

  ijms-19-00444




ijms-19-00444







Int. J. Mol. Sci. 2018, 19(2), 444; doi:10.3390/ijms19020444




Review



Similarities and Differences between Silver Ions and Silver in Nanoforms as Antibacterial Agents



Anna Kędziora 1,*, Mateusz Speruda 1, Eva Krzyżewska 2[image: Orcid], Jacek Rybka 2, Anna Łukowiak 3 and Gabriela Bugla-Płoskońska 1,*





1



Department of Microbiology, Institute of Genetics and Microbiology, University of Wrocław, 51-148 Wrocław, Poland






2



Department of Immunology of Infectious Diseases, Hirszfeld Institute of Immunology and Experimental Therapy, Polish Academy of Sciences, 53-114 Wrocław, Poland






3



Institute of Low Temperature and Structure Research, Polish Academy of Sciences, 50-422 Wrocław, Poland









*



Correspondence: anna.kedziora@uwr.edu.pl (A.K.); gabriela.bugla-ploskonska@uwr.edu.pl (G.B.-P.); Tel.: +48-71-375-62-22 (A.K.); +48-71-375-63-23 (G.B.-P.)







Received: 2 December 2017 / Accepted: 16 January 2018 / Published: 2 February 2018



Abstract

:

Silver is considered as antibacterial agent with well-known mode of action and bacterial resistance against it is well described. The development of nanotechnology provided different methods for the modification of the chemical and physical structure of silver, which may increase its antibacterial potential. The physico-chemical properties of silver nanoparticles and their interaction with living cells differs substantially from those of silver ions. Moreover, the variety of the forms and characteristics of various silver nanoparticles are also responsible for differences in their antibacterial mode of action and probably bacterial mechanism of resistance. The paper discusses in details the aforementioned aspects of silver activity.
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1. Introduction


Silver ions as antibacterial agents have been known for ages. A detailed history of silver usage was well documented in the literature [1,2]. Silver ions from dissolved silver nitrate (lapis, AgNO3) and silver sulfadiazine are agents with proved efficacy against Gram-positive and Gram-negative bacteria [3,4,5,6].



The dynamic development of nanotechnology in recent years has provided possibilities for fabricating various forms of silver nanoparticles (AgNPs) [7]. Their most important feature is the highly developed surface area of small-size particles, which allows to increase the antimicrobial efficacy and bioavailability of materials used in the biology and biomedical sector [8]. We can observe a “nanotechnology race” of nanoproducts applications [7] in the biomedical sector too. In 2017 Sheng et al. [9] reviewed that over 1000 articles concerned the effects of nanoparticles on bacteria and over 90% of them were published after 2008. At present, more and more publications concerning the synthesis and antibacterial activity of silver nanoforms are being published [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32].



Therefore, the main goal of this manuscript is to emphasize the variety of silver nanomaterials, their diversity in physico-chemical properties and finally, the high possibility for different interactions with cells—especially with bacterial pathogens. We compared the mode of action of silver ions and silver nanocomposites against bacteria (Gram-positive and Gram-negative bacterial cells), analysed the limitation of usage of silver materials considering the bacterial resistance to them, determined the gap of knowledge and showed future perspectives. Increasing amount of silver in the environment, having its source in human activities, especially nanotechnology products, cause air, water and earth pollution. We would like to emphasize the substantial differences between various forms of silver nanoparticles which cannot be considered as identical materials. As in the case of other biocides the border between benefits and toxic effect is very narrow [33].




2. Properties of Silver Materials vs. Antibacterial Activity


Silver ions are relatively reactive. The binding of silver ions in the form of insoluble precipitates (AgCl), or during the interactions with proteins (e.g., albumin), causes a significant decrease of its antibacterial efficacy, which is very important in the case of Ag+ bioapplications.



AgNPs can exist in the form of metallic silver with atoms strongly connected with each other [34]. The typical AgNPs are usually of a few to a dozen nm in diameter [35] and can take different shapes (spherical, irregular or planar) [9,20,24,25,26,27,28,36,37,38] that depend on the methods of production. One of the most popular “bottom up” eco-friendly method is biological synthesis, using living cells of bacteria, fungi and plants to obtain silver nanoparticles [9,15,16,17,19,24,27,37,38].



It is worth to underline that AgNPs never perform alone due to their tendency to aggregate as a result of the interactions between silver atoms. To prevent aggregation organic (e.g., citric acid) or inorganic carriers (stabilizers, such as silica, graphene or titanium dioxide) are used. From the point of view of nanotechnology, the unaffected physico-chemical properties of AgNPs (especially large surface area to volume ratio) are crucial to maintain their antibacterial efficacy. Variety of synthesis methods (including chemicals and reaction parameters) determine the variety of physico-chemical properties of nanomaterials and their biological activity. In Table 1 the influence of important chemical and physical properties on that activity is shown.




3. Mode of Antibacterial Action of Silver (MoA)


Li et al. [39] proved that silver ions have similar mode of action to silver nanoparticles but stronger antibacterial activity than AgNPs.



The antibacterial activity of silver ions (Ag+) is directly proportional to the environmental concentration of silver ions. Due to the oligodynamic effect, silver shows high antibacterial efficacy even in low concentrations. Jung et al. [40] compared the antibacterial activity of silver ions obtained in various ways and showed that silver ions produced in an electrolytic way are better antibacterial agents than those obtained by dissolving the silver compounds.



The antibacterial mode of action of silver ions is connected with: (i) interaction with the bacterial cell envelope (destabilization of the membrane—loss of K+ ions and decrease of ATP level, bonded with phospholipids), (ii) interaction with molecules inside the cell (e.g., nucleic acids and enzymes), (iii) the production of reactive oxygen species (ROS) [41]. The interaction of silver ions with bacterial inner membrane is one of the most important mechanisms of Ag+ toxicity [42]. Jung et al. [40] proved that the accumulation of Ag+ in the bacterial cell envelope is followed by the separation of the cytoplasmic membrane (CM) from the cell wall in both Gram-positive and Gram-negative bacteria [40,43]. Sütterlin et al. [41] showed that a minimal bactericidal concentration (MBC) of Ag+ for Gram-positive bacteria was more than 32 times higher than the MBC values for the Gram-negative bacterial cells. According to reference [40], carboxyl groups (–COOH) in glutamic acid and phosphate groups in teichoic acid are mostly responsible for binding of silver ions. On the other hand, Randall et al. [44] suggested that the damage caused by Ag+ in the inner membrane (IM) is one of the most important mechanisms in staphylococci. It has been proved that silver ions enter bacteria cells within 30 min of exposition and bind to cytoplasm components, proteins and nucleic acids [40,45]. As it can be seen from the TEM (transmission electron microscopy) pictures, shown in Figure 1, both types of bacterial cells (Gram-positive and Gram-negative) treated with Ag+ were lysed and the leakage of cytoplasm could be observed in all cases. Jung et al. [40] suggested that silver ions induce an ”active but nonculturable” state (ABNC) in bacteria cells. Stress induced by Ag+ caused that bacteria maintained the metabolism and physiology but stopped the growth, therefore the number of viable cells decreased in the performed in vitro tests.



One of the differences between the mode of Ag+ action against Gram-positive and Gram-negative bacteria regards the way of silver uptake into the cell. Silver ions enter Gram-negative cells via major outer membrane proteins (OMPs), especially OmpF (and its homolog OmpC) [21,43], which is a 39 kDa transmembrane protein with trimeric β-barrel structure. Each monomer of OmpF is built by sixteen transmembrane, antiparallel β-strands assembled with each other via hydrogen bonds. Those strands form a stable β-sheet which afterwards folds into a cylindrical tube with a channel function. Besides porin and ion transporter activity, OmpF is involved in the transport of other small molecules (e.g., drugs) across the bacterial outer membrane (OM) [46,47]. The importance of the OmpF/OmpC role in the mechanism of resistance to silver has been discussed repeatedly in a few published papers [43,48,49,50]. Sometimes the results of the conducted experiments were quite different. Radzig et al. [48] claimed that E. coli lacking OmpF (or OmpC) in the OM was 4–8 times more resistant to Ag+ or AgNPs than E. coli which possessed those proteins. In another study, Randall et al. [43] proved that prolonged exposure to silver ions caused missense mutations in the cusS and ompR gene. The latter resulted in the loss of function of OmpR protein (which is a transcription factor of OmpF and OmpC) and, finally, in the lack of OmpF/C proteins in the OM. E. coli BW25113 without the mentioned OMPs is characterized by a low permeability of the OM and a high level of resistance to Ag+. Those features were observed only in the situation when both proteins were not present in the OM [43]. Yen et al. [49] stand in opposition to the results shown above. In their research, regardless of the presence or absence of OmpF/OmpC in the bacterial OM, they observed no changes in bacterial sensitivity to silver ions. Li et al. [50] tested the antibacterial activity of silver-coated carbon nanotubes on Salmonella Typhimurium and observed reduced expression of the ompF gene after exposure to these nanoparticles.



Another molecular mechanism of antibacterial toxicity of silver ions is connected with their interaction with structural and functional proteins, especially those with thiol groups (–SH) [42,45,51]. Inhibition of the main respiratory chain proteins (e.g., cytochrome b) causes an increase of ROS inside the cell, what contributes to the death of bacteria. Exposure to silver results in the increase of the level of intracellular reactive oxygen species, what leads to oxidative stress, protein damage, DNA strand breakage, and, consequently, cell death [45]. One of the major targets inside the cell is the S2 protein, localized in small subunits of the bacterial ribosome. The binding of silver ions to ribosomal proteins results in the denaturation of the ribosome native structure and inhibition of protein biosynthesis [45]. Moreover, it has been proved that silver ions interact with nucleic acids forming bonds with pyrimidine bases. In the consequence, DNA condenses and replication is inhibited [52].



The antibacterial mode of action of silver nanoparticles remains still unclear and is the subject of discussion. A lot of science reports suggests that the mechanism of toxicity of AgNPs is similar to silver ions, due to the life cycle of silver nanoparticles and their transformation to silver ions [22,23,53,54]. Silver nanoparticles react with Gram-negative and Gram-positive bacteria cells in the following way: (i) with the cell envelope (e.g., membrane, peptidoglycan, Figure 2), (ii) with significant structure molecules (e.g., proteins, nucleic acids) and (iii) in biochemical pathways [20,21,23,35,55,56,57]. Shrivastava et al. [18] suggested that one of the possible antibacterial modes of silver nanoparticles action is the inhibition of signal transduction and growth (noted only in Gram-negative bacteria) by dephosphorylation of the peptide substrates on tyrosine residues.



One of the most important ways of silver antibacterial activity is the induction of ROS production. This effect in the case of silver ions was partially described in this chapter. AgNPs induce the higher concentration of hydrogen peroxide (H2O2), superoxide anion (O2−•) and hydroxyl radical (OH•) inside bacterial cell [52,58,59]. The detailed mechanism is still not well known but superoxide is predicted to be the major ROS in this process [52,60]. AgNPs disturb the function of the respiratory chain in the cell resulting in ROS generation. When the level of ROS exceeds the capacity of the cellular antioxidant defence system (for example, through depletion of glutathione, GSH, and protein-bound sulfhydryl groups and changes in the activity of various antioxidants), oxidative stress occurs, leading to different ways of inhibition of cell proliferation. Ramalingam et al. [58] in their research tested biosynthesized AgNPs (9.1 ± 1.6 nm). They proved that the minimal concentration of AgNPs required for the induction of the reactive oxygen species production stands at 1.35 µg/mL. Higher AgNPs levels result in a depletion of GSH—an antioxidant crucial in neutralization of the free-radical species. Park et al. [61] claimed that the superoxide anion was the main form of reactive oxygen that cause bacterial cell death. Furthermore, they proved that H2O2 was not produced in the bacterial cell after the exposure to Ag+. The mechanism of hydrogen peroxide generation refers to bacteria exposed to atmospheric oxygen and the antibacterial activity of silver nanoparticles against anaerobes (in the lack of oxygen) is very low. It is important that AgNPs can induce an additional, exogenous, ROS generation. As nanoparticles—such as TiO2 or ZnO—with large surface areas and highly reactive catalytic sites can produce ROS in the presence of UV light due to photocatalytic properties [62], also the photocatalytic ROS generation by silver forms cannot be excluded [63].



Lok et al. [54] pointed out the high antibacterial activity of AgNPs and claimed that the effective concentrations of AgNPs and Ag+ (under aerobic condition) were at nanomolar and micromolar levels, respectively. Rai et al. [56] reviewed that silver nanoparticles may be also used against multidrug resistant (MDR) bacteria, both Gram-positive (methicillin-resistant S. aureus—MRSA, Streptococcus pyogenes) and Gram-negative (E. coli, K. pneumoniae, P. aeruginosa).



Mandal et al. [64] proved the charge-dependent mechanism of AgNPs efficacy. They noticed the Zeta potential of Enterococcus faecalis, Proteus vulgaris and AgNPs on the level: −15, −26, −32.2 mV, respectively, which testify the charge cells and particles and indicated that Gram-positive E. faecalis cell accumulate more AgNPs than Gram-negative P. vulgaris. Sondi et al. [22] claimed that also negatively charged silver (silver nanocomposites), in comparison to positively charged silver ions, shows high antibacterial efficacy as well.



The lifecycle of nanoparticles and nanocomposites has an important influence on the antimicrobial mode of action and efficacy and depends on the environmental conditions. Gitipour et al. [65] observed that spherical AgNPs (3–5 nm), used as a disinfectant in mouthwash, undergo transformation (aggregation) after usage. The inner diameter of AgNPs increased to 50–200 nm and chemical transformation of AgNPs to AgCl after usage was observed, what can prove the ionization of metallic silver from nanoparticles to silver ions. Biotransformation of silver nanoparticles depending on environmental condition is often observed. Mokhena et al. [26] observed that size and shape of nanoparticles changed after heating at 90 °C. After 3 h of heating, the size of AgNPs increased from 28 to 30 nm and spherical particles became irregular: their shape changed from spherical to rod-like. Heating for 48 h resulted in a mixture of rod-like (76–121 nm) with less abundant spherical (28–50 nm) nanoparticles. Raman et al. [27] indicated that during the eco-friendly production of silver nanoparticles their size and shape were pH and temperature dependent. McGillicuddy et al. [66] reported that AgNPs released from consumer products to the environment during their lifecycle have varied properties, although their determination is difficult.



The theory about antibacterial mode of action of AgNPs is also connected with the oxidation of AgNPs. It is more than likely that the surface of silver nanoparticles is oxidized [57]. The smaller the size of fabricated particles, the higher oxide content due to larger surface area to volume ratio. The presence of oxide on the surface ensures high antibacterial activity of AgNPs, most probably due to the higher concentration of ROS [55] generated. Xiu et al. [67] showed that toxicity of AgNPs depends on the presence of O2 and is connected with silver ions release. They tested glycol-thiol-coated (PEG) AgNPs with different sizes. The oxidative dissolution of AgNPs was observed only under aerobic conditions and PEG coating did not secure nanoparticles from that phenomenon. In anaerobic conditions, tested PEG-AgNPs did not show the antibacterial activity upon E. coli K-12 due to nonoccurrence of dissolved silver ions. Xiu et al. [67] claimed that among other the size and shape or AgNPs coating has an influence on extent and duration of Ag+ release into solution. It was shown that the release of Ag+ ions from nanosilver in aqueous solutions corresponds to the mass leached or dissolved of one or two oxidized monolayers from its surface depending on nanosilver size. The antibacterial activity (against E. coli) of nanoparticles (size < 10 nm, where Ag2O layer was removed), was significantly lower than that of as-prepared particles with oxidized surface [68].



Rai et al. [56] and Durán et al. [69] reported that antibacterial efficacy depends on the size, shape, concentration and doses of used AgNPs. Morones et al. [23] observed the highest efficacy for AgNPs with a size below 10 nm. Pal et al. [20] showed the shape-dependent efficacy of AgNPs, which results from the different surface area between spherical and triangular AgNPs, with the latter form exhibiting much higher efficacy. Sheng et al. [9] reviewed in details the dose-response of bacteria to AgNPs and noticed high differences in the efficacy concentrations of different AgNPs and various cell response.



Every nanocomposite has a different physical (size, shape, amount) and chemical (presence of other compounds, oxidation state) properties [9,21,28] (Table 1). Therefore, we speculate that they should be considered as separate forms, with different properties and different ways of bacterial toxicity. Thus, the mode of action of particular silver nanoparticles (nanoforms, nanocomposites) could be the result of the binding strength, type of target, time of interaction, oxidation level, etc. Moreover, the carrier’s compound can enhance the antibacterial activity due to changes of the physico-chemical properties as well as mechanical mode of action (for example, TiO2 in anatase form possess photoactivity and graphene-based structures might cause mechanical damages of the cell, overwrap bacteria or increase the surface area resulting in stronger interaction with cells [28,62]. When bioactivity of metal nanoparticles is considered, it is worth to mention that these materials can change their properties and toxicity depending on the time and conditions of storage. Both these parameters, as well as surface chemistry of AgNPs, influence the evolution of the nanoparticles’ properties over time. While stored, different processes may occur, such as oxidation, dissolution, agglomeration, capping agent degradation or attachment of Ag+ ions to container walls [70]. All the changes have a significant influence on the particles toxicity [54,70] indicating strong ”aging” effects. Therefore, contradictory toxicity results might be observed in the literature for identical AgNPs against the same bacteria.



A comparison of the mode of action of silver ions and silver nanoparticles against Gram-negative and Gram-positive bacteria with short interaction description is presented in Figure 3.




4. Current Limitations and Future Prospects of Silver Materials Usage


The general resistance of bacteria to heavy metals is presented in Figure 4. The mechanism of resistance to heavy metals is connected with the locking of uptake metal into the cell or the detoxification of the metals inside. The resistance of bacteria to silver may be divided into an endogenous and exogenous mechanism. The first one (endogenous) is connected with a loss of special proteins (OmpC/F) and an up-regulation of efflux mechanism (Cus system) as an effect of two point mutation after long-term exposition of bacteria (e.g., E. coli) to silver ions (AgNO3). The endogenous mechanism of bacterial resistance to silver ions was proven by Randall et al. [43]. They showed that silver provide selective pressure to enrich a population of silver resistant bacteria. After 6 days of exposure to subinhibitory concentrations of silver ions, the resistant strain of E. coli BW25113 could be selected.



The exogenous way is associated with Sil proteins located in the cell membranes and responsible for efflux of silver ions out of the bacterial cell. The description of those mechanism is located below (Figure 4).



The chromosome-encoded mechanism of resistance to silver is strictly connected with the presence of efflux pumps within bacterial membranes [43]. Due to its functions, similarities in protein sequences, substrate specificity and subcellular location, all efflux pumps were classified into five superfamilies: ABC (ATP-binding cassette), MFS (major facilitator superfamily), RND (resistance-nodulation-division), MATE (multidrug and toxic compound extrusion) and SMR (small multidrug resistance) [72]. The pumps of each mentioned superfamily were already found in the cell of Gram-negative bacteria [50]. Transporters responsible for the extrusion of drugs, detergents, biocides, dyes and, importantly, heavy metals into extracellular space belong to the resistance-nodulation-division superfamily. The activity of those pumps depends on the proton-motive force [72,73]. Those transporters have the ability to capture toxic compounds from cytoplasm and the periplasmic space. RND pump consists of three subunits: substrate-binding transporter (located in the inner membrane), periplasmic membrane fusion protein (MFP) and outer membrane factor (OMF). The formed complex seems to be spanning both membranes [73,74]. RND transporters with high specificity to toxic cations belong to the HME-RND (heavy-metal efflux) subfamily, such as CusCFBA—one of few HME-RND pumps, responsible for bacterial resistance to copper and silver ions [75,76,77].



The operon cusCFBA of a bacterial chromosome encodes the system of active, extracellular transport of Ag(I) and Cu(I) which consists of CusA, CusB, CusC (proteins, subunits of RND efflux pump) and a periplasmic chaperone, CusF [75,78]. The transcription of genes encoding CusCFBA depends on the extracellular concentration of heavy-metal ions and the occurrence of operon cusRS. The operon gathers genes of CusR (response regulator) and CusS (histidine kinase) which regulate the expression of the efflux pump’s components after reaction with the stimulant [79,80]. Thus far, CusCBA is the only known chromosomal-encoded pump responsible for silver resistance [75,80].



The function and structure of each CusCFBA subunit and CusF is well known. The substrate-binding transporter, CusA, is located in the inner membrane. This homotrimer consists of 1047 amino acids and contains 12-transmembrane α-helices [75,76,80]. Its activity depends on proton-motive force. Heavy-metal ions bind to the three-methionine motif (M573, M623, M672) [75,78,79] which determines the substrate specificity of CusA and plays an important role in Ag(I) and Cu(I) transport directly from the cytoplasm [75,76]. Any mutation of that motif may result in decreased bacterial resistance to silver or copper ions [80]. When a substrate binds to the methionine motif, the conformation of CusA change, opening the way to the periplasmic part of CusC. It has to be said that there are more methionine residues in the structure of CusA. There are three pairs below (M410-M501, M403-M486, M391-M1009) and one pair (M271-M755) above the main binding site in the periplasmic space [75,76,78]. Those residues participate probably in the stepwise transport of heavy metal ions from the cytoplasm to the periplasmic part of CusC [76,78]. It is proposed that CusA has the ability to bind copper and silver ions from the periplasmic space. A similar function may be assigned to CusB, a membrane fusion protein (379 amino acids). Among MFP, CusB has a unique structure. It consists of two protomers with 3 β-domains (first domain interacts with periplasmic part of CusA) and 1 α-helical domain—responsible for the interaction with CusC. CusB serves as a protein span binding together CusA and CusC transporters [75,78]. The other role of CusB in Ag (I) and Cu (I) extrusion is strictly connected with CusF. It is a periplasmic chaperone with a structure of 5-stranded β-barrel consisting of three antiparallel 3-stranded β-sheets. It is produced only in the presence of heavy-metal ions. It binds silver and copper ions with two-methionine or two-cysteine sites and transports them to CusB, which triggers fast and reversible changes in conformation of CusA [75,79,80]. In the next step, CusF will be delivering Ag(I) or Cu(I) directly to CusA where ions will be extruded to CusC (457 amino acids). That outer membrane factor of CusCFBA, which is a cylindrical homotrimer formed of three subunits with a α/β-barrel structure, will funnel heavy-metal ions straight to the extracellular environment [75,79].



In 1975, S. Typhimurium caused the death of several patients from the burn ward of Massachusetts General Hospital. The isolated pathogen was silver resistant due to the presence of a 180 kb plasmid, known as pMG101 [81,82]. The pMG101 plasmid determines bacterial resistance to heavy metals (Hg, Ag), tellurite and a few antibiotics—chloramphenicol, streptomycin, tetracycline and ampicillin [43,83]. The specific region of pMG101 plasmid involved in resistance to silver, contains nine genes encoding Sil proteins which are gathered in three transcriptional units: silRS, silE and silCFBAGP (each controlled by a separate promoter) [43,84]. The function of SilG is still not known—the rest of the Sil proteins were characterized due to their homology to other resistance mechanisms, e.g., CusCFBA [43,81]. Some of the sil genes were identified in another bacteria genus, such as Enterobacter, Klebsiella, Escherichia, Pseudomonas or MRSA [84].



The similarity in protein sequences between CusCFBA and SilCFBA reaches 80% [84]. In the exogenous mechanism of resistance to Ag(I), the tripartite RND efflux pumps are made from SilA, SilB and SilC [43]. The function of those proteins is homologous to the role of Cus system components. SilA exists as IM substrate-binding transporter, responsible for the uptake of silver ions from cytoplasm. SilB, as a membrane fusion protein, spans together each pump’s components and SilC, located in the OM, funnels captured ions to the extracellular environment [82,83]. The transcription of sil genes is carried out by a two-component regulatory system. It consists of the SilS protein—membrane histidine kinase and the response regulator (SilR). Those two components are homologs of products encoded by the CusRS operon [44,82]. In the silver resistance mechanism determined by Sil proteins, there are two periplasmic chaperones, SilF and SilE. SilE is an α-helix homolog of PcoE (sequence identity score: 48%), a protein that is able to bind copper ions from periplasmic space. Due to the presence of methionine and histidine residues in its structure, SilE is able to bind eight silver ions. SilF, a β-sheet homolog of CusF, is able to bind only single Ag+ [81,83]. The function of those two chaperones differs substantially: SilE is involved in the uptake of silver ions from periplasmic space, while SilF captures Ag(I) which got inside from extracellular space [43,81]. Both chaperones deliver their cargos to SilCBA. The last sil gene on pMG101 encodes SilP—inner membrane P-type ATP-ase. This protein transports silver ions from cytoplasm to the periplasmic space, where Ag+ will be bound by SilE [84]. A comparison of exogenous and endogenous mechanism of resistance to silver ions in Gram-negative bacteria is presented in Figure 5.



Apparently, the silver resistance does not widely occur in Gram-positive bacteria, specifically in staphylococci. Although MIC of Ag+ for S. aureus was estimated between 16 and 32 µg/mL [41,85], no resistance strains were selected during long-term (42 days) exposition to silver ions in 876 strains of S. aureus [85]. It is very interesting that antibiotic resistance occurs frequently and usually within a few days (e.g., with frequency 3 × 10−6 for fusacid) [85]. Therefore, silver ions remain a promising agent in prevention and treatment infection caused by S. aureus. Loh et al. [85] checked the prevalence of sil genes in 36 (33 MRSA strains and 3 MR-CNS (methycilin-resistant coagulase-negative S. aureus)) strains isolated from wounds and nasal sources in human and animals. They indicated silE only in 2 of 33 and 1 of 3 strains. This silE gene was a homologue in 95–100% to silE gene located on the pMG101 plasmid in Gram-negative bacteria. It is possible that the silE gene is not expressed in those cells [85]. It is interesting that the time of MRSA silE-positive death was 16 times longer than MRSA silE-negative. Sütterlin et al. [41] also proved that none of the tested S. aureus was sil-positive, neither developed resistance to silver after exposure to silver-based surgical dressings (duration of treatment: 2–14 months).




5. Summary and Conclusions


We presented the similarities and differences in the mode of silver action on Gram-positive and Gram-negative bacteria. We noticed a gap in knowledge about the molecular mechanism of bacteria, both Gram-positive and Gram-negative, to silver nanoparticles. If we assume that silver nanoparticles are silver ions source, it is possible that the molecular mechanism of bacterial resistance is analogue to mechanism described for Ag+. If there is another way of antibacterial toxicity of silver nanoparticles, it is likely that different mechanisms of resistance to silver nanoparticle exist, for both Gram-negative and Gram-positive bacteria. The variety of silver nanoforms causes that every product with silver nanoparticles should be considered separately as a compound with different physico-chemical properties, different mode of action and different mechanisms of resistance.
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Abbreviations




	ABC
	ATP-binding cassette



	ABNC
	Active but nonculturable state



	AgNPs
	Silver nanoparticles



	ATP
	Adenosine triphosphate



	CM
	Cytoplasmic membrane



	DNA
	Deoxyribonucleic acid



	GO
	Graphene oxide



	GSH
	Glutathione



	HME
	Heavy-metal efflux



	IM
	Inner membrane



	MATE
	Multidrug and toxic compound extrusion



	MBC
	Minimal bactericidal concentration



	MDR
	Multidrug resistant



	MFP
	Periplasmic membrane fusion protein



	MFS
	Major facilitator superfamily



	MIC
	Minimal inhibitory concentration



	MoA
	Mode of antibacterial action of silver



	MR-CNS
	Methycilin-resistant coagulase-negative S. aureus



	MRSA
	Methicillin-resistant S. aureus



	n/a
	Not applicable



	OM
	Outer membrane



	OMF
	Outer membrane factor



	OMP
	Outer membrane protein



	O2−•
	Superoxide anion



	OH•
	Hydroxyl radical



	PEG
	Polyethylene glycol



	RND
	Resistance-nodulation-division



	ROS
	Reactive oxygen species



	SMR
	Small multidrug resistance



	TEM
	Transmission electron microscopy
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Figure 1. Internal morphology of S. aureus (A) and E. coli (B) observed via TEM (a,b) untreated bacteria, (c,d) bacteria treated with Ag+ (0.2 ppm) during 2 h. Black and white arrows indicate peptidoglycan and cytoplasmic membrane, respectively (A) and outer membrane, peptidoglycan and cytoplasmic membrane (B). Arrowhead indicate separation of the cell membrane from the cell wall. Reprinted from [40] with American Society for Microbiology Publishing Group permission. 
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Figure 2. Accumulation of silver nanoparticles in P. aeruginosa cells (silver nanoparticle concentration 75 µg/mL, silver size: 10 nm). Reprinted from [23] with Copyright Clearance Center permission. 
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Figure 3. A comparison of the silver ions (A) and silver nanoparticles’ (B) mode of action to Gram-negative (left) and Gram-positive (right) bacteria. (1) Pore formation; metabolites and ions leakage (shown as plus and minus in the figure above) (2) Denaturation of structural and cytoplasmic proteins; enzymes inactivation. (3) Inactivation of respiratory chain enzymes. (4) Increase of intracellular reactive oxygen species (ROS) concentration. (5) Interaction with ribosome. (6) Interaction with nucleic acids. (7) Inhibition of signal transduction. 
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Figure 4. Diversity of bacterial mechanisms of resistance to heavy metals [71]. 
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Figure 5. A comparison of the Sil (pMG101) and Cus silver resistance systems in Gram-negative bacteria, IM—inner membrane, OM—outer membrane. 
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Table 1. Overview of certain nanocomposites of silver: their physico-chemical description and biological activity.
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	Nanocomposite (Named According to the Reference)
	Silver Nanoparticles Size
	Silver Nanoparticles Shape
	Silver Amount in Nanocomposites
	Form of Compound (If Applicable)
	Type of Synthesis
	Antibacterial Activity
	References





	Silver nanoparticles
	10–15 nm
	spherical, polyhedral
	n/a
	n/a
	chemical
	Antibacterial effect was dose-dependent. Tested silver nanoparticles were more effective against Gram-negative bacteria than Gram-positive;

MoA: binding to the cell wall and penetrating it; modulation of cellular signalling
	[18]



	AgNPs
	5–30 nm
	variable: most spherical
	n/a
	n/a
	biological
	Increased antibacterial activity of antibiotics in the presence of AgNPs;

MoA: binding to proteins (by thiol groups) and DNA
	[19]



	Silver nanoparticles
	39 nm (spherical), 40 nm (triangular), 133–192 nm, diameter: 16 nm (rod-shaped)
	variable: most spherical, triangular, rod-shaped
	n/a
	n/a
	chemical
	Inhibition of Escherichia coli growth on medium with silver nanoparticles;

MoA: damage of bacterial cell membrane on multiple locations, formation of irregular pits
	[20]



	Nano-Ag
	9.3 ± 2.8 nm
	spherical
	n/a
	n/a
	chemical
	Inhibition of E. coli growth at 6 µM concentration of Nano-Ag;

MoA: changes in expression of genes encoding envelope proteins (accumulation of envelope protein precursors), destabilization of outer membrane, disturbance of proton motive force
	[21]



	Silver nanoparticles
	12 nm
	spherical
	n/a
	n/a
	chemical
	Inhibition of E. coli growth at 50–60 µg/mL concentration of silver nanoparticles;

MoA: damage of membranes, incorporation of silver nanoparticles into membranes, forming pits, disturbances in permeability
	[22]



	Silver nanoparticles
	16 ± 8 nm, 21 ± 18 nm
	icosahedral, twinned, decahedral
	n/a
	agglomerated inside the carbon matrix
	chemical
	Inhibition of Gram-negative and Gram-positive bacteria growth at 75 μg/mL concentration of silver nanoparticles;

MoA: binding to cell membrane, permeability changes, disturbances in respiration process, penetration of the bacterial membranes, interacting with DNA, releasing silver ions
	[23]



	Ti/Ag
	not specified
	not specified
	1.93–6.08% [m/m]
	nanotexture, rutile, anatase
	biological
	Inhibition of S. aureus (MRSA) and E. coli growth at 15–75 µM;

MoA: not specified
	[24]



	Nanosilver/diatomite
	1–20 nm
	spherical particles
	0.537% [m/m]
	not specified
	chemical
	0.5 g nanosilver/diatomite kills above 99% of E. coli within 30 min;

MoA: not specified
	[25]



	Chitosan-AgNps
	8–28 nm
	spherical
	1% [m/m]
	chitosan/alginate nanofibers
	chemical
	Inhibition of E. coli, Klebsiella pneumoniae, Bacillus pumilus and Staphylococcus aureus growth;

MoA: not specified
	[26]



	AgNps
	15–160 nm (mean diameter 60 ± 10 nm)
	spherical and irregular
	n/a
	not specified
	biological
	Inhibition of multidrug (MDR) pathogens: Acinetobacter baumannii, E. coli, Pseudomonas aeruginosa and Salmonella enterica growth at 25–50 µg concentration;

MoA: not specified
	[27]



	GO-l-cys-AgNps
	31.5–42 nm (mean diameter 35.34 ± 0.2 nm)
	spherical
	not specified
	graphene sheets functionalized with l-cysteine
	chemical
	Inhibition of E. coli growth

MoA: damages of the cell membrane
	[28]



	AgNPs
	6–26 nm, 4.24–23.22 nm
	spherical
	n/a
	foam
	biological
	Inhibition of the Gram-positive and Gram-negative bacteria growth at 676.9 mg/L concentration;

MoA: not specified
	[29]



	Ag-NPs
	100 nm, 30 nm diameter 200–300 length
	Spherical, rod-like
	n/a
	oil microemulsion
	chemical
	Inhibition of E. coli and S. aureus growth at 0.05 mg/L;

MoA: not specified
	[30]



	AgNPs
	15 nm
	spherical
	n/a
	n/a
	biological
	Inhibition of E. coli, S. aureus, P. aeruginosa growth at 50 µg/mL;

MoA: not specified
	[31]



	AgNPs
	5–40 nm
	variable: spherical or rod-like
	n/a
	n/a
	biological
	Increased antibacterial activity of ampicillin, erythromycin and chloramphenicol in the presence of AgNPs (E. coli, Salmonella Typhi, S. aureus, Micrococcus luteus);

MoA: not specified
	[32]







n/a—not applicable; MoA—Mode of antibacterial action of silver; AgNPs—silver nanoparticles; GO—graphene oxide; MDR—multi-drug resistant; MRSA—Methicillin-resistant S. aureus.
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