamide (PCN) (PCN-MSNPs) and used as antimicrobial coating on silicone urethral catheters. Microbial phenazines are nitrogenous aromatic compounds reported to exhibit interesting bioactivities including antimicrobial properties (Shanmugaiah et al., 2010). In this research, the authors evaluated the antifungal activity of PCN-MSNPs against different strains of C. albicans by Minimum Fungicidal Concentration (MFC) assay, in Muller-Hinton Broth (MHB). In this research, it was shown that PCN-MSNPs exhibited a MFC of 7.8-15.6 µg/mL (two-fold lower than PCN) against C. albicans, similar to the standard MZ. The authors also did a polymicrobial inhibition assay using agar well diffusion method against a mixture of C. albicans and S. aureus. The assay revealed that both PCN and PCN-MSNPs inhibited the growth of mixed pathogens, but PCN-MSNPs showed a greater inhibitory effect, which was stable up to 120 hours. Finally, antibiofilm activity of PCN and PCN-MSNPS was assessed against C. albicans and the mixture of C. albicans and S. aureus, in microtiter plates. The results of C. albicans biofilm inhibition assay showed that PCN inhibited the biofilm at a concentration ranging from 80–95 μM, whereas, PCN-MSNPs needed only a dose ranging between 34 to 44 μM. Similar results were found on mixture of pathogens biofilm, where PCN-MSNPs inhibited biofilm formation at a concentration of 53 μM, while PCN showed biofilm inhibition at 105 μM (Kanugala et al., 2019).


Table 9 | Physicochemical characteristics of silica-based NPs.





Other Inorganic Nanoparticles

A different group of inorganic materials has been employed in the development of nanoparticles to enhance UTI treatments (Table 10). Within this group, hydroxyapatite nanoparticles (nano HA) have been used to develop an antimicrobial coating for urethral catheters with the aim to prevent biofilm formation and CAUTI. In vivo studies in rabbits were conducted with a control catheterized with standard silicon-latex catheters, while the study group received nano-HA coated catheters. To evaluate the biofilm formation on catheters, 1 cm of the distal segment of each catheter was plunged in a transferable culture media and analyzed by scanning electron microscopic (SEM) under 15 kV to determine biofilm thickness. The most frequent bacteria recovered in urine and on the catheter surface in the control group were E. coli, Staphylococcus species, P. mirabilis and E. cloacae. The results showed that at the end of seven days of the catheterization period, the biofilm formation over catheters surface was significantly thinner in the study group, regarding the control group. After the 7 days, the urethra and bladder of each rabbit were excised and analyzed with hematoxylin-eosin. The results indicated that nano-HA coated urethral catheters did not produce histological adverse changes or particle penetration in the urothelium (Evliyaoğlu et al., 2011). In another study, sulfur nanoparticles (SNPs) were green synthesized with Catharanthus roseus leaves extract as reductor agent. The antibacterial efficacy of these SNPs was single evaluated and in combination with antibiotics (amoxicillin, chloramphenicol, ciprofloxacin, gentamicin, imipenem, kanamycin, neomycin, norfloxacin, ofloxacin, trimethoprim) against MDR uropathogens, using disc diffusion method against uropathogenic bacteria isolated from 351 human urine samples. The isolated pathogens were E. coli, P. mirabilis, P. aeruginosa, K. pneumoniae, E. faecalis and S. aureus. The results showed that SNPs alone or combined with antibiotics had inhibition activity against all assessed pathogens, being 14.66 mm the maximum ZOI observed for SNPs-Amoxicillin combination against E. coli (Paralikar et al., 2019). In yet another example, tungsten nanoparticles (WNPs) were assessed against biofilm formation from CAUTI patients isolated E. coli strains. Antibacterial properties were assessed against these bacteria and against (S. aureus) reference strain (ATCC 6538). To measure the antibacterial potential of these novel WNPs authors applied MIC determination and the results revealed that while 6000 µg/mL of cefotaxime were necessary to inhibit E. coli growth and 2000 µg/mL were needed to avoid S. aureus growth, only 1500 µg/mL of WNPs were enough to avoid E. coli and S. aureus growth (Syed et al., 2010). Finally, nickel oxide nanoparticles (NiO NPs) are one of the most promising metal oxides used for biomedicine and drug delivery applications (Bano et al., 2016; Kganyago et al., 2018). Pure NiO NPs and Nd3+ doped NiO NPs (Nd-NiO NPs) antibacterial have been tested, in comparison to commercial antibiotic treatment (erythromycin). The antibacterial ability of NPs was measured by the well diffusion method against P. mirabilis. Results indicated that NiO and Nd-NiO NPs possessed greater antimicrobial activity than erythromycin, mainly due to Ni2+ positive charge, which is released when NiO interacts with the negative charges present on microbe cell membranes. Ni2+ is internalized into the cell membrane and reacts with sulfhydryl groups. Therefore, the activity of synthetase in the microorganism becomes disrupted, thus the cellulose grows through cell division, which in turn leads to microbe death (Rahman et al., 2018).


Table 10 | Physicochemical characteristics of inorganic NPs.



After the analysis of the reported studies, it becomes evident that the most explored inorganic nanoparticles for UTI treatment are silver-based nanoparticles, alone or in combination with other materials. In this context, the extensive investigation of AgNPs is due to their antimicrobial properties and their ability to combat human pathogen has been showed constantly over the years. The importance of silver in UTI treatment is reflected in its actual use as catheters coating to prevent nosocomial microbial contamination and reduce UTIs as a secondary effect (Politano et al., 2013). Other metals like copper, zinc, gold, and silica share these antimicrobial characteristics with silver, but despite they effectiveness, they have not been approved for human or animal use yet. Other inorganic materials have been also evaluated but with less intensity, which can be related to the difficulty for their approval for human use and thus, their introduction as clinical treatments. Nevertheless, green synthesis is gaining more relevance due to the greater biological and environmental compatibility of these NPs.

Nowadays, inorganic NPs are widely considered as catheters coating, among which AgNPs are already being used to prevent catheter bacterial colonization, while other inorganic materials are currently under investigation. All reported inorganic compounds-based NPs as well as organic NPs, show a tendency to be include in urinary tract devices to prevent biofilm formation and reduce CAUTIs (Meenakumari et al., 2000; Ulett et al., 2007; Syed et al., 2009; Syed et al., 2010; Evliyaoğlu et al., 2011; Agarwala et al., 2014; Prabha et al., 2014; Ahmed et al., 2016; Shafreen et al., 2017; Shalom et al., 2017; Bhargava et al., 2018; Hosseini et al., 2018; Rajivgandhi et al., 2018; Divya et al., 2019; Iribarnegaray et al., 2019; Hosseini et al., 2019; Kanugala et al., 2019). Furthermore, some investigations have exposed that their synthetized NPs could have the potential to be used either as a catheter coating or as a systemic administration drug. However, they need to expand their in vitro and in vivo evidence for their approval for their clinical use as UTIs treatment (Sivaraj et al., 2014; Li et al., 2014; Qasim et al., 2015; Turcheniuk et al., 2015; Malarkodi and Rajeshkumar, 2017; Al Tameemi et al., 2017; Nsayef Muslim et al., 2017; Lopez-Carrizales et al., 2018; Mishra and Padhy, 2018; Rahman et al., 2018; Tiwari et al., 2018; El-Batal et al., 2019; Rajivgandhi et al., 2019). Other inorganic NPs have also shown a great potential like adjuvants in combination therapy with antibiotics (Bhande et al., 2013; Paralikar et al., 2019). In addition, inorganic NPs are even under the scope as potential systemic therapies for UTI (Huma et al., 2018) (Khoshkbejari et al., 2015).



Use of Composite Materials

Because of the high resistance that urinary tract pathogens have developed to antibiotics, the development of new effective and potent antimicrobial agents is urgently needed. In this context, composite materials have emerged as novel strategies designed to treat UTIs (Table 11). Metal-organic frameworks (MOFs), are organic-inorganic hybrid porous nanostructures, that have been developed to treat infections, since they have the capacity to act as antimicrobial materials, as well as drug carriers (Férey, 2008). The potential of MOFs to combat MDR pathogens is based on the possibility to incorporate different kind of particles into MOFs pores, their metal component, and in their ability to produce physical damage to microbial cells (Wyszogrodzka et al., 2016). In this context, a ZnO-ZIF-8 nanocomposite was evaluated as an antibiofilm agent against four common uropathogens (E. coli, K. pneumoniae, P. mirabilis, and S. aureus). ZIF-8 is a zeolitic imidazolate framework useful for drug delivery, since its porous features, and for being thermally and chemically stable, and modifiable and pH sensitive (Kaur H et al., 2017). With the MBC assay it was determined that 0.25 µg/mL of ZnO-ZIF-8 compound was able to kill all four microorganisms. The antibiofilm effect was demonstrated by the capability of 2 µg/mL suspensions of ZnO-ZIF-8 to diminish well-established biofilms formed from concentrations of 107-109 CFU/mL to below the limit of detection (BLD). The ZnO-ZIF-8 showed a reduction of 6-8 log, when compared to the control solution, over a 24 h period. Finally, authors of this research prepared ZnO-ZIF-8 embedded silicone elastomers with 2 or 4 w/w % and observed that they effectively eliminated all four microorganisms from the surface after 24 h of exposition, showing their utility to prevent CAUTI (Redfern et al., 2018).


Table 11 | Physicochemical characteristics of composite materials-based NPs.



In a different research a silver-polytetrafluoroethylene (Ag-PTFE) nanocomposite coating for urinary catheter was developed, with the aim to obtain a synergistic effect between the antibacterial activity of silver and the antiadhesive activity of PTFE. The antibacterial and antiadhesive abilities of these coated catheters were evaluated against two of the most common uropathogens (E. coli and S. aureus). The anti-adhesion efficacy of Ag-PTFE composite was analyzed by fluorescence microscopy in uncoated, Ag-coated, and Ag-PTFE-coated catheters, determining that Ag-PTFE-coated catheters reduced 55.2-60.3% of E. coli adhesion and 49.1-56.5% of S. aureus adhesion compared to uncoated and Ag coated catheters, respectively. The antibiofilm ability of the Ag-PTFE-coated catheters was investigated and compared with BARD PTFE-coated Foley catheters and Mediplus all-silicone Foley catheters through a prolonged culturing of 48 hours prior to SEM observation. The SEM results showed that Ag-PTFE-coated catheters diminished the 95.2% biofilm coverage of E. coli and the 96.2-97.4% of S. aureus biofilm in contrast to the uncoated and PTFE-coated catheters. In addition, with an in vitro bladder model authors observed that the Ag-PTFE coated catheters exhibited great anti-infection efficacy against bacteriuria, thus prolonging silicone catheters lifetime from a mean of 6 days to 40 days making these Ag-PTFE coated catheters good candidates to avoid CAUTI (Zhang et al., 2019).

In other investigation the authors synthesized a new nanocomposite formed by hydrogel and copper NPs (HCuNPs). The antibacterial potential of HcuNPs was assessed against E. coli, K. pneumoniae, P. aeruginosa, P. vulgaris, S. aureus and P. mirabilis strains collected from infected urine samples. To measure HCuNPs and hydrogel antibacterial activity, they applied the agar disc diffusion method. The results indicated that HCuNPs had a superior biocidal activity than parenteral hydrogel in similar conditions giving a ZOIs higher than 16 mm for all the pathogens at a concentration of 5 mg/mL (Al-Enizi et al., 2018).

Dayyoub et al., developed tetraether lipids (TEL)-coated silver nanoparticles distributed in a hydrophobic PLGA film loaded with norfloxacin. TEL are a fundamental part of cell membrane of the archaeon Thermoplasma acidophilum; due to the absence of cell wall on the archaeon, TEL are the responsible to provide high thermal and chemical stability (Boyd et al., 2013). These lipids are bound to the glycerol residues by ether bonds, not having double bonds; the latter characteristic provides long-term resistance against biochemical degradation, and oxidative and hydrolytic agents, making these lipids suitable candidates to be used in urinary tract conditions (Dayyoub et al., 2008). In this context, polyurethane (PUR) and silicone sheets have been coated with the polymer films loaded with the antibacterial agents. The antibacterial and anti-encrustation assays were performed using an in vitro model of UTI cultures of S. aureus, S. epidermidis, E. coli, E. faecalis and P. aeruginosa, all of which were cultivated in artificial urine. The results showed that films with TEL-coated Ag NPs effectively inhibited the in vitro adhesion of bacteria in about 83%, compared to uncoated sheets (inhibition potential of 48%.) These results were confirmed by scanning fluorescence microscopic images. The results also evidenced that coated films exhibit bactericidal and anti-encrustation effects on their surface (Dayyoub et al., 2017).

In the field of combined materials, silver-bearing degradable polymeric nanoparticles of polyphosphoester-block-poly(L−lactide) were designed for the loading of silver into a hydrophilic shell and/or the hydrophobic core. This “hybrid” delivery system was constructed replacing the polyphosphoester backbone by poly(L-lactide) (PL), a natural lactic acid derived, which is a biocompatible and biodegradable polymer, extensively used for de synthesis of NPs, and possesses high silver loading capacity. Therefore, these NPs were prepared as delivery carriers for Ag-based antimicrobials such as silver acetate (AgOAc) and one of two silver carbene complexes (SCCs). The in vitro antimicrobial ability of Ag-NPs and silver compounds was analyzed by MIC determination against 8 UPEC strains. The results indicated the MIC was improved up to 70% with the packaging of the SCCs in the PL-NP-based delivery system, in comparison with the single SCCs, suggesting Ag-PL-NPs would be beneficial in UTIs treatment (Lim et al., 2015).

Other authors explored the use of Raman-encoded silver-coated gold nanorods (GNRs) as scaffolds to attach glycans and engineer multivalent glycan-functionalized GNRs. The objective of these GNRs was to bind UPEC and eliminate them employing a photothermal effect. The antibacterial assay was carried out against an infectious dose of E. coli (108 CFU/mL), by employing increasing concentrations of GNRs solutions (from 0 to 0.2 nM). Next, E. coli/GNRs dispersions were treated with a NIR laser (808 nm, 1 W/cm2) for 15 minutes. The results revealed that in presence of GNRs, the bacteria were eradicated rapidly, due to the efficient photothermal conversion that NIR generated on GNRs (Mahadevegowda et al., 2018).

As summary, composite materials are developed with the objective to have a synergistic effect between inorganic and organic components, making the combination of these kind of materials into nanocomposites a promising alternative for the prevention of CAUTIs, as well as UTIs treatment. Here, we also showed the tendency to develop NPs as catheters coating (Dayyoub et al., 2017; Redfern et al., 2018; Zhang et al., 2019), along with some studies about innovative methods to design and develop therapy for systemic administration (Mahadevegowda et al., 2018). Also, Lim et al., suggested the use of Ag-PL-NPs by direct inoculation intro de bladder, a tendency shown in other investigators with organic and inorganic NPs, due the advantage that local administration represent (Lim et al., 2015). Interestingly, A-Enizi et al., described an innovative application for their HcuNPs, given their great antimicrobial and absorption properties, suggesting their use in diapers, sanitary towels, menstrual pads, and related products (Al-Enizi et al., 2018).




Future Perspective

Currently, there is a wide range of investigations in relation to new potential candidates to treat and prevent UTIs. It is well known that at Ag-coated catheters can be used to prevent CAUTI with effective clinical response; nevertheless, some studies have shown more efficient particles for the functionalization of catheters and avoid CAUTI by eliminating bacteria and/or inhibiting biofilm formation. Moreover, several of these new nano-compounds have shown no toxicity to human and animal cells. Both, organic and inorganic NPs had exhibited a great potential in the CAUTI prevention, especially used as coating for urinary devices. The benefit for including NPs in these coating is to prevent the infection development, so no biological process will be needed. Thus, the action of these NPs would be local instead of systemic. This represent a huge benefit mainly to avoid pharmacological interactions, considering that hospitalized patients are generally polymedicated. Other technique to achieve the same benefits is intravaginal delivery, which it is limited for women, but it has the advantage that could be used by inpatients and outpatients. However direct bladder delivery should be considered in future investigations, so the same benefits could be achieved for all population. In addition, no cytotoxic effects were revealed with the use of these NPs in vitro and in vivo (in animal models). In addition, these positive results have led to the idea that NPs could be safe in human clinical trials, and more specific at achieving local drug delivery.

On the other hand, NPs have also been studied as antimicrobial agents themselves, since some of them are able to eradicate bacteriuria caused by both common and MDR uropathogens. In fact, the aim of most of the developed nanocarriers is to enhance antimicrobial properties of molecules that bacteria have already developed a mechanism of resistance. In this context, metal NPs are very useful because, since they do not target metabolic pathways, they do not trigger bacterial resistance mechanisms. Nevertheless, the synthesis of metal NPs includes the use of toxic elements that makes their safety questionable and represent potential environmental problems. In this context, green synthesis of inorganic NPs appears to be the solution; using this strategy, inorganic nanoparticles would have the same opportunities as organic nanoparticles to be considered as powerful candidates for bio and nano medicine to help in the finding of new potent antimicrobial agents. Furthermore, the use of plants as reductor agents will be beneficial in the synthesis of NPs because the medicinal compounds of the plant could be included into the NPs enhancing their properties. It is also important to consider that the investigation with biocompatible materials is an issue that requires faster progression in the application of nanotechnology to treat this pathology. Unfortunately, very few studies included the analysis of pharmacokinetic parameters being this the first step towards clinical studies. It is therefore important to start including pharmacokinetic and pharmacodynamic studies in future investigations on the inclusion of nanosystems as new treatment strategies for UTIs and CAUTIs. Finally, we have to consider that the use of new medicines in humans need a large validation process, thus the use of already approved materials might be the solution to accelerate the possibility to use of nano-compounds in the treatment and prevention of UTIs, and cover the actual demands.



Author Contributions

SS summarized the literature and drafted the manuscript. JM, JC-F, and NN revised and edited the manuscript. SS and JM designed the content and structured the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by Regular FONDECYT Project 1181689, ANID/PIA/ACT192144, ANID/PCI/REDI170653, FONDAP Project 15130011, National Doctoral Scholarship 21201831, all granted by Chilean National Agency for Research and Development (ANID).



References

 Agarwala, M., Choudhury, B., and Yadav, R. N. S. (2014). Comparative study of antibiofilm activity of copper oxide and iron oxide nanoparticles against multidrug resistant biofilm forming uropathogens. Indian J. Microbiol. 54 (3), 365–368. doi: 10.1007/s12088-014-0462-z

 Ahmed, A., Khan, A. K., Anwar, A., Ali, S. A., and Shah, M. R. (2016). Biofilm inhibitory effect of chlorhexidine conjugated gold nanoparticles against Klebsiella pneumoniae. Microb. Pathog. 98, 50–56. doi: 10.1016/j.micpath.2016.06.016

 Al Tameemi, M. B. M., Stan, R., Prisacari, V., Voicu, G., Popa, M., Chifiriuc, M. C., et al. (2017). Antimicrobial performance of nanostructured silica–titania sieves loaded with izohidrafural against microbial strains isolated from urinary tract infections. Comptes Rendus Chimie. 20 (5), 475–483. doi: 10.1016/j.crci.2016.09.007

 Al-Enizi, A. M., Ahamad, T., Al-Hajji, A. B., Ahmed, J., Chaudhary, A. A., and Alshehri, S. M. (2018). Cellulose gum and copper nanoparticles based hydrogel as antimicrobial agents against urinary tract infection (UTI) pathogens. Int. J. Biol. Macromol. 109, 803–809. doi: 10.1016/j.ijbiomac.2017.11.057

 Altavilla, C., and Ciliberto, E. (2017). Inorganic Nanoparticles: Synthesis, Applications, and Perspectives. CRC Press, 566. doi: 10.1201/b10333

 Anderson, G. G., Palermo, J. J., Schilling, J. D., Roth, R., Heuser, J., and Hultgren, S. J. (2003). Intracellular bacterial biofilm-like pods in urinary tract infections. Science 301 (5629), 105–107. doi: 10.1126/science.1084550

 Atinderpal, K., Kapoor, N., Gupta, S., Tyag, A., Sharma, R. K., Ali, J., et al. (2018). Development and Characterization of Green Tea Catechins and Ciprofloxacin-loaded Nanoemulsion for Intravaginal Delivery to Treat Urinary Tract Infection. Indian J. Pharm. Sci. 80 (3), 442–452. doi: 10.4172/pharmaceutical-sciences.1000377

 Bano, S., Nazir, S., Munir, S., AlAjmi, M. F., Afzal, M., and Mazhar, K. (2016). «Smart» nickel oxide based core-shell nanoparticles for combined chemo and photodynamic cancer therapy. Int. J. Nanomed. 11, 3159–3166. doi: 10.2147/IJN.S106533

 Beranová, J., Seydlová, G., Kozak, H., Potocký, Š, Konopásek, I., and Kromka, A. (2012). Antibacterial behavior of diamond nanoparticles against Escherichia coli. physica Status solidi (b) 249 (12), 2581–2584. doi: 10.1002/pssb.201200079

 Bhande, R. M., Khobragade, C. N., Mane, R. S., and Bhande, S. (2013). Enhanced synergism of antibiotics with zinc oxide nanoparticles against extended spectrum β-lactamase producers implicated in urinary tract infections. J. Nanopart. Res. 15 (1), 1413. doi: 10.1007/s11051-012-1413-4

 Bhargava, A., Pareek, V., Roy Choudhury, S., Panwar, J., and Karmakar, S. (2018). Superior Bactericidal Efficacy of Fucose-Functionalized Silver Nanoparticles against Pseudomonas aeruginosa PAO1 and Prevention of Its Colonization on Urinary Catheters. ACS Appl. Mater. Interf. 10 (35), 29325–29337. doi: 10.1021/acsami.8b09475

 Boyd, E. S., Hamilton, T. L., Wang, J., He, L., and Zhang, C. L. (2013). The Role of Tetraether Lipid Composition in the Adaptation of Thermophilic Archaea to Acidity. Front. Microbiol. 4, 62. doi: 10.3389/fmicb.2013.00062

 Clifford, M. N., van der Hooft, J. J. J., and Crozier, A. (2013). Human studies on the absorption, distribution, metabolism, and excretion of tea polyphenols. Am. J. Clin. Nutr. 98 (6 Suppl), 1619S–1630S. doi: 10.3945/ajcn.113.058958

 Conover, M. S., Hadjifrangiskou, M., Palermo, J. J., Hibbing, M. E., Dodson, K. W., and Hultgren, S. J. (2016). Metabolic Requirements of Escherichia coli in Intracellular Bacterial Communities during Urinary Tract Infection Pathogenesis. mBio 7 (2), e00102–16, 13. doi: 10.1128/mBio.00104-16

 Crecente-Campo, J., Lorenzo-Abalde, S., Mora, A., Marzoa, J., Csaba, N., Blanco, J., et al. (2018). Bilayer polymeric nanocapsules: A formulation approach for a thermostable and adjuvanted E. coli antigen vaccine. J. Controlled Release 286, 20–32. doi: 10.1016/j.jconrel.2018.07.018

 Cui, Y., Zhao, Y., Tian, Y., Zhang, W., Lü, X., and Jiang, X. (2012). The molecular mechanism of action of bactericidal gold nanoparticles on Escherichia coli. Biomaterials 33 (7), 2327–2333. doi: 10.1016/j.biomaterials.2011.11.057

 Dayyoub, E., Sitterberg, J., Rothe, U., and Bakowsky, U. (2008). New Antibacterial, Antiadhesive Films Based on Self Assemblies of Modified Tetraetherlipids. Adv. Sci. Technol. 57, 188–194. doi: 10.4028/3-908158-14-1.188

 Dayyoub, E., Frant, M., Pinnapireddy, S. R., Liefeith, K., and Bakowsky, U. (2017). Antibacterial and anti-encrustation biodegradable polymer coating for urinary catheter. Int. J. Pharm. 531 (1), 205–214. doi: 10.1016/j.ijpharm.2017.08.072

 Divya, M., Kiran, G. S., Hassan, S., and Selvin, J. (2019). Biogenic synthesis and effect of silver nanoparticles (AgNPs) to combat catheter-related urinary tract infections. Biocatal. Agric. Biotechnol. 18, UNSP 101037. doi: 10.1016/j.bcab.2019.101037

 El-Batal, A. I., El-Sayyad, G. S., Al-Hazmi, N. E., and Gobara, M. (2019). Antibiofilm and Antimicrobial Activities of Silver Boron Nanoparticles Synthesized by PVP Polymer and Gamma Rays Against Urinary Tract Pathogens. J. Clust. Sci. 30 (4), 947–964. doi: 10.1007/s10876-019-01553-4

 EUCAST. (2019) Documents. Available at: http://www.eucast.org/documents.

 Evliyaoğlu, Y., Kobaner, M., Celebi, H., Yelsel, K., and Doğan, A. (2011). The efficacy of a novel antibacterial hydroxyapatite nanoparticle-coated indwelling urinary catheter in preventing biofilm formation and catheter-associated urinary tract infection in rabbits. Urol. Res. 39 (6), 443–449. doi: 10.1007/s00240-011-0379-5

 Faklaris, O., Garrot, D., Joshi, V., Druon, F., Boudou, J.-P., Sauvage, T., et al. (2008). Detection of single photoluminescent diamond nanoparticles in cells and study of the internalization pathway. Small 4 (12), 2236–2239. doi: 10.1002/smll.200800655

 Férey, G. (2008). Hybrid porous solids: past, present, future. Chem. Soc. Rev. 37 (1), 191–214. doi: 10.1039/B618320B

 Flores-Mireles, A. L., Walker, J. N., Caparon, M., and Hultgren, S. J. (2015). Urinary tract infections: epidemiology, mechanisms of infection and treatment options. Nat. Rev. Microbiol. 13 (5), 269–284. doi: 10.1038/nrmicro3432

 Fong, N., Simmons, A., and Poole-Warren, L. A. (2010). Antibacterial polyurethane nanocomposites using chlorhexidine diacetate as an organic modifier. Acta Biomater. 6 (7), 2554–2561. doi: 10.1016/j.actbio.2010.01.005

 Foxman, B. (2014). Urinary Tract Infection Syndromes: Occurrence, Recurrence, Bacteriology, Risk Factors, and Disease Burden. Infect. Dis. Clinics North A. 28 (1), 1–13. doi: 10.1016/j.idc.2013.09.003

 Francesko, A., Fernandes, M. M., Ivanova, K., Amorim, S., Reis, R. L., Pashkuleva, I., et al. (2016). Bacteria-responsive multilayer coatings comprising polycationic nanospheres for bacteria biofilm prevention on urinary catheters. Acta Biomater. 33, 203–212. doi: 10.1016/j.actbio.2016.01.020

 Hollman, P. C. H., Tijburg, L. B. M., and Yang, C. S. (1997). Bioavailability of flavonoids from tea. Crit. Rev. Food Sci. Nutr. 37 (8), 719–738. doi: 10.1080/10408399709527799

 Hosseini, S. S., Ghaemi, E., and Koohsar, F. (2018). Influence of ZnO nanoparticles on Candida albicans isolates biofilm formed on the urinary catheter. Iran J. Microbiol. 10 (6), 424–432.

 Hosseini, S. S., Ghaemi, E., Noroozi, A., and Niknejad, F. (2019). Zinc Oxide Nanoparticles Inhibition of Initial Adhesion and ALS1 and ALS3 Gene Expression in Candida albicans Strains from Urinary Tract Infections. Mycopathologia 184 (2), 261–271. doi: 10.1007/s11046-019-00327-w

 Huma, Z.-E., Gupta, A., Javed, I., Das, R., Hussain, S. Z., Mumtaz, S., et al. (2018). Cationic Silver Nanoclusters as Potent Antimicrobials against Multidrug-Resistant Bacteria. ACS Omega 3 (12), 16721–16727. doi: 10.1021/acsomega.8b02438

 Iravani, S. (2014). Bacteria in Nanoparticle Synthesis: Current Status and Future Prospects. Int. Sch. Res. Notices. 2014, 359316. doi: 10.1155/2014/359316

 Iribarnegaray, V., Navarro, N., Robino, L., Zunino, P., Morales, J., and Scavone, P. (2019). Magnesium-doped zinc oxide nanoparticles alter biofilm formation of Proteus mirabilis. Nanomedicine (Lond). 14 (12), 1551–1564. doi: 10.2217/nnm-2018-0420

 Iyer, J. K., Dickey, A., Rouhani, P., Kaul, A., Govindaraju, N., Singh, R. N., et al. (2018). Nanodiamonds facilitate killing of intracellular uropathogenic E. coli in an in vitro model of urinary tract infection pathogenesis. PloS One 13 (1), e0191020. doi: 10.1371/journal.pone.0191020

 Jamal, M., Ahmad, W., Andleeb, S., Jalil, F., Imran, M., Nawaz, M. A., et al. (2018). Bacterial biofilm and associated infections. J. Chin. Med. Assoc. 81 (1), 7–11. doi: 10.1016/j.jcma.2017.07.012

 Jarzembowski, T., Daca, A., and Dębska-Ślizień, M. A. (2018). Urinary Tract Infection: The Result of the Strength of the Pathogen, or the Weakness of the Host. BoD – Books Demand 128, 1–12. doi: 10.5772/intechopen.68271

 Jones, D. (2004). Pharmaceutical Applications of Polymers for Drug Delivery (Belfast, Northern Ireland:iSmithers Rapra Publishing), 138.

 Kanugala, S., Jinka, S., Puvvada, N., Banerjee, R., and Kumar, C. G. (2019). Phenazine-1-carboxamide functionalized mesoporous silica nanoparticles as antimicrobial coatings on silicone urethral catheters. Sci. Rep. 9 (1), 1–16. doi: 10.1038/s41598-019-42722-9

 Kaur, A., Saxena, Y., Bansal, R., Gupta, S., Tyagi, A., Sharma, R. K., et al. (2017a). Intravaginal Delivery of Polyphenon 60 and Curcumin Nanoemulsion Gel. AAPS PharmSciTech. 18 (6), 2188–2202. doi: 10.1208/s12249-016-0652-6

 Kaur, A., Gupta, S., Tyagi, A., Sharma, R. K., Ali, J., Gabrani, R., et al. (2017b). Development of Nanoemulsion Based Gel Loaded with Phytoconstituents for the Treatment of Urinary Tract Infection and in Vivo Biodistribution Studies. Adv. Pharm. Bull. 7 (4), 611–619. doi: 10.15171/apb.2017.073

 Kaur, H., Mohanta, G. C., Gupta, V., Kukkar, D., and Tyagi, S. (2017). Synthesis and characterization of ZIF-8 nanoparticles for controlled release of 6-mercaptopurine drug. J. Drug Delivery Sci. Technol. 41, 106–112. doi: 10.1016/j.jddst.2017.07.004

 Kganyago, P., Mahlaule-Glory, L. M., Mathipa, M. M., Ntsendwana, B., Mketo, N., Mbita, Z., et al. (2018). Synthesis of NiO nanoparticles via a green route using Monsonia burkeana: The physical and biological properties. J. Photochem. Photobiol. B Biol. 182, 18–26. doi: 10.1016/j.jphotobiol.2018.03.016

 Khanal, M., Larsonneur, F., Raks, V., Barras, A., Baumann, J.-S., Martin, F. A., et al. (2015). Inhibition of type 1 fimbriae-mediated Escherichia coli adhesion and biofilm formation by trimeric cluster thiomannosides conjugated to diamond nanoparticles. Nanoscale 7 (6), 2325–2335. doi: 10.1039/C4NR05906A

 Khoshkbejari, M., Jafari, A., and Safari, M. (2015). Ag/ZnO Nanoparticles as Novel Antibacterial Agent Against of Escherichia coli infection, In vitro & In vivo. Orient. J. Chem. 31 (3), 1437–1445. doi: 10.13005/ojc/310322

 Kikuchi, T., Mizunoe, Y., Takade, A., Naito, S., and Yoshida, S. (2005). Curli fibers are required for development of biofilm architecture in Escherichia coli K-12 and enhance bacterial adherence to human uroepithelial cells. Microbiol. Immunol. 49 (9), 875–884. doi: 10.1111/j.1348-0421.2005.tb03678.x

 Klein, R. D., and Hultgren, S. J. (2020). Urinary tract infections: microbial pathogenesis, host-pathogen interactions and new treatment strategies. Nat. Rev. Microbiol. 18 (4), 211–226. doi: 10.1038/s41579-020-0324-0

 Kunath, K., von Harpe, A., Fischer, D., Petersen, H., Bickel, U., Voigt, K., et al. (2003). Low-molecular-weight polyethylenimine as a non-viral vector for DNA delivery: comparison of physicochemical properties, transfection efficiency and in vivo distribution with high-molecular-weight polyethylenimine. J. Controlled Release 89 (1), 113–125. doi: 10.1016/S0168-3659(03)00076-2

 Li, X., Robinson, S. M., Gupta, A., Saha, K., Jiang, Z., Moyano, D. F., et al. (2014). Functional gold nanoparticles as potent antimicrobial agents against multi-drug-resistant bacteria. ACS Nano. 8 (10), 10682–10686. doi: 10.1021/nn5042625

 Lim, Y. H., Tiemann, K. M., Heo, G. S., Wagers, P. O., Rezenom, Y. H., Zhang, S., et al. (2015). Preparation and in Vitro Antimicrobial Activity of Silver-Bearing Degradable Polymeric Nanoparticles of Polyphosphoester-block-Poly(l-lactide). ACS Nano. 9 (2), 1995–2008. doi: 10.1021/nn507046h

 Liu, S., Qiao, S., Li, L., Qi, G., Lin, Y., Qiao, Z., et al. (2015). Surface charge-conversion polymeric nanoparticles for photodynamic treatment of urinary tract bacterial infections. Nanotechnology 26 (49), 495602. doi: 10.1088/0957-4484/26/49/495602

 Lopes, L. Q. S., de Almeida Vaucher, R., Giongo, J. L., Gündel, A., and Santos, R. C. V. (2019). Characterisation and anti-biofilm activity of glycerol monolaurate nanocapsules against Pseudomonas aeruginosa. Microb. Pathogen. 130, 178–185. doi: 10.1016/j.micpath.2019.03.007

 Lopez-Carrizales, M., Velasco, K. I., Castillo, C., Flores, A., Magaña, M., Martinez-Castanon, G. A., et al. (2018). In Vitro Synergism of Silver Nanoparticles with Antibiotics as an Alternative Treatment in Multiresistant Uropathogens. Antibiotics (Basel) 7 (2), 50, 13. doi: 10.3390/antibiotics7020050

 Ludwig, D. B., de Camargo, L. E. A., Khalil, N. M., Auler, M. E., and Mainardes, R. M. (2018). Antifungal Activity of Chitosan-Coated Poly(lactic-co-glycolic) Acid Nanoparticles Containing Amphotericin B. Mycopathologia 183 (4), 659–668. doi: 10.1007/s11046-018-0253-x

 Macedo, M., Ivanova, K., Francesko, A., Mendoza, E., and Tzanov, T. (2017). Immobilization of antimicrobial core-shell nanospheres onto silicone for prevention of Escherichia coli biofilm formation. Process Biochem. 59, 116–122. doi: 10.1016/j.procbio.2016.09.011

 Mahadevegowda, S. H., Hou, S., Ma, J., Keogh, D., Zhang, J., Mallick, A., et al. (2018). Raman-encoded, multivalent glycan-nanoconjugates for traceable specific binding and killing of bacteria. Biomater. Sci. 6 (6), 1339–1346. doi: 10.1039/C8BM00139A

 Malarkodi, C., and Rajeshkumar, S. (2017). In vitro bactericidal activity of biosynthesized CuS nanoparticles against UTI-causing pathogens. Inorganic Nano Metal Chem. 47 (9), 1290–1297. doi: 10.1080/24701556.2016.1241272

 Maurin, M., and Raoult, D. (2001). Use of Aminoglycosides in Treatment of Infections Due to Intracellular Bacteria. Antimicrob. Agents Chemother. 45 (11), 2977–2986. doi: 10.1128/AAC.45.11.2977-2986.2001

 Meenakumari, S., Arunachalam, K. D., and Kumar, A. S. (2000) Screening and Characterisation of Silver Nanoparticles for the Prevention of Biofilm in Urinary Catheters. Asian J. Chem. 25, 347–349.

 Mishra, M. P., and Padhy, R. N. (2018). Antibacterial activity of green silver nanoparticles synthesized from Anogeissus acuminata against multidrug resistant urinary tract infecting bacteria in vitro and host-toxicity testing. J. Appl. Biomed. 16 (2), 120–125. doi: 10.1016/j.jab.2017.11.003

 Mitragotri, S., and Stayton, P. (2014). Organic nanoparticles for drug delivery and imaging. MRS Bull. 39 (3), 219–223. doi: 10.1557/mrs.2014.11

 Mittal, R., Pan, D. R., Parrish, J. M., Huang, E. H., Yang, Y., Patel, A. P., et al. (2018). Local drug delivery in the urinary tract: current challenges and opportunities. J. Drug Target. 26 (8), 658–669. doi: 10.1080/1061186X.2017.1419356

 Möhler, J. S., Sim, W., Blaskovich, M. A. T., Cooper, M. A., and Ziora, Z. M. (2018). Silver bullets: A new lustre on an old antimicrobial agent. Biotechnol. Adv. 36 (5), 1391–1411. doi: 10.1016/j.biotechadv.2018.05.004

 Mujeeb, F., Bajpai, P., and Pathak, N. (2014). Phytochemical Evaluation, Antimicrobial Activity, and Determination of Bioactive Components from Leaves of Aegle marmelos. BioMed. Res. Int. 2014, e497606. doi: 10.1155/2014/497606

 Nailis, H., Kucharíková, S., Ricicová, M., Van Dijck, P., Deforce, D., Nelis, H., et al. (2010). Real-time PCR expression profiling of genes encoding potential virulence factors in Candida albicans biofilms: identification of model-dependent and -independent gene expression. BMC Microbiol. 10, 114. doi: 10.1186/1471-2180-10-114

 Naves, P., del Prado, G., Huelves, L., Gracia, M., Ruiz, V., Blanco, J., et al. (2008). Measurement of biofilm formation by clinical isolates of Escherichia coli is method-dependent. J. Appl. Microbiol. 105 (2), 585–590. doi: 10.1111/j.1365-2672.2008.03791.x

 Nsayef Muslim, D. S., Abbas Dham Z, J., and Mohammed, D. N. (2017). Synthesis and characterization of nanoparticles conjugated tannase and using it for enhancement of antibacterial activity of tannase produced by Serratia marcescens. Microb. Pathog. 110, 484–493. doi: 10.1016/j.micpath.2017.07.024

 Nunn, J. F. (2002). Ancient Egyptian Medicine (Norman, Oklahoma: University of Oklahoma Press), 244.

 Pal, G., Rai, P., and Pandey, A. (2019). “Green synthesis of nanoparticles: A greener approach for a cleaner future,” in En: Green Synthesis, Characterization and Applications of Nanoparticles (Amsterdam, Netherlands: Elsevier), 1–26. Available at: https://linkinghub.elsevier.com/retrieve/pii/B9780081025796000010.

 Paralikar, P., Ingle, A. P., Tiwari, V., Golinska, P., Dahm, H., and Rai, M. (2019). Evaluation of antibacterial efficacy of sulfur nanoparticles alone and in combination with antibiotics against multidrug-resistant uropathogenic bacteria. J. Environ. Sci. Health A Tox Hazard Subst. Environ. Eng. 54 (5), 381–390. doi: 10.1080/10934529.2018.1558892

 Parsek, M. R., and Greenberg, E. P. (2005). Sociomicrobiology: the connections between quorum sensing and biofilms. Trends Microbiol. 13 (1), 27–33. doi: 10.1016/j.tim.2004.11.007

 Patrice, T. (2007). Photodynamic Therapy (United Kingdom: Royal Society of Chemistry), 292.

 Phuengkham, H., and Nasongkla, N. (2015). Development of antibacterial coating on silicone surface via chlorhexidine-loaded nanospheres. J. Mater. Sci.: Mater. Med. 26 (2), 78. doi: 10.1007/s10856-015-5418-2

 Politano, A. D., Campbell, K. T., Rosenberger, L. H., and Sawyer, R. G. (2013). Use of Silver in the Prevention and Treatment of Infections: Silver Review. Surg. Infect. (Larchmt). 14 (1), 8–20. doi: 10.1089/sur.2011.097

 Prabha, P. S., Sundari, J. J., and Jacob, Y. B. A. (2014). Synthesis of Silver Nano Particles Using Piper Betle And its Antibacterial Activity. Eur. Chem. Bull. 3 (10-12), 1014–1016. doi: 10.17628/ecb.2014.3.1014-1016

 Pratchayasakul, W., Pongchaidecha, A., Chattipakorn, N., and Chattipakorn, S. (2008). Ethnobotany & ethnopharmacology of Tabernaemontana divaricata. Indian J. Med. Res. 127 (4), 317–335.

 Qasim, M., Singh, B. R., Naqvi, A. H., Paik, P., and Das, D. (2015). Silver nanoparticles embedded mesoporous SiO2 nanosphere: an effective anticandidal agent against Candida albicans 077. Nanotechnology 26 (28), 285102. doi: 10.1088/0957-4484/26/28/285102

 Rahman, M. A., Radhakrishnan, R., and Gopalakrishnan, R. (2018). Structural, optical, magnetic and antibacterial properties of Nd doped NiO nanoparticles prepared by co-precipitation method. J. Alloy Compd. 742, 421–429. doi: 10.1016/j.jallcom.2018.01.298

 Rajivgandhi, G., Maruthupandy, M., Muneeswaran, T., Anand, M., and Manoharan, N. (2018). Antibiofilm activity of zinc oxide nanosheets (ZnO NSs) using Nocardiopsis sp. GRG1 (KT235640) against MDR strains of gram negative Proteus mirabilis and Escherichia coli. Process Biochem. 67, 8–18. doi: 10.1016/j.procbio.2018.01.015

 Rajivgandhi, G., Maruthupandy, M., Muneeswaran, T., Ramachandran, G., Manoharan, N., Quero, F., et al. (2019). Biologically synthesized copper oxide nanoparticles enhanced intracellular damage in ciprofloxacin resistant ESBL producing bacteria. Microb. Pathog. 127, 267–276. doi: 10.1016/j.micpath.2018.12.017

 Rane, A. V., Thomas, S., and Kalarikkal, N. (2018). Microscopy Applied to Materials Sciences and Life Sciences. CRC Press, 436.

 Rawal, M., Singh, A., and Amiji, M. M. (2019). Quality-by-Design Concepts to Improve Nanotechnology-Based Drug Development. Pharm. Res. 36 (11), 153. doi: 10.1007/s11095-019-2692-6

 Redfern, J., Geerts, L., Seo, J. W., Verran, J., Tosheva, L., and Wee, L. H. (2018). Toxicity and Antimicrobial Properties of ZnO@ZIF-8 Embedded Silicone against Planktonic and Biofilm Catheter-Associated Pathogens. ACS Appl. Nano Mater. 1 (4), 1657–1665. doi: 10.1021/acsanm.8b00140

 Reygaert, W. C. (2018). Green Tea Catechins: Their Use in Treating and Preventing Infectious Diseases. BioMed. Res. Int. 2018, 9. doi: 10.1155/2018/9105261

 Shafreen, R. B., Seema, S., Ahamed, A. P., Thajuddin, N., and Ali Alharbi, S. (2017). Inhibitory Effect of Biosynthesized Silver Nanoparticles from Extract of Nitzschia palea Against Curli-Mediated Biofilm of Escherichia coli. Appl. Biochem. Biotechnol. 183 (4), 1351–1361. doi: 10.1007/s12010-017-2503-7

 Shakerimoghaddam, A., Ghaemi, E. A., and Jamalli, A. (2017). Zinc oxide nanoparticle reduced biofilm formation and antigen 43 expressions in uropathogenic Escherichiacoli. Iran J. Basic Med. Sci. 20 (4), 451–456. doi: 10.22038/IJBMS.2017.8589

 Shalom, Y., Perelshtein, I., Perkas, N., Gedanken, A., and Banin, E. (2017). Catheters coated with Zn-doped CuO nanoparticles delay the onset of catheter-associated urinary tract infections. Nano Res. 10 (2), 520–533. doi: 10.1007/s12274-016-1310-8

 Shanmugaiah, V., Mathivanan, N., and Varghese, B. (2010). Purification, crystal structure and antimicrobial activity of phenazine-1-carboxamide produced by a growth-promoting biocontrol bacterium, Pseudomonas aeruginosa MML2212. J. Appl. Microbiol. 108 (2), 703–711. doi: 10.1111/j.1365-2672.2009.04466.x

 Sim, W., Barnard, R. T., Blaskovich, M. A. T., and Ziora, Z. M. (2018). Antimicrobial Silver in Medicinal and Consumer Applications: A Patent Review of the Past Decade (2007–2017). Antibiotics (Basel) 7 (4), 93, 15. doi: 10.3390/antibiotics7040093

 Singh, S., Krishna, T. H. A., Kamalraj, S., Kuriakose, G. C., Valayil, J. M., and Jayabaskaran, C. (2015). Phytomedicinal importance of Saraca asoca (Ashoka): an exciting past, an emerging present and a promising future. Curr. Sci. 109 (10), 1790–1801. doi: 10.18520/cs/v109/i10/1790-1801

 Singh, D., Baghel, U. S., Gautam, A., Baghel, D. S., Yadav, D., Malik, J., et al. (2016). The genus Anogeissus: A review on ethnopharmacology, phytochemistry and pharmacology. J. Ethnopharmacol. 194, 30–56. doi: 10.1016/j.jep.2016.08.025

 Singh, J., Kundu, D., Das, M., and Banerjee, R. (2019). “Chapter 24 - Enzymatic Processing of Juice From Fruits/Vegetables: An Emerging Trend and Cutting Edge Research in Food Biotechnology,” in Enzymes in Food Biotechnology. Ed.  M. Kuddus (London, United Kingdom: Academic Press), 419–432. Available at: http://www.sciencedirect.com/science/article/pii/B9780128132807000244.

 Sivaraj, R., Rahman, P. K. S. M., Rajiv, P., Salam, H. A., and Venckatesh, R. (2014). Biogenic copper oxide nanoparticles synthesis using Tabernaemontana divaricate leaf extract and its antibacterial activity against urinary tract pathogen. Spectrochim. Acta A Mol. Biomol. Spectrosc. 133, 178–181. doi: 10.1016/j.saa.2014.05.048

 Slevin, M. (2012). Current Advances in the Medical Application of Nanotechnology. Bentham Sci. Publishers, 132. doi: 10.2174/97816080513111120101

 Srinivasan, R., Vigneshwari, L., Rajavel, T., Durgadevi, R., Kannappan, A., Balamurugan, K., et al. (2018). Biogenic synthesis of silver nanoparticles using Piper betle aqueous extract and evaluation of its anti-quorum sensing and antibiofilm potential against uropathogens with cytotoxic effects: an in vitro and in vivo approach. Environ. Sci. Pollut. Res. Int. 25 (11), 10538–10554. doi: 10.1007/s11356-017-1049-0

 Srisang, S., and Nasongkla, N. (2019). Spray coating of foley urinary catheter by chlorhexidine-loadedpoly(ϵ-caprolactone) nanospheres: effect of lyoprotectants, characteristics, and antibacterial activity evaluation. Pharm. Dev. Technol. 24 (4), 402–409. doi: 10.1080/10837450.2018.1502317

 Stamm, W. E., and Norrby, S. R. (2001). Urinary Tract Infections: Disease Panorama and Challenges. J. Infect. Dis. 183 (Supplement_1), S1–S4. doi: 10.1086/318850

 Stein, A., Melde, B. J., and Schroden, R. C. (2000) Hybrid Inorganic±Organic Mesoporous SilicatesÐNanoscopic Reactors Coming of Age* 17.Advanced Mater. 12 (19), 1401–1469. doi: 10.1002/1521-4095(200010)12:19<1403::AID-ADMA1403>3.0.CO;2-X

 Styan, K. E., Martin, D. J., and Poole-Warren, L. A. (2008). In vitro fibroblast response to polyurethane organosilicate nanocomposites. J. Biomed. Mater. Res. Part A. 86A (3), 571–582. doi: 10.1002/jbm.a.31667

 Supranoto, S. C., Slot, D. E., Addy, M., and Van der Weijden, G. A. (2015). The effect of chlorhexidine dentifrice or gel versus chlorhexidine mouthwash on plaque, gingivitis, bleeding and tooth discoloration: a systematic review. Int. J. Dent. Hyg. 13 (2), 83–92. doi: 10.1111/idh.12078

 Syed, M. A., Babar, S., Bhatti, A. S., and Bokhari, H. (2009). Antibacterial effects of silver nanoparticles on the bacterial strains isolated from catheterized urinary tract infection cases. J. BioMed. Nanotechnol. 5 (2), 209–214. doi: 10.1166/jbn.2009.1020

 Syed, M. A., Manzoor, U., Shah, I., and Bukhari, S. H. A. (2010). Antibacterial effects of Tungsten nanoparticles on the Escherichia coli strains isolated from catheterized urinary tract infection (UTI) cases and Staphylococcus aureus. New Microbiol. 33 (4), 329–335.

 Talegaonkar, S., Azeem, A., Ahmad, F. J., Khar, R. K., Pathan, S. A., and Khan, Z. I. (2008). Microemulsions: a novel approach to enhanced drug delivery. Recent Pat. Drug Delivery Formul. 2 (3), 238–257. doi: 10.2174/187221108786241679

 Tiwari, V., Mishra, N., Gadani, K., Solanki, P. S., Shah, N. A., and Tiwari, M. (2018). Mechanism of Anti-bacterial Activity of Zinc Oxide Nanoparticle Against Carbapenem-Resistant Acinetobacter baumannii. Front. Microbiol. 9, 1218. doi: 10.3389/fmicb.2018.01218

 Tokano, D. V., Kawaichi, M. E., Venâncio, E. J., and Vidotto, M. C. (2008). Cloning and characterization of the iron uptake gene iutA from avian Escherichia coli. Braz. Arch. Biol. Technol. 51 (3), 473–482. doi: 10.1590/S1516-89132008000300006

 Turcheniuk, K., Turcheniuk, V., Hage, C.-H., Dumych, T., Bilyy, R., Bouckaert, J., et al. (2015). Highly effective photodynamic inactivation of E. coli using gold nanorods/SiO2 core-shell nanostructures with embedded verteporfin. Chem. Commun. (Camb). 51 (91), 16365–16368. doi: 10.1039/c5cc06738c

 Ulett, G. C., Valle, J., Beloin, C., Sherlock, O., Ghigo, J.-M., and Schembri, M. A. (2007). Functional Analysis of Antigen 43 in Uropathogenic Escherichia coli Reveals a Role in Long-Term Persistence in the Urinary Tract. Infect. Immunity 75 (7), 3233–3244. doi: 10.1128/IAI.01952-06

 Venkat Kumar, G., Su, C.-H., and Velusamy, P. (2016). Surface immobilization of kanamycin-chitosan nanoparticles on polyurethane ureteral stents to prevent bacterial adhesion. Biofouling 32 (8), 861–870. doi: 10.1080/08927014.2016.1202242

 Vestby, L. K., Grønseth, T., Simm, R., and Nesse, L. L. (2020). Bacterial Biofilm and its Role in the Pathogenesis of Disease. Antibiotics (Basel) 9 (2), 59, 29. doi: 10.3390/antibiotics9020059

 Wyszogrodzka, G., Marszałek, B., Gil, B., and Dorożyński, P. (2016). Metal-organic frameworks: mechanisms of antibacterial action and potential applications. Drug Discovery Today 21 (6), 1009–1018. doi: 10.1016/j.drudis.2016.04.009

 Yoon, B. I., Ha, U.-S., Sohn, D. W., Lee, S.-J., Kim, H. W., Han, C. H., et al. (2011). Anti-inflammatory and antimicrobial effects of nanocatechin in a chronic bacterial prostatitis rat model. J. Infect. Chemother. 17 (2), 189–194. doi: 10.1007/s10156-010-0098-9

 Zalewska-Pia Tek, B., Pia Tek, R., Olszewski, M., and Kur, J. (2015). Identification of antigen Ag43 in uropathogenic Escherichia coli Dr+ strains and defining its role in the pathogenesis of urinary tract infections. Microbiol. (Reading Engl.) 161 (Pt 5), 1034–1049. doi: 10.1099/mic.0.000072

 Zhang, S., Wang, L., Liang, X., Vorstius, J., Keatch, R., Corner, G., et al. (2019). Enhanced Antibacterial and Antiadhesive Activities of Silver-PTFE Nanocomposite Coating for Urinary Catheters. ACS Biomater. Sci. Eng. 5 (6), 2804–2814. doi: 10.1021/acsbiomaterials.9b00071

 Zhu, Y., Li, J., Li, W., Zhang, Y., Yang, X., Chen, N., et al. (2012). The Biocompatibility of Nanodiamonds and Their Application in Drug Delivery Systems. Theranostics 2 (3), 302–312. doi: 10.7150/thno.3627



Conflict of Interest:: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Sánchez, Navarro, Catalán-Figueroa and Morales. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/table9.jpg
Siica-based NPs. REF Functional  Diameter (nm) Tested uropathogens. Actiity

group.
Sica thania sioves containing (WTavesmeta, oyl Szeofpoes  E cof K. proumonise, Morgansta morgani, P, Artbacterd
zoticatual 201 450m miabis £ faocals

Siconoxide nanopartices congated o (Neayef Musimetal,  Tamase 92 S. agalactie, . aureus, K. pneumond, €. ool P, Aibactea
anvase 2017 ‘aenuginoss, €. aerogencs and S. marcesoens
Phenazine-1-carboramice funcionaized  (Kanuga o1, 2019) Prenano | Szaofpores G, abicans. Anttungal
mesoporoussica nancparties caoamde  6.430m Moxuro of C. abicans and S aureus. Aibactorc

. abians and . auraus Aeviiofim





OEBPS/Images/table11.jpg
Composite materials NPs

2006278 nanocomposito

Siver potetraorihyiene nanocomposie

Hyckogl contaning copper nanopartces
composte

Tetraetheripids coated sver nanopartices
ambedded n 2 PLGA fim loaded wih
nortoacn

Siver bearing degradable poymeric
nanopartcies of poyphosphoester-iock
pobLiacide)

Raman encodsd siver coated god nancrods.

REF

(Rediem ot . 2018)

g et 2019)

(WEnit 4, 2018)

ayyow otat, 2017)

(Umetal, 2015)

(Mahagevegonda
otal, 2018)

Functional Diameter (om)

oroup.

50-200
AgNps/150
PTFENpS

92225

2535

7=
potential
)

25

‘Tested ropathogens.

E. cof, K. preumonise, P. miabis
and S, aurevs
E coland S, aueus.

£ cof, K. preumonise, P.
aonginosa, P. wigars, S. aorous
and P, mrabits

. aereus, . epidomics, €. cof, E
faocals and P senuginosa

UPEC, S, aurus.

upeC

Actiity





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Nanoparticles as Potential Novel Therapies for Urinary Tract Infections

      

        		

          Introduction

        



        		

          Organic Nanoparticles

        

          		

            Nanodiamonds

          



        



        



        		

          Inorganic Particles

        

          		

            Silver-Based Nanoparticles

          

            		

              Green Silver-Based Nanoparticles

            



          



          



          		

            Copper-Based Nanoparticles

          

            		

              Green Copper-Based Nanoparticles

            



          



          



          		

            Zinc-Based Nanoparticles

          

            		

              Green Zinc-Based Nanoparticles

            



          



          



          		

            Gold-Based Nanoparticles

          



          		

            Silica-Based Nanoparticles

          



          		

            Other Inorganic Nanoparticles

          



          		

            Use of Composite Materials

          



        



        



        		

          Future Perspective

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/table6.jpg
Groen copper-based REF
NPs

Copper 006 (Rafvgandhieta.
nenopartices 2019

Copper sutice (Madarkod ot al, 2017)
ranopartces

Copper 0xce (Svaraj et . 2019)

rencparices.

Functional group

Phencic compounds (C:
Japonic)

Hydroxy and phencic:
compounds.

Hydrony and phencic:
compounds

Diameter
(om)

15-25
1060

)

Tested uropathogens

P, aenuginosa and K. praumoniae

K preumoriae, E.col, S. aueus andP.
wigars
UPEC





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Nanodiamonds.

Nanoamonds

Trmri thiomannosid cster
confugated to nanodamond parices

REF
(yeratal, 2018)

Knanal ot 2015)

Functional group

Thomamoside

Diameter (om)

6
2
125290

Tested uropathogens
wEC

Ecoi

Aotivity

pre—





OEBPS/Images/table4.jpg
Green silver based REF
NPs

Siver naroparices  (Qasim et al 2015)
Agembeddsd Oactal, 2019)
mesoporous sica
rancpartices

Siver naroparicies  (Vistva ot l, 2018)

Siver nanoparices  (Shafeen

2017

Functional group.

Phondic compounds

. paea aminoacids
and protens

Pioe boti based shver (Sinivasan o1l 2018) Amide

nanoparties

Siver naroparicles  (Meenaiamariet .
2000,

Diameter ¢ - potential

(om)
w050

15-50
AgNpS/a00

<100

1864

4

)

-~z

Tested uropathogens

Baciks sp, C. aicans, E o, K.
‘onoumonie, P aenginosa and S, aureus.

S aureus, E. foocals, A. baumare,
‘Girobacte freunds, Enteobacter aerogenss,
E coi, K. oxytoca, K. gneumonise, P. mirabis,
P wigars, and . aenginosa

Ecol

S, marcoscens and P, miabiss
P aeughosa, K. preunoniss, € oecats, S.

aureus and coaguiase negate.
‘Staphytococous

Activity

Anitngal

Antbactedal

Actbiotim
Antquorum

Antbacteral






OEBPS/Images/table3.jpg
Siver based inorganic NPs

Siver nanoparticies-amikacn

Siver nanoparticies
unctonatzed wih L-fucose.
Cationic sver nanociusters
coated withlow maseculas
weight poyetyeninine

REF

(Syedotal, 2009)
(©8ata o1 ., 2019)
(Kosribopri ot a.
2015

(Lopez Carzaos
otal,2018)

(Lopez Carzaos
etpal, 2018)

(Energava et o, 2018)

(umactal, 2018)

Abbreviation  Diameter - potential

AgNps.
AgBNPs.
AGZONPs.

AgNPs AP

AGNPS AN

NP

bPEIAg NCS

(om)

9-2t
248
2

4012080 510022020

6032087

810

)
N

N
N

21102463

a7z

Tested Uropathogens:

£ cof . aureus
E.col, S aureus and C. abicans
Ecol

E foocium, S, aureus, A baumanni €. coacae,
oo difeent soltes of E.cof, K. pooumonao,
M. morgand and P, aenginosa

E.faocium, 5. aureus, A baumann, €. oacae,
1voo ifrent soltes of E.cof, K. poeumonae,
M. morgani and P aenuginosa

P.aonghosa

E.col, P aonuginosa, MASA, £ coacae, €
fascals

Aotactor






OEBPS/Images/fcimb.2021.656496_cover.jpg
, frontiers

in Cellular and Infection Microbiology

Nanoparticles as Potential Novel
Therapies for Urinary Tract Infections





OEBPS/Images/table8.jpg
Gold-based NPs

Gow nanopartices
Gold nanopartices

Goid nanopartices confugated wih
cromesdne

Sica coated god nanorods loaded with
vertoportin

REF
Wetal, 2014)
Wetal, 2014)

(rmodota
2016

(Turchenk et .

2019

Functional
arovp.
Amino-pyrmide

Quatemary
ammonium

Diameter (om)
31
2
20-100

2023 om fengthidametor AR
35209

¢+ potential
)

16

Tested
Uropathogens

Ecor
Ecof

K proumonise

Ecol

Aotivity

Antbactor
Antbacter
Aobiofim

Antbactora





OEBPS/Images/table10.jpg
Siica-based NPs. REF Functional  Diameter G- potential  Tested uropathogens  Activty
group (om) ()

Hyckoxyapaie nanopartes (©hoguetal, 201) - 0 - E oo, Stphykocoocus  Antiofim
species, P. miabis and
E cloacao
Sultr nanopartices/Catharanthus rosous al  (Paratkar 011, 2019)  ~ £ 020 Ecob Poiabis P Antbacterd
exract aenuginosa, K.
oneumcrnio, . aecals.
and S, aurous.
Tungsten ranopartices (Srdata.2010) - 81 - E ool Aeviiofim
EcolandSaues  Anbaciera
Neodmium doped rickel xide nanopartices  (Rabman ot o, 2018)  Hydromyl E) - P. miabis Antbactera





OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/table7.jpg
Zinc-based NPs.

zex oxide nanopartices.

2 oxido nanopartices.

REF Functional group.

(T otat, 2018) Caboryate.

(Snakermoghaddam A

etal, 2017)

(rbamegaray ot o, 2019) Hytrony
Hydronpropy
methyicekoss.

(ossonietal, 2019 -
(ossainatal, 2018 -
@ravecta 2010 -

(Rajiganchi et 0, 2018)  Hydror

Diameter
(om)
2070

1090

I
potential (m)

Tested uropathogens

Carbapenem resisant
Acinetobactor baumanns

P miabis

. abiars
C. abians

E.coi, P.aenuginosa, S
pauciomobils and K

P. mrabis and E. col

Anttungal
Aobiofim
Aotiofin

Aotofim






OEBPS/Images/table1.jpg
Organic NPs

REF

(Macodo et al, 2017)
(Fancesko et . 2016)

(opes otal, 2019)
(Pruengiram and
Nasongiia, 2015)
(Stsang and Nasongia,
2019)

(Francasko ot . 2016)

(erkat Kurmar ot a
2016

(ietal, 2018
(g ot 2018)

(Yoon atal. 2011)
(Kaur ot l, 20172)

(Kaur otal, 20170)

(Rinderpal e ., 2018)

(Crecente-Campo et
2018

Functional group.

Primary amine
Hyaronic acd

polye-caprolacions)
poye-caprolaciond)

oo (B-amino esters

aycoide)

Diameter
(om)

2857
2827

190722
1888269

152237

25
5245

459222

100-200
2

1517

w02

¢~ potential
(o

10822
10822

2328

0212108

553

214

‘Tested uropathogens.

Ecol
P aenginosa

P. aenginosa
. aweus, S. epidormits and

E oo, . aureus, and
C.abicans
. epidemicss

E ool and P, miabis
S awous and £ cob
Candida 3.

E oot
=y

Ecol

E.col, K. preumonise,
P. miabés, C. amabntus.
4 C. dhersus

E. o, K. proumonie,
P. miabes, C. amabntus.
ndC. dirsus

Actiity

Aotbiotim
Aotiofim

Antbactori






OEBPS/Images/table5.jpg
Copper-based NPs REF Diameter (am) Tested uropathogens Activity

Copper oxida nancpartcies (snalom et al, 2017) 25-30 MASAand . cof Anttiosin
Zn+-doped copper oxide nanoparticies (Agarwaa et a, X 35-95 E. col, Saureus, P. miabuks Aotgofim






