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Abstract

:

Bacteriophage-based applications have a renaissance today, increasingly marking their use in industry, medicine, food processing, biotechnology, and more. However, phages are considered resistant to various harsh environmental conditions; besides, they are characterized by high intra-group variability. Phage-related contaminations may therefore pose new challenges in the future due to the wider use of phages in industry and health care. Therefore, in this review, we summarize the current knowledge of bacteriophage disinfection methods, as well as highlight new technologies and approaches. We discuss the need for systematic solutions to improve bacteriophage control, taking into account their structural and environmental diversity.
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1. Introduction


Bacteriophages (so-called phages) are considered the most diverse and abundant biological entities in the biosphere [1]. The estimated number of bacteriophage particles in nature is around 1031. Thereby, the relevant role of these viruses, which infect bacterial cells, cannot be neglected in several processes: (i) global ecology by controlling microbial population sizes; (ii) microbial evolution by promoting diversification and genetic transfer; (iii) scientific research, serving as models in molecular biology and providing experimental tools for analysis and manipulation of host cells at the molecular level; (iv) health system, as tools to control of microbial infections [2,3,4,5]. On the other hand, they are of great concern to the industry due to their negative impact on biofermentation processes, e.g., protein synthesis or the dairy industry [2,4,6,7]. Their role in microbial pathogenesis, as carriers of virulence genes transmission, is an ongoing challenge for the health care system.



Phages can be classified based on their shape, genetic material, and mode of infection [8]. They can also be grouped into families based on shared genetic and structural features (Table 1). They are composed of a protein capsid that surrounds their genetic material, which can be either DNA or RNA. The capsid is often spherical or elongated in shape and can vary in size depending on the species of bacteriophage. Some bacteriophages also have additional structures, such as tail or tail fibers, that help them attach to and enter bacterial cells. Like all viruses, bacteriophages are very species-specific with regard to their hosts and usually only infect a single bacterial species or even specific strains within a species. Furthermore, when a phage attacks its prey, it can carry out either only a lytic or both lytic and lysogenic life cycle, whereby lytic phages kill host cells and lysogenic phages incorporate their genetic material into the host-cell’s genome [9,10]. The genetic material of bacteriophages is highly variable and can be replicated within the host cell, allowing the virus to reproduce and infect other bacteria. Once phage infects the host cell, it hijacks the bacteria’s metabolic pathways in order to propagate its particles.



Bacteriophages have been used in medicine and biotechnology, including the development of bio-sensors, vaccines, antibiotics, and as a potential alternative to drugs in the treatment of bacterial infections and biofilms [11,12,13,14,15]. However, the knowledge of phage biology, especially for the model viruses, is well established and assumes their relevant contribution to antimicrobial resistance spreading among microbes [16,17,18]. Transduction by bacteriophages is one of many horizontal gene transfer mechanisms that promote genetic variation. While transmission of chromosomal DNA as a result of generalized transduction remains a rare phenomenon (approximately once in every 107–109 phage infections), the sheer abundance of existing phages and bacteria renders this process extremely frequent [19]. Even more importantly, this process relates to the spread of virulence genes and antimicrobial resistance [20,21,22,23]. According to the current knowledge, phage-related virulence of pathogenic bacteria involves classical type I membrane-acting superantigens, type II pore-forming lysins, and type III exotoxins, such as diphtheria and botulinum toxins as well as Shiga toxin. The uncontrolled and inappropriate use of bacteriophages capable of gene transduction can pose a threat to human life and health, and international initiatives have therefore established guidelines for the use of phages in therapy [24,25]. To date, disinfection methods and standards focused on the eradication of bacterial pathogens, but not bacteriophages whose distribution in medical and industrial environments is not sufficiently controlled.



This review discusses various methods that so far have been developed to eradicate phages, from physical decontamination to controlling viral development within the host cell, with respect to their molecular basis. Some of these methods are universally employed in sterilization and sanitation processes to eradicate a broad spectrum of microorganisms. Typically, these approaches are tested on the model bacteria and viruses, which cannot be adequate for all pathogens. Moreover, we note that while phages have been traditionally seen as natural means of controlling bacterial populations, their ability to mutate and adapt to new environments has raised concerns about their potential to spread in environments where their presence is considered undesirable. Therefore, we state that a more systematic approach is needed to develop effective solutions to control phage spreading.




2. Physical Methods Used to Inactivate Bacteriophages


The risk of bacteriophage infection can be reduced by several techniques, including sterilization by physical agents. We examined existing databases for physical factors affecting the stability of bacteriophages (Table 2), and in this chapter, we present the main methods used to inactivate them. We focus on the use of conventional techniques such as disinfection by heat, pressure, humidity, and UV light. The last method has become a rapidly developing chemical-free technology in recent decades. We pay particular attention to the use of filtration and to newly developed technologies with two important ones: non-thermal plasma processes and laser technologies.



2.1. Thermal Disinfection


Temperature regulation is a well-known method that has been used for decades or even centuries as the main method of environmental microorganism inactivation; also, it is widely used in the food industry [26]. Most bacteriophage inactivation research is focused on the application of thermal disinfection [27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44]. Additionally, when using microwave radiation, it is the thermal effect that is associated with the inactivation of bacteriophages, compared to the application of radiation under non-thermal conditions [45]. Such conclusions were reached by Bryant et al. in an attempt to explain the mechanism of inactivation by microwave radiation of bacteriophage T4 that occurs within 20 s when compared to control samples treated on ice [45]. The mechanism of inactivation is most likely related to damage of the capsid, but before reaching the melting point, DNA is released [39,40]. The most studied application of this disinfection method is the control of bacteriophages infecting lactic acid bacteria (LAB) [46]. Among these bacteriophages, there are some that can survive pasteurization due to their high heat resistance, e.g., P680, P1532, and P008 [31,33,47]. Another interesting finding from these studies is the importance of the culture medium and its composition for bacteriophage inactivation efficiency. In the presence of fat, phage survival increases which is related to its protective effect by keeping the particles moist [27,28,29]. Such conclusions were reached, among others, by Muller-Merbach et al., who inactivated the model phage P008 in selective M17 broth and milk. In the case of M17 broth, the higher the temperature used, the faster the inactivation progressed. Exposure to 55 °C led to a 1-log reduction within 3 h. Under short-term pasteurization conditions (i.e., 30 s at 75 °C), about 1 log of the phage population was inactivated, with a 7-log decrease after 6 min at this temperature. In comparison, inactivation in milk proceeded more slowly. At 55 °C, the phage titer hardly dropped even after 24 h, and short pasteurization conditions reduced the P008 titer by less than 1 log [27,28,29].




2.2. UV Radiation


UV radiation has been a validated technology for disinfecting surfaces as well as in air and water. It can eradicate a wide range of microorganisms. UV radiation is becoming an increasingly affordable method that yields reproducible significant reductions of infection [48,49]. Factors that may be involved in phage susceptibility to UV wavelengths are the type of nucleic acids (DNA or RNA), genome structure (single- or double-stranded), guanine and cytosine content, lipid envelope, the size of the viral particle, as well as other features of molecular structure. Therefore, in general, bacteriophages containing single-stranded RNA or DNA are more sensitive to UV radiation than phages containing double-stranded RNA or DNA. Tseng et al. determined in their study that the UV dose causing 99% inactivation was twice as high for phages containing ssRNA/DNA (MS2 and ΦX-174, respectively) than for dsRNA/DNA (Φ6 and T7, respectively) [50]. For all four virus types, the survival fraction decreased exponentially with increasing dose, by either increasing the UV intensity or exposure time. Toxic UV photoproducts are usually thymine dimers, so RNA viruses are more resistant to UV damage than DNA viruses [51], with the UV dose causing 99.9% (4 log) reduction in bacteriophages for MS2 (RNA) versus PRD1 (DNA) was 65.2 and 31.6 mW/cm2, respectively. Similar results were observed [51,52,53,54,55,56] when MS2 or Qβ phage (RNA) was compared with ΦX-174 (DNA), obtaining results with higher UV sensitivity for DNA bacteriophage. Therefore, each bacteriophage may have different susceptibility to UV dose, and this affects the effectiveness of the UV disinfection [57,58,59]. Ultraviolet waves spectra are not exclusive for inactivation of bacteriophages. Several reports demonstrating phage sensitivity to visible light (VL) at 405 and 455 nm have been published [60,61,62]. Inactivation of microorganisms under visible light can be associated with photodynamic inactivation (PDI) where a photosensitizer is excited by specific wavelengths of visible light in the presence of oxygen that leads to the production of reactive oxygen species (ROS), ultimately resulting in structural damage. Tomb and colleagues studied the effect of violet-blue light on the reduction of phage ΦC31 (genetic material on form of dsDNA) [61]. For the 103 PFU/mL, they achieved a 2.7 log reduction after exposure to 0.3 kJ/cm2, while ΦC31 titer of 105 and 107 PFU/mL were successfully decreased by ~5- and 7 log after exposure to doses of 0.5 and 1.4 kJ/cm2, respectively, by 405 nm light. It should be noted here that the inactivation was effective if the phage was suspended in liquids or substrates containing appropriate light-sensitive components (photosensitive porphyrin molecules), while no reduction in phage titer was observed when suspended in PBS. However, the study by Vatter et al. demonstrated inactivation of the enveloped virus Φ6 at 7.2 kJ/cm2 [60]. The phage titer was reduced by more than three folds within 40 h without the addition of photosensitizers [60]. However, Φ6 phage differs in genetic material structure (dsRNA) and the presence of an envelope, which is in line with previous reports that the structure of a bacteriophage affects the conditions of the observed inactivation efficiency.



Phage-inactivating agents can also be used in combination with other technologies to increase disinfection efficiency, so the use of UV or visible light with ultrasound (US) shows synergistic effects. This has been proven by the study in which the simultaneous application of US and VL was more effective than US alone for MS2 inactivation [63]. Moreover, along with UV light, synergy has been shown in combination with US (bacteriophage from Klip river) [64], ozone (MS2 bacteriophage) [65], or silver ions (MS2 bacteriophage) [66].




2.3. Pressure and Humidity


The effect of pressure on bacteriophages appears to be effective at values greater than 300 MPa [67,68]; this has been particularly studied for lactic acid bacterial phages, which were resistant to pressure ≤100 MPa [69,70,71,72]. Electron microscope images showed shrunken phage heads containing or lacking DNA after applying pressure on T4 phage [73].



The least effective appears to be the impact of humidity, since many additional factors affect its efficiency, such as the structure of the bacteriophage. The survival rate of the non-sheath phage MS2 turns out to be better than that of the enveloped phage Φ6 [74]. The pH, presence of proteins and environmental factors also have an impact of phage sensitivity. Bacteriophages survive in the range of low and high values of relative humidity, which in addition is often correlated with temperature, and only the intermediate value of humidity is effective in virus eradication, which is also dependent on the phage type. While salt, pH and surfactant reduced survival under wide range of humidity conditions, proteins provided some protection against phage particles degradation [74,75,76,77,78,79,80,81]. Thus, the effect of chemical composition has a significant impact on relative humidity effectiveness, highlighting the importance of simultaneous investigation of different factors in bacteriophage survival.




2.4. Filtration


Filtration technology is not a new invention; however, due to a rapid development through modifications of membrane elements, it has been continuously improved in terms of performance over past 50 years. New materials with improved chemical and thermo-mechanical properties and better permeability and selectivity are increasingly applied. The development of membranes significantly increases the range of applications of filtration, hence in the literature one can find many studies on the use of the technique in industry, which includes purification of water and dairy products as well as wastewater and air. It is also being used in the production processes, the environment, and public health applications [82,83]. The rapid development of nanotechnology has sparked great interest in nanomaterials, which are excellent adsorbents, catalysts and sensors due to their large specific surface area and high reactivity. Several natural nanomaterials have been shown to have strong antimicrobial properties. These include, for example, carbon nanotubes (CNTs), which can enhance membrane filtration [84,85]. CNTs are graphene sheets, either single-walled (SWNT—single tube) or multi-walled (MWNT—several packed tubes) [86]. Research by Brady-Estevez et al. has shown that bacteriophages are removed by the CNT filter matrix through a deep filtration mechanism, that is, captured by bundles of nanotubes inside the SWNT layer [87]. The filter was developed using a microporous poly(vinylidene fluoride) (PVDF)-based membrane coated with a thin layer of SWNTs. A model virus particle, bacteriophage MS2, with a diameter of 27 nm, was employed and the results indicated complete removal of bacteriophage particles. This thickness of the SWNT layer removes 107 virus particles per mL (5–7 log) [87]. However, the removal of MS2 bacteriophages by the MWNT filter was 1.5 to 3 log higher than that observed in SWNTs [88]. Brady-Estevez et al. also determined the efficiency of the SWNT-MWNT hybrid layer on different bacteriophages, i.e., MS2, PRD1 and T4, which have different structures, ribonucleic acids, diameters, and isoelectric points [89]. The hybrid filter was expected to be more similar to the performance of the MWNT filter, since the nanotubes were made of 83% MWNT and only 17% SWNT, and SWNT alone had a much lower efficiency. However, the SWNT–MWNT dual filter performed better than the 100% MWNT filter, and is effective against a wide range of bacteriophages [89]. Nevertheless, the complex chemical compositions of solutions and the presence of impurities can affect filter performance. Phage removal increased at higher ionic strengths (NaCl) due to suppression of repulsive electrostatic interactions between viruses and nanotubes. The addition of divalent salts, on the other hand, had opposite effects. While CaCl2 increased the removal, probably due to the complexation of calcium ions with the phage surface, the addition of MgCl2 decreased the phage eradication [90]. This effect was also observed in other cases, and it was determined that SJC3 phage filtration was strongly dependent on the concentration and valence of the dominant cation in the pore fluid. While using a filtration system consisting of quartz sand-filled columns, column retention increased from 0% to 99.99% when the electrolyte composition was changed from NaCl to CaCl2 [91].




2.5. Femtosecond Laser


Another modern technique is femtosecond laser irradiation. These are ultra-short laser pulses that show great potential for disinfection. Work by Tsen et al. has shown that femtosecond infrared and visible lasers can inactivate phages, and they attribute this to a mechanism called pulsed stimulated Raman scattering (ISRS) [92,93,94,95,96,97,98,99]. It appears that during ISRS, vibrational excitation of the capsid and disruption of the protein coat occur. The sample’s exposure time to laser radiation in the study by Tsen et al. was about 1 h or longer and resulted in a 5-log reduction of M13 phage titer [95]. Gel electrophoresis results indicated that laser irradiation does not change the structure of single-stranded DNA but leads to the breaking of hydrogen/hydrophobic bonds or the separation of weak protein linkages in the envelope [95,98]. More recently, Berchtikou et al. used millijoule laser pulses (40 fs) with different exposure times (1–15 min) and different wavelengths (800, 400 nm separately of combined), pulse energy ~20 mJ, and repetition rate of 10 Hz [96]. According to data presented, the 4-log reduction of phage titer took 31 min with 800 nm wavelength of laser used. Further evaluation showed that longer exposure times and shorter excitation wavelengths result in greater reduction of viral counts. The maximum observed inactivation about 6 log was obtained using a femtosecond laser with a wavelength of 400 nm, energy of 20 mJ, and pulse width of 40 fs, after 15 min of exposure. The authors deduced that virus inactivation increases with increasing irradiation energy density and shortening wavelength [100].




2.6. Non-Thermal Plasma


A promising approach to sterilization and disinfection is the use of atmospheric pressure non-thermal plasma (APNTP). APNTP has potential advantages over standard chemical disinfectants and sanitizers. First of all, it uses non-toxic gases and is known for the absence of toxic products during its process. The effectiveness of disinfection is related to the generation of a large number of different active agents, including chemically reactive forms (oxygen and nitrogen), UV or electromagnetic fields [101]. There are several reports on the effectiveness of APNTPs in inactivating bacteriophages. Venezia et al. obtained a reduction in the PFU/mL of λ C-17 and lytic bacteriophage (Rambo; Microphage) by at least 4–6 logs after 10 min of exposure [102]. On the other hand, Yasuda et al. observed inactivation of λ phage by 6 logs after 20 s using stable plasma generated by dielectric barrier discharge (DBD) [103]. Both of these studies detected nucleic acid damage, as well as changes in coat proteins. During the investigation what factors could improve the efficiency of inactivation by plasma, it was found that the percentage concentration of oxygen in the carrier gas was positively correlated with the rate of phage inactivation (MS2). Namely, oxygen concentration (0.75%) and 3 min of exposure to a plasma source operating in a helium/oxygen gas mixture (99.25%:0.75%) resulted in 99.9% reduction of MS2, additionally, increasing the time to 9 min resulted in >7 log inactivation. Moreover, interesting results of pre-activation of water with plasma were also presented. Water was pre-treated with plasma (for 120 s for T4 or 80 s for Φ174 and MS2) and then mixed with suspensions of tested bacteriophages. After incubation for 4 and 8 h with such prepared water, the titer of bacteriophage T4 was reduced by about 7.2 and 8.8 orders of magnitude, respectively, indicating that the process was time-dependent. The titers of active bacteriophages Φ174 and MS2 decreased close to the detection limit. Moreover, the action of plasma alone for 100 s completely abolished the infectivity of bacteriophage T4 suspension, and a similar effect for the other two phages was obtained after 60 s [104].
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Table 2. The physical methods to eradicate bacteriophages.
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Factor

	
Phage

	
Conditions

	
Remarks/Mechanism

	
References






	
Temperature

	
P008, pll98, MS2, P680, P1532, PRD1, ΦX174, somatic coliphages, Bacteroides fragilis phage, Lactobacillus helveticus, Lactococcus lactis bacteriophages, OMKO1, HK97, λ, PP7, thermophilic Bacillus phages

	
Medium temperature range from 55 °C to 100 °C

	
Structural damage, protein denaturation

The medium plays an important role in terms of the thermal resistance of phages

P680 requires a higher temperature (from 100 °C for 20 min to 140 °C for 2 s)

	
[27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44]




	
E. coli phage

	
Inactivation in the wet and dry state

	
In the dried state, rate of inactivation varies exponentially

	
[105]




	
MS2

	
Low temperature 4–15 °C

	
Reduction 15 °C after 30 days

Virus inactivation of 2 log at 15 °C after 30 days and reduction of 3.5 log at 25 °C after 28 days

	
[106,107]




	
Pressure

	
832-B1, QP4, QF12, 13.2, B1, MLC-A, MLC-A8, ΦiLp84, ΦiLp1308

	
<100 MPa

	
High pressure resistance

	
[69,70]




	
P001, P008

	
0.1–600 MPa

25–80 °C

	
Structural damage caused by pressure and heat combination. However, over a specific range of pressure and heat, they act antagonistically

	
[71,72]




	
ΦX174, λ,T4, MS2

	
>300 MPa

	
Structural damage caused by pressure: (1) phage with shrunken envelopes and DNA-containing heads; (2) phage with shrunken envelopes and heads lacking DNA. The ratio of the two types is strongly dependent on temperature used

	
[67,68,73,108]




	
Irradiation

	
MS2, S-13, C-36 and Staph-K, ΦX-174, B40-8

	
y-rays, X-rays and a-rays

	
Dose effect dependent on exposure time

	
[109,110,111]




	
Φ6

	
IR

0.5 m for 3 h at different humidity levels

	
Over 90% inactivation at humidity levels above 50%

	
[112]




	
Microwaves

	
T4, T7, λ, MS2, E. coli bacteriophage isolated from sewage

	
Different times from 10 s to 2 min

	
Thermal inactivation

	
[45,113,114,115]




	
Filtration

	
MS2

	
Modified Al2O3 granular ceramic filter materials Al2O3 or Cu/Ag

	
Highly porous granular structures play a key role in the removal

	
[116,117]




	
SJC3

	
Columns of quartz sand

	
Filtration strongly dependent on the concentration and valence of the dominant cation in the pore fluid (CaCl2 increased virus removal)

	
[91]




	
MS2, PRD1,T4

	
Carbon nanotubes (CNT)

	
Both filtration and inactivation of viral aerosols, CaCl2 increased virus removal, likely due to complexation of calcium ions to viral surface

	
[87,88,89,118]




	
λ, T4, MS2

	
Iodinated resin filters

	
Structural damage to the capsid protein through filter enrichment with iodine

	
[119,120,121]




	
f2, MS2, T4, T7

	
Filtration and UV

	

	
[122,123,124,125]




	
UV

	
λ, MS2, PRD1, R17, PP7, fd, M13, T4, T7, SP8, ΦX174, B40-8, GA, Qβ, Staphylococcus-phage A994, Φ6, P680, P008, T1, P22, T2, R17

	
From 9 mJ/cm2 to 50 mJ/cm2 depending on the phage

	
Time- and phage-dependent dose. MS2 phage had the greatest resistance

	
[53,54,55,56,57,110,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143]




	
MS2, different coliphages from the treated municipal wastewater

	
0.05–0.25 mg/L Cl and 14–22 mWs/cm2 UV

	
More effective than chlorine alone

	
[144,145,146]




	
Ozone

	
MS2

	
0.03 mg min/L and a small O3-Ct value

	
ROS-mediated oxidative damage. The synergistic effect after the sequential ozone-UV and UV-ozone exposures

	
[65,147,148]




	
Electric field

	
M13, M18, λ

	
Pulsed electric field (PEF), 5 or 7 kV

	
Survival ratios after 12 min PEF treatment were 10−4–10−5

inactivation regardless of the form of the phage particle

	
[149]




	
Ultrasound (US)

	
Phage of the Bacillus megaterium, bacteriophages in Klip River water, ΦX174, MS2

	
29.10, 582, 862, 1142 kHz

	
The synergistic effect US and UV

	
[63,64,150,151]




	
Plasma

	
ΦX174

	
One atmosphere uniform glow discharge plasma (OAUGDP)

	
Titer reduction >106 after 15 min

	
[152,153]




	
ΦX174, MS2, λ

	
Non-thermal atmospheric pressure plasma

	
Membrane destruction, inactivation of proteins, and DNA damage

	
[102,103,154,155,156,157,158]




	
MS2

	
Nonthermal plasma jet operated at varying helium/oxygen

	
Inactivation is a function of oxygen concentration in the carrier gas mixture

	
[101,156]




	
ΦX174, MS2, T4

	
Surface plasma in argon mixed with 1% air and plasma-activated water

	
ROS-mediated oxidative damage

	
[104]




	
Energetic femtosecond lasers

	
MS2, M13

	
400–800 nm lasers

	
Coats’ proteins disruption through laser-induced excitation of large-amplitude acoustic vibrations

	
[92,93,94,95,96,97,98,99,100,159,160]




	
Visible Light

	
ΦC31, Φ6

	
405, 455 nm

	
ROS-mediated oxidative damage

	
[60,61,62]




	
Humidity

	
MS2, Φ6, T3

	
Range from low to high RH

	
Structure damage

	
[74,75,76,78,79,80,81]











3. Bacteriophages Eradication Approaches Using Metals, Ions, and Other Inorganic Materials


Inorganic compounds have been known for their antiviral properties for centuries. Gases such as ozone [161] or carbon dioxide [162,163] and metals were studied for their ability to combat bacteriophages. Most common metals used in these processes are silver [164,165,166], copper [165,166,167], and iron [168,169,170,171,172]. Many of them and their oxides and salts have been extensively studied for their ability to inactivate series of different bacteriophages such as MS2, Φ6, Φ8, PP7, ΦX174, PM2, T4, T7, and Qβ. Those and other prominent agents used to inactivate bacteriophages are summarized in Table 3. With new emerging technologies and manufacturing techniques there are possibilities to create various combinations and modifications of metals that can provide new effective ways to combat viruses. One of the most promising fields is nanotechnology that allows to create nanoscale particles of metals that with unique properties differ from the input material that has been used to synthesize them. The most recent and innovative methods are described in the next sections.



3.1. Nanoparticles


Nanotechnology is an emerging field that gained significant attention in recent years. A series of nanoparticles (NPs) have been already developed with a variety of potential applications [173]. The most common group of nanoparticles are based on metal such as silver, copper and gold. The properties (size, shape, and coating) of NPs strongly determine their potential application. Currently, nanotechnology is being used in a range of areas such as the manufacturing of materials, electronics, energy harvesting, the mechanical industry as well as drugs and medications [174,175]. As their precursor metal NPs have the ability to inactivate pathogens so a series of works provided data on their ability to inactivate bacteriophage lysates.



3.1.1. Silver Nanoparticles


AgNPs are of the most promising class because of several properties such as electric conductivity, antimicrobial activity, high surface to volume ratio, swelling, and contraction flexibility [176]. Their ability to combat viruses is highly dependent on their size with smaller NP being the most effective [177]. One of the works by Gilcrease et al. from 2020 demonstrated that silver nanoparticles negatively affected phage lytic growth cycle [178]. In the experiments involving a series of bacteriophages RG2014, KL, Det7, P22, SP6, and 9NA, uncoated bare silver nanoparticles reduced infection yields of phage RG2014 by 89% and phage KL by 92.4% after 70 min of infection. Polyvinylpyrrolidone-coated (PVP) silver nanoparticles reduced the post infection PFU/mL of RG2014 by 74%. Interestingly, PVP-coated AgNPs increased the yield of phage KL by 92%. However, phages P22, 9NA, SP6, and SF6 were less sensitive to NPs action. It was then suggested that the exposed regions of the viral coat proteins of RG2014, KL, and Det7 may share nanoparticle binding features (strong enough to overcome the weaker repelling forces between the negatively charged surfaces of phage and nanoparticles) that other phages do not possess. Further studies showed that the difference between affected and unaffected phages lay in their structure, namely the presence of overhanging positively charged capsids’ protein C-terminus., which facilitated the binding of nanoparticles [178]. Moreover, according to presented data, AgNPs and their ions also significantly affected phages at concentrations and incubation times in culture low enough to not affect their host growth. This definitely increases the chances of exploiting NPs in, e.g., biofermentation processes.



The effectiveness of smaller nanoparticles has been confirmed in another work by Gokulan et al. from 2018 focused on MS2, PP7, and ΦX174 bacteriophages [179]. Effectiveness was dependent on the size and dose of NPs as well as on the temperature. All bacteriophages were more susceptible to the AgNP-mediated killing at 37 °C as compared to 4 °C. Exposure of MS2 phages to high dosage of AgNP at 37 °C resulted in the absence of PFU after 14 days, whereas at 4 °C, there was no difference in the PFU formation by MS2 during the treatment of any dose of AgNP; however, there was a clear difference between the control and AgNP-treated MS2 phages after day 2 (reduction of around 2–3 logs after 28 days). The PP7 phages appear to be more susceptible to AgNP at high and medium doses–these phages were completely inactivated at 37 °C after 14 days. At 4 °C, only 1–2-log decrease in the PFU/mL was observed [179]. All these data show that inactivation differs not only between bacteriophages but also depends on the time and temperature.



There are several reports that show potential of combining AgNPs with different materials to give them new unique properties. For example, glycoprotein, curcumin, and stabilizers can be added to AgNPs to improve their antimicrobial potential [180,181,182]. In the work from 2018 Park et al. designed a silica hybrid composite decorated with AgNPs [183]. The antiviral effect has been studied with the use of MS2 bacteriophage. After 24 h of exposure, phage titer was reduced more than a 3 log. Released Ag+ ions, originating in nanoparticles, can contribute to strong antiviral capabilities. AgNP could be easily recovered in water conditions via sedimentation or centrifugation, and in addition, these particles can be reused, which means that AgNP-SiO2 particles could be more effective and environmentally friendly tool to control waterborne viruses [183].



The effectiveness of NP-Ag-CuO was tested by Shimabuku et al. in the works published in 2017 and 2018 [184,185]. The antiviral activity has been checked with the use of the granular activated carbon (GAC) modified with silver and/or copper oxide nanoparticles. The porous media containing silver and copper oxide nanoparticles showed inactivation reaching reductions higher than 3 logs [185]. GAC filter itself has only a potential for a reduction of 0.32 log [186]. The presence of copper oxide nanoparticles did not improve the efficiency of virus particles inactivation. The use of 1% AgNP increased inactivation by 0.64 log. However, values higher than 3.02 log in PFU/mL reduction was showed for the combination of both silver and copper oxide mixtures. The most efficient combination (1% Ag and 1% Cu) reached a reduction value of 5.56 log. This effect is most likely caused by the released ions, ROS, or both [184,185].




3.1.2. Gold Nanoparticles


A series of works focus on gold-based nanoparticles. One of them by Richter et al. from 2021 presents nanoparticles that deactivate bacteriophages and at the same time are safe for host bacteria [187]. It has been shown that AuNPs coated with a mixture of negatively charged 11-mercapto 1-undecanesulfonic acid (MUS) and hydrophobic 1-octanethiol (OT) ligands are effective in deactivating various types of Escherichia coli selective phages: T1, T4, and T7. The titer of phages can be lowered even to 2 logs in 6 h and 5 logs in 24 h. The most effective combination MUS:OT (85:15) required just a step of 1 h preincubation at 50 °C to fully deactivate T1 phages. MUS:OT nanoparticles were not effective against MS2 bacteriophages that lack the complex head-tail structure. The mechanisms of deactivation were based on initial electrostatic attraction followed by hydrophobic interactions causing local irreversible distortions in the phage heads [187].




3.1.3. Nanoscale Zero-Valent Iron, iron, and Nickel Nanoparticles


Nanoscale zero-valent iron (nZVI) due to its size, surface effect and quantum size effect has a various applications including inactivation effect on bacteriophages [162,188,189,190,191]. In the study from 2018 by Cheng et al., the Fe/Ni nanoparticles (Fe/Ni NPs) and (nZVI) were assessed for their antiviral ability on f2 bacteriophages [190]. Fe/Ni NPs had higher deactivation efficiency and after 30 min of their action, bacteriophage was removed. It took 1 h for nZVI to reach the same point, while NiNPs showed no effect. Further studies showed that Ni0 in the Fe/Ni NPs facilitated the removal of phage f2 by induced production of ROS as a catalyst. To better understand the basis of this interaction, the influence of pH and oxygen was assessed. Efficiency was higher under aerobic conditions than that in the anaerobic system which can be connected to the fact that ROS generated from the oxidation of Fe0 and the catalysis of Ni0 are responsible for the inactivation mechanism. The changes in pH did not have an influence on effectiveness. As for changes in the temperature, it improves the reaction rate at the initial stage but decreases the removal efficiency due to the accelerated corrosion of iron. The inactivation mechanism of bacteriophage f2 by Fe/Ni NPs was related to the ROS generated from the oxidation of Fe0 and the catalysis of Ni0 [188,189,190]. Another work by Kim et al. from 2011 proved the effectiveness of nZVI on MS2 coliphage [172]. The inactivation of MS2 was much greater under air-saturated conditions (5.3 log) than under deaerated conditions (2.6 log). This is consistent with damage by reactive species formed via oxidation of nZVI. Unlike f2 phage, the inactivation of MS2 increased as pH decreased. The addition of 1,10-phenanthroline completely blocks oxidant formation. The reduction still occurred after the addition of this compound which proves that the mechanism of action must be also connected to the direct interaction and physical disruption caused by the nanoparticles [172].



Most recent study by Cheng et al. compared the influence of nZVI on MS2 and ΦX174 containing RNA and DNA, respectively [191]. It has been found that an initial concentration of 106 PFU/mL of MS2 could be completely inactivated within 240 min, but the complete inactivation of ΦX174 could not be achieved by extending the reaction time, increasing the concentration, or changing the dosing means. Three-dimensional fluorescence spectrum and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) have been used to examine the mechanism of nZVI action. The nucleic acid analysis demonstrated that the genome of MS2, but not ΦX174, was destroyed. It indicated that bacteriophage inactivation was mainly attributed to the damage of their genetic material [191].



Work from Raza et al. showed that the activity of zero-valent iron varies strongly against different phages and that different forms of ZVI, namely pristine (reduced) ZVI, PO ZVI (ZVI nanoparticles that were exposed to air and oxidized while incubated with phages), and O ZVI (oxidized ZVI, which was completely oxidized before the addition of phages) are also impacting bacteriophages in different ways [192]. M13 is very vulnerable to all studied forms of ZVI, whereas T7 appears almost completely resistant. T4 and T7 belong to the same class (Caudoviricetes), yet significant inactivation of T4 is observed. Pristine ZVI is active against M13 and T4, but not T7 and MS2. In the case of T4, PO ZVI shows much lower activity compared to ZVI and O ZVI. All of these findings show that when using nanoscale zero-valent iron to inactivate bacteriophages a series of factors need to be considered which limits the spectrum of these methods.





3.2. Surface Coated Metal Inactivation


With the development of new techniques, materials processing has been significantly upgraded in recent years [193]. The use of, for instance, selective laser melting (SLM), aimed at using a high-power density laser to melt and fuse metallic powders, or plasma sintering (SPS), a synthesis technique that uses low voltage and direct current, has had a significant impact on producing a new range of materials and bringing them into wider use [194]. Materials with improved and more effective antiviral properties are intensively studied [195,196]. Rahmani and coworkers presented a method of phage inactivation based on the use of SLM and SPS to fabricate new materials, so-called metal matrix composites (MMC) [196]. Silver-doped titanium dioxide (TiO2 + 2.5–10% Ag), copper-doped titanium dioxide (TiO2 + 2.5–10% Cu), Cu2NiSiCr, Cu15Ni8Sn as well as pure copper spark plasma sintered discs were tested for their virucidal abilities on Φ6 bacteriophage. Phage inactivation on MMC surfaces corresponded to 99.99% and above was observed, and its effectiveness was related to the composition of the material used. Initial virus titer 1010 PFU/mL on the TiO2 + 10% Ag ceramic and CuNi2SiCr metal discs decreased by 4 logs after 15 min. Another work from the same team tested two different materials created with the use to the same technique to evaluate the effectiveness of 45% TiO2 + 5% Ag + 45% ZrO2 + 5% Cu and Co28Cr6Mo [195]. The two disks adsorbed all of the added virus suspensions during the 15-minute incubation. The surface infiltration time by the virus suspension was particularly short (3–5 s) on used Co28Cr6Mo metal disks. A total number of viruses attached to the disk, was still significantly higher than that in control steel disks, proving virucidal properties of studied material. When 108 PFU were added to the 45% TiO2 + 5% Ag + 45% ZrO2 + 5% Cu disk surface, most viruses infiltrated the disk. The authors suggest that 99.99% of viruses, placed on the surface, were either irreversibly attached or inactivated, therefore possessing no threat to potential host cells.



TiO2 photocatalyst has been proven to be effective in water disinfection [197]. In particular, this technique leads to generation of reactive oxygen species as a virucidal factor. Pure TiO2 can only be activated by light in the near UV range. To overcome this problem, researchers found that metal doping (e.g., V, Cr, Cu, Co, Ag, and Au.) is an effective method to extend the spectral response of TiO2 to the visible region, as well as decrease the electron-hole recombination rate [197,198,199,200,201]. Ditta et al. studied the photocatalytic activity of TiO2-, CuO and hybrid CuO/ TiO2 prepared by atmospheric Chemical Vapor Deposition (Ap-CVD) coated surfaces and TiO2 prepared by a sol–gel process against T4 bacteriophage [201]. Employed the sol–gel coated glass deactivation of virus particles by 6 logs was observed after 2–4 h. Moreover, they showed the improved results using CVD CuO coated samples. Efficiency of phage particle reduction by over 6 logs was obtained in shorter time (80 min). Furthermore, combination of TiO2 and CuO provided higher inactivation of >9 log after 80 min. The combination of photocatalysis and toxicity of copper acted synergistically to inactivate T4 bacteriophage [201]. In their work, Zheng et al. investigated the activity of prepared Cu-TiO2 nanofibers under visible light against bacteriophage f2 [202]. All viruses were inactivated within 240 min when the initial concentration was 105 PFU/mL. The removal efficiency reached 2.5 log in 240 min with the initial concentration being 107 PFU/mL. The results indicated that the initial pH did not impact the disinfection performance significantly. In the certain range, the removal efficiency increased with the increase in catalyst dosage, light intensity and temperature, but decreased with the increase in initial virus concentration. Free oxygen radicals have been shown to play a crucial role in phage f2 inactivation as well [202].



Materials with antiviral properties have a wide range of application. The ability to implement them into frequently touched surfaces may be a powerful tool in prevention of unwanted bacteriophages propagation and/or distribution.
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Table 3. Methods of bacteriophages disinfection based on inorganic agents.
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	Agent
	Bacteriophage
	Remarks/Mechanism
	References





	AgNPs
	T4, RG2014, MS2, PP7, ΦX174, SP6, 9NA
	Electrostatic attraction, ROS-mediated oxidative damage, silver ions release
	[178,179,185]



	AgNPs-SiO2
	MS2
	Release of Ag+ ions
	[183]



	AuNPs
	T1, T4, T7
	Electrostatic attraction and hydrophobic interactions
	[187]



	TiO2 NPs
	MS2
	ROS-mediated oxidative damage
	[203]



	Fe/Ni NPs
	F2
	ROS-mediated oxidative damage
	[188,189,190]



	NP-CuO, NP-Ag-CuO
	T4
	Nucleophilic attack
	[184,185]



	nZVI
	T4, T7, MS2, M13, F2, φX174
	ROS-mediated oxidative damage, nucleic acids and capsid damage.
	[172,188,189,190,191,192,204]



	ZnOMgO, Cu2O CuO
	M13, Qβ
	Release of metal ions, particle adsorption, ROS-mediated oxidative damage
	[165,205,206]



	Cu2O/Al2O3 Cu/Al2O3
	MS2
	Copper ions release
	[207]



	IOCS—Iron oxide-coated sand
	MS2, ΦX174
	IOCS adsorption of bacteriophage
	[168]



	TiO2, CuO
	T4, Qβ
	Outer viral protein damage, bounding to TiO2 particles, ROS-mediated oxidative damage
	[201,208]



	Cu-TiO2
	f2
	ROS-mediated oxidative damage
	[202]



	Iron oxide
	P22, MS2
	Unknown
	[169,171]



	AgNO3, FeSO4, Al2(SO4)3, NiCl2, K2Cr2O7, CuSO4
	Φ6, Qβ
	Unknown
	[165,195]



	Cu2S CuI, CuCl
	Qβ
	Direct contact with the solid-state surface
	[206]



	SnCl2, SnCl4
	T4
	Inactivation most likely due to the presence of multiple sites of tin reactivity
	[209]



	Silver
	ΦX174, MS2
	Denaturation of MS2

Loss of capsid spikes in ΦX174
	[164,166,210]



	Ferrum
	MS2, P22
	Oxidants generated by iron oxidation, close contact, sorption of ferrous iron
	[170,172]



	Copper
	Φ6, Φ8, PP7, ΦX174, PM2. MS2
	ROS-mediated oxidative damage
	[202]



	Cu2NiSiCr, Cu15Ni8Sn

Co28Cr6Mo
	Φ6
	Unknown
	[195,196]



	Ozone
	MS2, ΦX174, Φ6, T7
	Unknown
	[161]



	CO2
	MS2, Qβ, T4
	Capsid damage—CO2 uptake at high pressure and bursting of virions by depressurization
	[162,163]










4. Organic Chemicals and Antimicrobials toward Bacteriophage Propagation Control


4.1. Disinfectants


Disinfectants based on organic compounds (Table 4) are commonly used to eradicate viruses and microorganisms from a variety of surfaces [211,212]. Among them, the best-known group are alcohols such as ethanol and isopropanol, characterized by relatively low toxicity and broad commercial distribution. With respect to the mechanism of action of ethanol, a study conducted by Maillard et al. showed capsid alterations on F116, a phage infecting Pseudomonas aeruginosa [213]. However, Halfhide [214] reported that 75% ethanol inactivated Myoviridae to levels below the detection limit, but did not cause more than a log reduction in Siphoviridae, highlighting the variability in ethanol’s efficacy against phages (taxa of this family no longer exist in phage nomenclature; species now belong to class Caudoviricetes). These observations clearly illustrate that it is imprudent to predict the efficacy of ethanol as a disinfectant against a specific phage.



Quaternary Ammonium Compounds (QACs) are popular sanitizers that can be used on certain food contact surfaces at home and industry due to their low toxicity. Cetyltrimethylammonium bromide (CTAB) is a class of aliphatic quaternary ammonium compounds which have a strong antimicrobial activity [215,216]. Study by Sands [216] showed a virucidal potency of CTAB against several bacteriophages (PM2, φ6, T4, PR4). The 3-log reduction of 106 PFU/mL lysates was obtained after 15-minute incubation in 37°, but was dependent on both the compound concentration and phage type. The PM2 and φ6 phages were more sensitive to treatment than T4 and PR4. The more recent evaluation of CTAB activity was conducted by Ly-Chatain and colleagues targeting Lactococcus phage P001 (c2) associated with contaminations in the dairy industry [215]. After 1 min of contact with 0.125 mM CTAB, the c2 population was reduced from 6 to 1.5 log PFU/mL, and at 1 mM, concentration of CTAB phages were undetectable. However, the potency of CTAB was impaired in acidic pH and with an increased ionic strength of the medium. The authors explained this observation by the electrostatic interactions between cationic compounds and negatively charged particles such as bacteriophages or other compounds in a matrix. Activity of benzalkonium chloride-based QAC against 8 dairy phages infecting L. lactis (CB13, AF6, P1532, P001), Lactobacillus (B1) and streptococcal strains (2972) was also studied. The sanitizer potency was determined from 3 log to 6 log reduction within 15 min [212]. Moreover, this examination was conducted in the presence of 1% milk to mimic the dairy processing conditions.



Aldehydes such as glutaraldehyde or formaldehyde have been extensively used as disinfectants because of their broad spectrum of bactericidal, virucidal, fungicidal and sporicidal activity. Their biocide activity is based on the alkylation of hydroxyl, carbonyl and amino groups which affects DNA, RNA and protein synthesis. Moreover, glutaraldehyde is routinely used as a cross-linker due to its amine-binding ability. Maillard et al. [217] tested an efficiency of glutaraldehyde against MS2 and K coliphages and showed 4.1 to 5.2 log reduction of 108 PFU/mL lysates (at 20 min) treated with 1% and 0.5% mixture respectively. It was in line with Jette et al. observations which demonstrated activity of glutaraldehyde-based disinfectants against phage f2 with 4 log particles reduction after 5 min and over 8-log reduction after 40 min [218].




4.2. Phytochemicals


Phytochemicals are a diverse group of naturally occurring chemical compounds found in plants [219,220]. These compounds have a wide range of biological properties, including antimicrobial and virucidal activities. The mechanisms of action of phytoncides vary, but they have been shown to disrupt the cell membrane, inhibit protein synthesis, modulate gene expression, and disrupt DNA replication, ultimately leading to the death of the microorganism. Overall, phytochemicals have significant potential as natural alternatives to synthetic disinfectants and antimicrobial agents [219,221]. The diversity of mechanisms of their action is presented in Table 4.



4.2.1. Phenolic Compounds


Virucidal disinfectants based on phenolic compounds present variable impact on phage development [222,223]. Phenol and its derivatives have antifungal and antiviral properties. The breakdown of the plasma membrane, which allows the leakage of intracellular substances, is thought to be responsible for their antimicrobial effects. It was showed in study by Morita [223] that various phages were inactivated by polyphenols in the presence of cupric ion. The sensitivity of each phage to polyphenols was different. The T-odd series of phages were rapidly and efficiently inactivated by pyrocatechol at 37 °C. Phages fd and φX174 were less sensitive to pyrocatechol than the T-odd series. The results implicated that that free radicals of polyphenols and hydrogen peroxide are involved in phage inactivation. On the other hand, Maillard and colleagues showed that phenol has a moderate effect on the transduction of P. aeruginosa PAO by bacteriophage F116, has no effect on phage DNA within the capsid and no effect on various phage strand proteins unless the treatment lasts 20 min or longer [222].



A different perspective on the antiviral activity of polyphenols is presented by studies where plant secondary metabolites were employed. In a cross-study, Philippe and colleagues evaluated natural polyphenols activity (namely, quercetin, myricetin, p-coumaric acid, cinnamic acid, and kaempferol) against Vinitor162 and OE33PA bacteriophages of lactic acid bacterium Oenococcus oeni [224]. Seven polyphenols identified in their study inhibited the lytic propagation of OE33PA by an interference with its adsorption to the host cell. In contrast, any of the compounds showed activity in the presence of the distinct phage Vinitor162. In untreated cultures, Vinitor162 could lyse O. oeni after 20 h of incubation. Thus, the authors hypothesized that activity of polyphenolics is most likely related to phage OE33PA membrane receptor p2 block by the tested compounds [224]. This was further supported by a molecular docking analysis. Silva-Beltrán et al. in their study elucidated effects of tomato byproducts rich in polyphenolic agents (gallic, caffeic acids and quercetin) against E. coli bacteriophages MS2 and Av-5 [225]. Extracts showed an ability to reduce phage titer down to 6 logs [225]. Polyphenols exhibit activity to bind proteins, thereby forming protein-phenol aggregates [226]. More importantly, some agents were shown to impair the phage’s life cycle within its host. Such examples of specific activity have been demonstrated for representatives of flavones (e.g., quercetin, myricetin, and epigallocatechin) where arrest of DNA polymerase activity was observed [227]. Moreover, Yang and colleagues in their recent work showed epigallocatechin gallate impact on SOS response repression in E. coli resulting in the arrest of the development of phage 933W [228]. Catechins, also flavone compounds, were considered as antiviral agents in manufacturing cleaning wipes and filters as they showed biocide activity against T4 and T7 phage [229]. It was in line with mentioned above study by Morita of pyrocatechol virucidal potential [223]. Polyphenolic compounds showed wide range of antiviral activity [230,231] among them flavonoids emerge as the most promising agents for modulating bacteriophage development within its host. However, the full nature of the interactions of polyphenols with regard to their structure is still not fully evaluated. In particular, the basis of interaction with the virion particles or the effect on the stages of bacteriophage development remains to be elucidated. As presented above, catechins were able to affect phages in both ways depending on the particular strain.




4.2.2. Isothiocyanates


Isothiocyanates (ITCs) are a most prominent group of bio-active compounds synthesized as a breakdown product of glucosinolates—sulfur rich phytochemicals originated from Brassicaceae plant family. ITCs are recently a subject of extensive studies due to their broad health benefits such as anticancer, anti-inflammatory, neuroprotective as well as antiviral and antibacterial potential [232,233,234,235,236,237]. The evaluation carried by our group revealed a potent activity of ITCs to impair the development of lambdoid E. coli phages [238,239]. This phenomenon is related to ability of ITCs to trigger a bacterial stress response (called a stringent response) mediated by small nucleotide alarmones (p)ppGpp [240]. (p)ppGpp molecules affect bacterial mechanisms of metabolism adaptation in response to environmental stresses such as nutrients deprivation. We showed that in the presence of ITCs (namely, sulforaphane, phenethyl-, allyl-, and benzyl-isothiocyanate), E. coli cells behave like under amino acid starvation conditions responding with elevated level of alarmone synthesis [238,239]. In general, the host cell starvation is an effective method to disrupt coliphages lytic development as demonstrated in comparative study by Los and colleagues [241]. However, Potrykus et al. precisely showed that induction of stringent response affects the expression from phage λ promoters which has consequences in virus progeny [242]. It was in line with our study describing (p)ppGpp negative impact on development of other lambdoid phages 933W and φ24B [243]. Moreover, the activity of ITCs not only results in inhibition of virus propagation but in that particular case also impairs the virulence of Shiga-toxigenic E. coli, which pathogenicity is related to bacteriophage development.




4.2.3. Plant Extracts


Fruit extracts have been shown to be effective disinfectant agents against bacteriophages due to their natural origin and high concentration of phytochemicals. These phytochemicals, such as phenolic compounds and tannins, have been demonstrated to exhibit antimicrobial activity against a wide range of bacteria and viruses. In addition, the combination of these phytochemicals within an extract can often exhibit a synergistic effect, resulting in an even greater antimicrobial activity. One of the main advantages of using fruit extracts as disinfectants is their broad-spectrum activity, meaning they are effective against a wide range of microorganisms. This is particularly useful in the control of bacteriophages, which are difficult to eliminate due to their ability to infect and multiply within host cells. Furthermore, the use of fruit extracts as disinfectants is environmentally friendly, as they are derived from natural sources and do not produce harmful byproducts during the disinfection process, thus making them a good alternative to chemical agents.



Pomegranate extracts are known for their antimicrobial potential [244,245]. These effects are attributed to its high content of polyphenols, including mainly hydrolysable tannins (ellagitannins), such as punicalagin isomers, with small amounts of ellagic acid and anthocyanins (delphinidin, cyanidins, and pelargonidin) and their glycosides. Su et al. demonstrated a virucidal activity of pomegranate juice and pomegranate polyphenolic (PP) on MS2 phage [221,246,247]. Their activity was dependent on initial phage titer as well as concentration of PP. Thus, MS2 at low initial titers (105) was reduced by 0.41, 0.45, and 0.93 log PFU/mL and at high initial titers (108) by 0.32, 0.41, and 0.72 log PFU/mL after 4, 8, and 16 mg/mL of PP treatment, respectively. Moreover, Stewart and colleagues employed the pomegranate extract to inactivate bacteriophages in assay aimed to detection of specific bacterial pathogens [248]. A crucial step for this assay was deactivation of viruses inside a bacterium using pomegranate rind extract (PRE) with no harm to bacterial culture. In combination with ferrous sulphate, PRE can provide about an 11-log reduction in phage titer within 3 min, and it activity has been shown for a range of bacterial hosts including P. aeruginosa, Salmonella typhimurium, and S. aureus (NCIMB 10116, Felix O-1, and NCIMB 9563, respectively) [248]. The mode of action of high PP concentration in extracts are considered to be a capsid denaturation as demonstrated in other study, according to TEM visualization [249]. Overall, the obtained results showed that grape seeds and pomegranate extracts are significant inhibitory agents for phages. There are a number of publications identifying the inhibitory activity of these components on bacteriophages. In one of these studies, it was reported that cranberry juice, grape juice and orange juice had an inhibitory effect on bacteriophage T2 [250]. Study by Su et al. from 2010, demonstrated that different concentrations of cranberry juice and cranberry proanthocyanidins were found to reduce titers of MS2 and ΦX174 bacteriophages [251]. Similarly, it was found that potato peel extract had an inhibitory effect on Av-05 and MS2 bacteriophages [252].





4.3. Antibiotics


The antimicrobial agents serve for decades to control bacterial and fungal infections. In fact, most of drugs were found to be produced by microorganisms as secondary metabolites. In the natural environment, they play an important role in the mechanism of microbes’ self-protection, as well as competition for habitats. Some of these small molecules can also act as potent inhibitors of phage replication and represent a widespread anti-phage defense system [253,254,255]. Although the antibiotic treatment of bacterial cultures can affect their development, the concentrations of drugs used in presented below studies did not affect the host development or in some cases the resistant strains were used.



Among antibiotics, in particular, a group of compounds produced by Streptomyces, the aminoglycosides, have proven to be highly effective in controlling bacteriophages [256]. Aminoglycosides have bactericidal potential, and their mode of action is related to a binding affinity for nucleic acids. In bacteria, their target is the 30S subunit of the ribosomes, resulting in disruption of protein biosynthesis due to translation blockage or mistranslation events. In early 1960s, Brock and colleagues [257,258] showed the streptomycin can inhibit development of E. coli MS2 phage and certain streptococcal bacteriophages. According to their findings all of the DNA viruses tested were resistant, but the RNA virus was sensitive to the drug. At the time, it was claimed that streptomycin inhibited both the adsorption/injection phase and replication of viral genetic material. Recently, study by Jiang shed new light to aminoglycoside anti-phage action [259]. The authors showed that presence of kanamycin, hygromycin, or streptomycin leads to inhibition of the DNA replication of mycobacteriophages. They employed natural phage D29 and engineered phAE159 to comprehensive evaluation of aminoglycosides action. However, Jiang and colleagues also tested these drugs’ activity using E. coli DNA phages T7 and λ, and showed no effect to these phages. Thus, the authors hypothesized that amino sugar group of aminoglycosides might selectively inhibit mycobacteriophage DNA replication. These findings are in line with another elegant work by Kever et al. [260] where, using bacterial hosts expressing aminoglycoside resistance plasmid cassettes, aminoglycosides are demonstrated to present wide anti-phage properties. Activity of aminoglycosides was proved by employing viruses of Gram-negative E. coli, as well as Gram-positive bacteria such as Corynebacterium glutamicum and Streptomyces venezuelae. The study revealed that phage DNA was detected inside cells in the presence of aminoglycosides. Together with the observation that amplification of phage DNA was strongly impaired, these results suggest that the blockage exerted by aminoglycosides occurs mostly after DNA injection but before genome replication.



Peptide antibiotics is a group of antimicrobial and cytostatic substances with a highly diverse structure and mechanisms of action. Nonetheless, some glycopeptide drugs, namely, phleomycin and bleomycin were shown to effectively affect virus propagation through genetic material alteration. Watanabe and August observed activity of phleomycin against both DNA and RNA phages of E. coli [261]. This drug shows specific affinity to single and double strand RNA resulting in impairment of T2 and R23 phages development according to the study. Moreover, inhibition by phleomycin of viral RNA polymerase and DNA-dependent RNA polymerase was proved by in vitro evaluation. Similarly, Post and Price revealed that phleomycin acts also as an effective inhibitor of the replication of Bacillus subtilis bacteriophage PBS2 [262]. In their study, phage DNA synthesis was severely inhibited by drug presence, thereby blocking the synthesis of late virion proteins. Another drug, bleomycin, is considered as a DNA binding agent and thus affects viruses’ activity. Cloos and colleagues showed the drug potential to damage PM2 phage genome [263]. Bleomycin mediates inner cross-links in phage PM2 DNA. The cross-links are observed only when the reactant covalently closed circular duplex DNA contains either positive or negative superhelical turns. However, due to its abilities to cause alterations in DNA structure bleomycin is also a potent prophage inducer via SOS response activation [264]. One of the other examples of polypeptide drug that shows abilities to bind to DNA is quinomycin A. Quinomycin A is a compound with circular structure with potent antibacterial, anticancer and antiviral activities. The drug was shown to inhibit the T2 phage development without measurable interference with the synthesis of the phage DNA, RNA, or protein [265]. Therefore, the authors assumed that quinomycin A inhibits phage development at a step during maturation, possibly in association of DNA and head protein.
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Table 4. The organic agents used for phage control.
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Group

	
Agent

	
Bacteriophage

	
Remarks/Mechanism

	
References






	
Disinfectants

	
Ethanol, isopropanol

	
MS2, K, CYM, 021-4, 021-5, 0BJ, F116

	
Capsid denaturation

	
[211,217,222]




	
Glutaraldehyde

	
F2, MS2

	
Alkylation of nucleic acid

	
[217,218]




	
octenidine dihydrochloride

	
F2, MS2, Entb_43, Entb_45

	
Unknown

	
[266,267]




	
Peracetic acid

	
F116, Ib3

	
Capsid denaturation

	
[211,268]




	
Quaternary ammonium

	
MS2, c2, P008, CB13, AF6, P1532, λ

	

	
[212,215,216,253]




	
Phenol

	
F116, φX174

	
Genome damage, ROS

	
[222,223,268]




	
Phytochemicals

	
Caffeic acid

	
Av-5, MS2, φX174

	
Inhibition of replication

	
[223,225]




	
Gallic acid

	
Av-5, MS2, PL-1, φX174

	
Inhibition of replication and infection

	
[223,225,226,230]




	
Carvacrol

	
933 W, MS2

	
Inhibition of enzymatic activity of host proteins

	
[269,270]




	
Tannic acid

	
λ, MS2

	
ROS, capsid denaturation

	
[231]




	
Epigallocatechin gallate

	
933 J

	
Repression of SOS response and phage gene expression

	
[228]




	
Catechin

	
T4D, T7

	
Structural damage, modulation of gene expression

	
[227,229]




	
Cinnamaldehyde

	
933 W

	
Repression of recA

	
[271,272]




	
Thymol

	
φC, φEC

	
Unknown

	
[273]




	
Chitosan

	
MS2, φX174, 1–97 A, c2, 933W

	
Capsid denaturation

	
[215,274,275,276]




	
Quercetin, myricetin, p-coumaric acid, cinnamic acid, kaempferol

	
OE33PA

	
Inhibition of phage adsorption

	
[224]




	
Isothiocyanates

	
933W, φ24B, λ

	
Stringent response induction

	
[238,239]




	
Tea extracts

	
Felix O-1, P22

	
Unknown

	
[277]




	
Pomegranate juice

	
MS2, S. aureus phage PHAGESTAPH, Felix O-1, NCIMB 9563

	
Capsid denaturation

	
[221,245,246,247,248]




	
Cranberry juice

	
T2, T4, MS2, φX174

	
Capsid denaturation, adsorption prevention

	
[250,251,278]




	
Propolis

	
MS2, Av-08

	
Capsid denaturation, adsorption and internalization prevention

	
[279,280,281]




	
Ascorbic acid

	
δA, φX174, T7, P22, D29, PM2, MS2

	
Genome damage

	
[282,283,284]




	
Antibiotics

	
Bleomycin

	
PM2

	
DNA damage

	
[263]




	
Apramycin

	
λ, Alderaan

	
Replication impairment

	
[260]




	
Streptomycin

	
f2, MS2

	
Block of genetic material injection step

	
[257,258]




	
Rugulosin

	
MS2, GA and δβ

	
Early steps of development impairing, RNA injection block

	
[255]




	
Kanamycin, hygromycin, streptomycin

	
phAE159, D29

	

	
[259]




	
Quinomycin A

	
T2

	
Block of association of DNA and head protein

	
[265]




	
Phleomycin

	
R23, T2

PBS2

	
Inhibition of phage-specific RNA synthesis

	
[261,262]




	
Nalidixic acid

	
PBS2

	
Inhibition of infection

	
[285]











5. Perspectives


To our best knowledge, to date, there is no systematic approach to study the bacteriophages disinfection methods and spread monitoring. Therefore, we recognize the urgent need to develop common standard methods to reduce future risks related to the widespread use of phages. Our remarks under perspective of standardization procedures and good practice in phage usage are as follows:




	
The relevant methods of phage eradication should take into account the differences in the structure and virus type.



	
The research aimed at developing new methods of phage infection prevention should include not only establishing of novel compounds but also their utilization.



	
The standards of disinfection effectiveness should be increased from typically 3-log decrease in the phage titer to 6 log (due to the need to reduce a higher relative titer of viral particles vs. bacterial cells).



	
The phage usage in medicine and biotechnology should be under strict monitoring to prevent from uncontrolled spreading in the environment, which is especially important for phages imported from distant ecosystems.



	
It should be taken into consideration to establish the rules of monitoring bacteriophage genetic variations and diversity to maintain the safety of phage use, especially in clinical practice.









6. Conclusions


The potential of bacterial viruses, bacteriophages, nowadays gains a wide attention due to their role as useful tools in many fields. However, their uncontrolled distribution by their use in medicine, food production, and preservation as well as in bio-technology poses a potential serious risk, which should not be underestimated. As the main vector of horizontal gene transfer and driver of microbial variability, bacteriophages can become a trigger for threats to humans. Especially, the use of bioengineered strains of phages implicates potential risks. The ubiquity of bacteriophages and their persistence in the environment raise concern about their involvement in antimicrobial resistance genes and/or virulence factors transmission among different biomes and the generation of multi-resistant pathogenic bacteria. Thus, the more common use of bacteriophages in medicine and biotechnology should be preceded by research aimed in clear understanding of phage–phage and phage–bacterium dynamics as well. Thus, efforts aimed at establishing instruments to control the development and monitor the spread of bacteriophages should go simultaneously with their widespread use. The development of relevant antiviral agents and methods of phage eradication is an indispensable and necessary element of modern biotechnology and clinical practice. Moreover, the vast part of methods for bacteriophage infection prevention could be either the same or at least combined with already known and used methods for disinfection and bacterial pathogens eradication. Thus, the better understanding of the mechanisms of disinfectant actions and effects is a key step in establishing the trustful methods for microorganism control.
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Table 1. Diversity of bacteriophages in accordance with taxonomic classification.
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Phylum

	
Class

	
Order

	
Family

	
Details

	
Genome

	
Phages

	
Structure






	
Uroviricota

	
Caudoviricetes

	

	

	
Contractile tail

	
dsDNA (L)

	
T2, T4, T6, P1, K, PBS2, Entb_43

	
With tail




	

	
Non-contractile tail

	
λ, T1, T5, HK97, 933W, Φ24B, C-36, P680, P22




	
Autographiviridae

	
Encode their own single subunit RNA polymerase

	
T7, T3, SP6




	
Phixviricota

	
Malgrandaviricetes

	
Petitvirales

	
Microviridae

	
Non-enveloped, round

	
ssDNA (C)

	
ΦX174

	
Polyhedral




	
Preplasmiviricota

	
Tectiliviricetes

	
Linavirales

	
Corticoviridae

	
Complex capsid, lipids

	
dsDNA (C, S)

	
PM2




	
Kalamavirales

	
Tectiviridae

	
Double capsid, lipids, pseudo-tail

	
dsDNA (L)

	
PRD1




	
Belfryvirales

	
Turriviridae

	
Icosahedron with protrude protein turrets

	
dsDNA (C)

	
STIV




	
Dividoviricota

	
Laserviricetes

	
Halopanivirales

	
Sphaerolipoviridae

	
Double capsid, lipids

	
dsDNA (L)

	
SH1




	
Lenarviricota

	
Leviviricetes

	

	
Fiersviridae

	
Like poliovirus

	
ssRNA (L)

	
MS2, PP7, R17, R23, f2, Qβ




	
Duplornaviricota

	
Vidaverviricetes

	
Mindivirales

	
Cystoviridae

	
Envelope, lipids

	
dsRNA (L, M)

	
Φ6




	
Hofneiviricota

	
Faserviricetes

	
Tubulavirales

	
Inoviridae

	
Long filamentous, short stem

	
ssDNA (C)

	
M13, SJC3, δA

	
Filamentous




	
Taleaviricota

	
Tokiviricetes

	
Ligamenvirales

	
Ungulaviridae

	
Envelope, lipids

	
dsDNA (L)

	
AFV1




	
Rudiviridae

	
Rigid rods type, TMV

	
dsDNA (L)

	
SIRV-2




	

	

	

	
Plasmaviridae

	
Envelope, without lipid capsid

	
dsDNA (C, S)

	
L2

	
Pleomorphic




	

	

	

	
Fuselloviridae

	
Lemon shape, envelope

	
dsDNA (C, S)

	
SSV1, ASV1




	

	

	

	
Halspiviridae

	
Spindle-shaped, envelope

	
dsDNA (L, S)

	
His1




	

	

	

	
Guttaviridae

	
Drop shape

	
dsDNA (C, S)

	
APOV1




	

	

	

	
Ampullaviridae

	
Bottle shape, NC helical

	
dsDNA (L)

	
ABV




	

	

	

	
Portogloboviridae

	
Icosahedral, outer protein shell, inner lipid layer

	
dsDNA (C)

	
SPV1

	
Icosahedral

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijms-24-04447


  
    		
      ijms-24-04447
    


  




  





media/file0.png





