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Abstract: Background: Until recently, one of the main reasons for mortality has been infectious dis-
eases, and bacteria that are drug-resistant have emerged as a result of the wide application, as well as the
misuse of antibacterial medications. Having multidrug-resistance, bacteria present a great problem for
the efficient management of bacterial infections and this challenge has resulted in the creation of other
means of dealing with bacterial diseases. Of late, metallic nanoparticles (NPs), employed as antibacte-
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rial agents, have the potential for use against resistance to bacterial drugs.

Objective: The mechanisms of bacterial resistance are described in this review and this is followed by an
outline of the features and uses of metallic NPs as antibiotic agents to address bacteria that are antibi-
otic-sensitive and resistant. Additionally, a general impression of metallic NPs as antibiofilm bacteri-

Conclusion: Biofilms and bacterial strains that are resistant to antibiotics present a grave public health
challenge and this has enhanced the need to develop new bactericidal agents. Therefore, nanomaterials
are considered as a potential platform for managing bacterial infections.

Keywords: Nanoparticles, biofilm, selenium, bismuth, gold, antimicrobial activity.

1. INTRODUCTION

The wide application or misuse of antibacterial medica-
tions has resulted in the emergence of multidrug bacteria,
which have risen to a remarkable level and are currently a
grave matter of concern for medical practitioners dealing
with contagious diseases. Resistance to antimicrobial therapy
is quite complicated, and developmental procedures often
take place during antibiotic treatment, resulting in the emer-
gence of heritable resistance to antibiotics. Horizontal gene
transfer (HGT), by means of transduction, transformation,
bacterial conjugation or biofilm creation, may spread resis-
tance to drugs [1]. In fact, resistance to drugs by bacteria has
several harmful consequences for society and for medicine.
Infection from drug-resistant bacteria requires the dispensing
of raised doses of antibiotics, leading to raised drug toxicity,
extended stays in hospital and increased mortality rates [2,
3]. In the United States, the cost of antibiotic-resistant dis-
eases amounts to 20 billion dollars of the total healthcare
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budget and costs the population 35 billion dollars [3, 4].
Therefore, the efficient management or complete eradication
of drug resistance is a significant objective in the battle
against bacterial infections [5].

Both gram-negative and gram-positive bacteria are able
to form biofilms on internal medical apparatus, including
mechanical heart valves, prosthetic joints and catheters. The
most widespread biofilm-creating bacteria related to human
disease are Enterococcus faecalis, Staphylococcus aureus,
Staphylococcus epidermidis, Streptococcus viridans, Es-
cherichia coli, Klebsiella pneumoniae, Proteus mirabilis and
Pseudomonas aeruginosa [6]. Diseases related to biofilm are
generally constant infections distinguished by slow progress
[7]. Chronic infections are thought to be the result of a sub-
population of cells that have biofilms, referred to as ‘persis-
tent’, which can endure long-term treatment with antibiotics
and can then disconnect from mature biofilms, subsequently
spreading to the systems of other organs [8]. The renowned
resistance of biofilms to antibiotics could be the result of
poor saturation of the antibiotic into the biofilm matrix, a
different microenvironment and an adaptive bacterial reac-
tion. Functioning in collaboration, these systems could in-
crease the biofilms’ antibiotic resistance by as much as 1,
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000 times, in contrast to free-living bacterial organisms [9].
The previously stated features of biofilms are considered to
pose serious challenges. Therefore, great efforts are being
made to find new technologies that could form the founda-
tion for antibiofilm treatments and would be better than the
current antibiotic methods of treatment [10].

Of late, NPs of metallic nature have been found to be
flexible instruments that may be used for highly responsive
analytical assessments, drug and gene delivery, radiotherapy
and thermal ablation methods [11-13]. When applied as con-
veyers of medications, NPs could decrease the negative con-
sequences and increase the healing effect of antibiotics by
enhancing the pharmacokinetics and biodistribution [14].
Additionally, surface functionalized metal nano-architectures
have been shown to have antimicrobial features and may,
therefore, be employed in the management of infectious dis-
eases [15, 16]. As distinct from customary antibacterial
agents of organic nature, metal NPs have a raised ratio of
area-to-volume of their surface, which improves distribution
and conveys particular chemical, motorized, optical, electri-
cal, electro-optical, magneto-optical and magnetic features to
the NPs that differ from the features of their major character-
istics [17]. The metal NPs antibacterial action is mainly reli-
ant on volume and steadiness, as well as intensity within the
growth medium [18]. Thus, in dealing with the bacterial re-
sistance to medications, NPs demonstrate several abilities,
such as an enhanced collection of antimicrobial instruments
within the cells [19, 20] or prevention of the creation of
biofilms [2, 21], and have fewer negative impacts compared
with regular antibiotics [22]. The objective of this review is
to consider the key mechanisms of biofilm resistance to tra-
ditional antibiotics and to detail the different techniques for
treating or preventing biofilms, as well as discussing the ac-
tion of metal nanoparticles (NPs) on antibiotic-sensitive and
resistant microbes. In addition, an outline of metallic NPs as
antibiofilm agents is presented.

2. MECHANISMS OF ANTIBIOTIC RESISTANCE

Multidrug resistance in bacteria appears to be caused by
both the regulation of resistant genes and chromosomal mu-
tations. Mechanisms of this type can be categorized into four

groups (Fig. 1).
2.1. Enzymatic Inhibition

Enzymatic inhibition occurs when antibiotic therapies are
neutralized by bacteria before they can take action in the
intended area. B-lactams, such as penicillin, have been well
documented as having bacteria that develop this sort of resis-
tance. B-lactam antibiotics are targeted at the transpeptidase
enzymes, which cause the synthesis of cell walls by hydro-
lysing the amide bond of the four-member B-lactam circle
[23-25]. In gram-negative bacteria, B-lactams are available
within the periplasmic space, whereas gram-positive bacteria
excrete B-lactamase [26]. p-lactamase genes are included in
plasmids or transposons, resulting in the subsequent swift
movement and conveyance of genetic materials to alternative
bacteria. Additional changes to p-lactamase genes in these
moving elements may result in systems for multidrug resis-
tance that are made up of macrolides, sulphonamides, chlo-
ramphenicol and aminoglycosides [27].

AlMatar et al.

2.2. Target Site Alteration

Target site alteration occurs when the target gene prod-
ucts of antibiotics are changed, avoiding the usual interaction
between the bacteria and the antibiotics. Both 50S and 30S
ribosomes are key targets for antibiotics [28]. Erythromycins
(and alternative macrolide antibiotics) operate by binding to
the 50S subunit and advancing the dissociation of peptidyl-
tRNA from the ribosome, halting cell development and pro-
tein synthesis [29, 30]. 30S ribosome inhibitors, such as tet-
racycline, act by limiting the relation of aminoacyl-tRNA
with the bacterial ribosome, disturbing protein synthesis [31,
30]. Such changes permit the bacterial cells to support ho-
meostasis even though an antibiotic is present. Likewise, if a
protein that is accountable for the synthesis of a growth ele-
ment (which an auxotrophic bacteria may acquire from the
environment) is targeted by an antibiotic, the antibiotic will
be ineffective [32].

2.3. Alteration of a Metabolic Pathway

Sulphonamides are considered to be an example of the
inhibition of dihydropteroate synthase in folic acid metabo-
lism via a competitive mode with a higher affinity for the
enzyme than for the substrate [33]. PABA, which is not re-
quired in some sulphonamide-resistant bacteria to perform
folic acid, is an important precursor for the synthesis of folic
acid and nucleic acid, therefore conferring sulphonamides
with resistance [34]. Bacteria can inhibit the antibacterial
activity of the antibiotic by enhancing the synthesis of a
competitive molecule of PABA. In S. aureus or N. meningi-
tides, sulphonamide resistance appears to be enhanced via
increasing the PABA synthesis that diminishes the binding
of drugs on dihydropteroate synthase and competes with
sulphonamide molecules, thus resulting in sulphonamide
resistance [35, 36].

2.4. Membrane Permeability Shifts

The exterior bacterial membrane is made up of lipopoly-
saccharides, phospholipids and transport proteins implanted
within the membrane. Subject to regular conditions, hydro-
phobic antibiotics (aminoglycosides, macrolides, rifamycins,
novobiocin, fusidic acid and cationic peptides) can penetrate
the exterior membrane and enter the interior of the cell [37,
38]. Changing membrane penetrability involves altering the
arrangement of the lipopolysaccharides' core oligosaccha-
ride. The arrangement of the core oligosaccharide is highly
variable, ranging between 6-10 monosaccharides. Bacterial
strains have been observed to be resistant to hydrophobic
antibiotics if the entire length of lipopolysaccharide is ex-
pressed [39, 37]. These resistant strains display a more
tightly packed lipopolysaccharide level within their exterior
membrane, limiting the penetration of hydrophobic antibiot-
ics. The penetrability of the exterior membrane may addi-
tionally be altered by changing the porins entrenched within
the membrane. Porin channels that are present in the exterior
membrane allow minor, hydrophilic antibiotics, such as B-
lactams, chloramphenicol, tetracycline and fluoroquinolones,
to permeate the cell [37, 40]. Limiting movement across the
porin channels reduces the efficiency of a particular antibi-
otic. Reduced membrane penetrability is usually followed by
raised levels of antibiotic efflux [39, 41]. Drug efflux pumps
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Fig. (1). Bacterial resistant strategies used against antibacterial agents.

contain loose substrate specificity, enabling them to interact
with a great variety of drugs [42]. Although the exact
mechanism for drug efflux is still contested, antibiotic efflux,
in addition to reduced membrane penetrability, results in a
sturdy resistance structure that could prove difficult to im-
plement using standard therapy [39, 43].

3. CREATION OF BIOFILM AND MECHANISMS
FOR ANTIBIOTIC RESISTANCE WITHIN BIOFILMS

A bacterial biofilm consists of a cooperative population
of single-cell organisms linked either to a firm exterior or
enclosed within a hydrated medium of protein and polysac-
charide. As illustrated by Fig. (2), biofilms are normally cre-
ated via a number of steps (Fig. 2A). The first stage of
biofilm creation comprises of bacteria clinging to a strange
mass or biomaterial. The alteration from changeable to un-
changeable connection is a reasonably swift procedure, oc-
curring within several minutes or sooner [44, 45]. The bond-
ing of bacteria is controlled by flagella, pili and fimbriae, as
well as extracellular polymeric substances (EPS) that create
a bridge of interaction that separates bacteria from the ha-
bituation films. As the biofilm develops, the collection and
build-up of clinging bacteria result in the creation of several
levels of cells. The final stage comprises disconnection into a
planktonic condition of the bacteria from the biofilm, which
permits these to commence a novel sequence of biofilm crea-
tion [46-48]. It has been shown that in biofilm cells, expres-
sion of the genes varies as compared to cells from plankton
[49]. The control of genes is reliant on the number of cells,
which is mediated by an indication molecule-compelled
structure of communication, such as the quorum detection
structure [50-53]. Quorum detection takes place within sev-
eral various species and settings and is controlled by a range
of elements, for example, Bacillus and Streptococcus gener-
ate and discharge virulence elements [54-58]. Biofilms can
develop everywhere (for instance, on plants or on floor tiles)
and in plants they can exist in a symbiotic relationship sup-
ported by the plant or they can result in infection of the
crops. Additionally, a biofilm may develop on contact lenses

as well as on biomedical implants [59]. Of late, the biofilm
method of development was suggested to be the main ele-
ment in persistent diseases. Biofilms may function as a nidus
that generates regular planktonic bacterial sprays within the
bloodstream, causing severe disease [60, 61]. Parsek and
Singh (2003) [7] discovered that bacteria within biofilms
demonstrate a thousand times increase in their resistance to
antibiotics and are not as conspicuous to the immune struc-
ture [7]. Thus, using antibiotics to eradicate biofilm bacteria
within the treatment centre is a challenge. The theory of
medical opposition within biofilms, presented by Stewart
et al. (Fig. 2B) [62], is as follows. (1) Within biofilms, the
permeation of antibiotics is gradual and incomplete. To ef-
fectively exterminate bacteria, diffusion and permeation of
the bacterial cells by an antibacterial agent is required. Re-
grettably, EPSs influence the distribution of antimicrobial
molecules by chemically responding to antibiotics or by re-
stricting the extent of movement. Hoyle and colleagues
stated that dispersed P. aeruginosa were fifteen times more
receptive to tobramycin compared to undamaged biofilms
[63]. Duguid et al. [64] illustrated that the receptiveness of S.
epidermis to tobramycin could be reduced through biofilm
creation [64]. (2) An intensity grade of a metabolic substrate
or output, results in areas of gradually developing or non-
developing bacteria having a reduced consumption of antim-
icrobial instruments compared to cells from plankton. Evans
and colleagues stated that E. coli developed gradually in
biofilms that were cetrimide resistant [65]. (3) Some bacteria
express an adaptive stress reaction. To deal with environ-
mental variations, such as a change in temperature, oxidative
pressure and DNA damage, bacteria have developed reac-
tions to stress that permit adaptation [66-69]. A number of
stress reactions have been scrutinized in genetic and molecu-
lar detail within planktonic bacteria, and defensive stress
reactions could be activated in biofilms. Benamara et al. [70]
discovered that E. coli trapped within agar demonstrated
superior resistance to aminoglycoside as oxygen pressures
were reduced [70]. The proposal was made that obstruction
by sessile-like bacteria towards aminoglycoside is the result
of the reduced intake of antibiotics by bacteria with no oxy-
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Fig. (2). The life cycle of biofilm with the antibiotic-resistant mechanism in biofilms.

gen provision [70, 71] (4) A small percentage of bacteria
differentiate into a highly sheltered persister condition that
decreases the receptiveness of the biofilm towards antibiot-
ics. The persister theory may clarify the safety of biofilms
from antimicrobial instruments of greatly varying chemis-
tries and means of activity [72, 73].

4. NEW TACTICS TO ADDRESS BACTERIAL
BIOFILMS

Compounds derived from plants could be viewed as new
antimicrobials due to their considerable and verified antibac-
terial effects. Recent studies have described the biological
action of secondary plant metabolites, such as polyphenols,
which efficiently decrease biofilm creation through Strepto-
coccus mutans [74, 75]. Another fascinating set of com-
pounds are terpenoids; within this set, two pentacyclic triter-
penoids, as well as their derivatives, are of particular impor-
tance. It has been illustrated that ursolic acid limits biofilm
creation in a number of bacterial species and that alternative
terpenoids demonstrate a strong antibiofilm activity towards
staphylococci [76-78].

Recently, high-throughput screens have disclosed small
compounds that have antibiofilm features. Small molecules
can alter cell envelopes, quickly disassemble the extracellular
matrix, or activate and commence the spread of biofilms [79,
80]. New bacterial biofilm creation inhibitors require addi-
tional scrutiny; nonetheless, they may be used as treatment
agents, which may be viewed as options for antibiotics. Due to
the significant function of cell-to-cell communication during

the biofilm creation process, molecules capable of restricting
this system are presently under scrutiny. It is proposed that
quorum sensing (QS) inhibitors are efficient in managing
biofilm-associated bacterial infections while not having any
harmful impact on human cells [81, 82]. Remarkably, a num-
ber of molecules derived from plants can function as QS in-
hibitors. Examples of these include the compounds available
in green tea extract, which adjust the QS related anti-virulent
functions of P. Aeruginosa [83] or ajoene, a molecule from
garlic that limits genes managed by QS from the same species
of bacteria [84]. An alternative means of targeting biofilms is
the application of synthetic cationic peptide variants taken
from natural antimicrobial peptides. Alterations to synthetic
peptides, through the involvement of cationic residues or
changes in the quantity of hydrophobic residues, allow the
modification of the antibiofilm and antiplanktonic action of
these molecules. Such peptides, which can efficiently avert
biofilm creation by gram-positive and gram-negative bacteria,
have been detailed [85].

Antimicrobial photodynamic therapy (aPDT) concerns
the application of a mixture of dye and visible light of a low
intensity that, in the presence of oxygen, generate cytotoxic
reactive oxygen species. It has been illustrated that numerous
biofilms are receptive to aPDT, especially for dental diseases
[86, 87].

Current reports illustrate that recently designed biomate-
rials could limit biofilm creation by obstructing bacterial
attachment. Thus, these recent methods involve the design of
new mechanisms with surfaces that are able to restrict bacte-
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rial attachment or viability [88, 89]. Most of the novel
nanotechnological methods used to address biofilm creation
are founded on the use of NPs to functionalize the exterior of
biomaterials through coating [90-92], impregnation [93], or
by implanting nanomaterials [94].

5. ANTIBIOFILM ACTIVITY OF NANOPARTICLES

Metal NPs are made up of collections of atoms and range
in size from 1 to 100 nm. These compounds vary from col-
loids made up of NPs, in addition to some particles ranging
in size from 100 to 2, 500 nm [95, 96]. A number of metals,
including zinc and silver, are renowned for their natural anti-
bacterial activity. It has been established that in nano sizes,
the biological features of metals are stronger, causing NPs to
be fascinating from a medical perspective [97].

The antibacterial function of all the NP varieties is not
completely known. It has previously been stated that none of
the activity is the result of the raised surface-to-volume ratio.
The surface area of a dose of NPs is raised as the size of the
particle is reduced, thus permitting a greater material interac-
tion with the immediate surroundings [98, 99]. Small NPs
seem to be the most able to permeate bacterial cells. In addi-
tion to the particle size, their form, zeta potential and chem-
istry are some of the most pertinent elements influencing
antibacterial activity. A highly positive zeta potential for an
NP encourages NPs’ interactions with the membranes of the
cells, membrane disturbance, bacteria flocculation and a de-
crease in viability. It has therefore been suggested that zeta
potential, in addition to particle size and chemistry, are
highly significant parameters accountable for antimicrobial
impacts [98, 99].

6. ANTIMICROBIAL ACTIVITIES OF NANOPARTI-
CLES

Nanoparticles have been viewed as some of the most
capable bioactive agents, mostly due to their great surface-
area-to-volume ratio [100, 101]. Nano-powders have antimi-
crobial features that act against different fungal, bacterial and
viral human pathogens [102, 103] (and can swiftly kill bacte-
rial cells [90% in 1 hour (h)]). The antibacterial features of
titanium dioxide and silver nanoparticles have been consid-
ered as coatings for surgical masks [104], as well as for a
number of other clinical applications. The nanoparticles that
have been observed to have antimicrobial results are silver
[105, 106], titanium dioxide [104], fullerenes [103], zinc
oxide [107] and magnesium fluoride [108]. The antibacterial
operation of fullerenes has been documented in response to
Escherichia coli, Salmonella and Streptococcus spp. [103].
The capacity of zinc oxide nanoparticles to disrupt the mem-
brane penetrability of E. coli has also been identified [18].
The broad-ranging antimicrobial function of silver nanopar-
ticles has been credited to their ability to destabilize the exte-
rior membrane of the bacteria and to exhaust adenosine
triphosphate (the main form of energy) within bacteria [105,
106]. Green synthesized AgNPs (18 nm) demonstrated the
bactericidal activity in relation to E. coli and P. aeruginosa
by using the agar well diffusion approach [109]. AgCl NPs
have been produced either via the reduction of Ag+
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(AgNO3) using an aqueous leaf extract of S. altissima or via
the photoreduction of AgCl NPs. These particles have dem-
onstrated antibacterial activities [110]. Small and uniform
AgNPs (7 nm) have been synthesized through a biosynthesis
reaction using Chlorella vulgaris secretory carbohydrates.
AgNPs have been found to demonstrate antimicrobial activ-
ity towards S. aureus and E. coli with MIC 37 ug ml™' and
9.4 ug ml™', respectively [111]. Spherically shaped silver
nanoparticles, with particle sizes of 65.92 and 64.64 nm,
have been synthesized from the Penicillium species. The
growth of E. coli and P. aeruginosa were strongly blocked
by PsAgNPs at maximum levels [112]. Engineered silver
nanoparticles (10-15 nm) have been synthesized with silver
nitrate salt acting as the precursor. The inhibition efficiency
against bloom-forming cyanobacterial M. aeruginosa ranged
from 18.2% at 0.005 mg I"' of AgNPs to 98.7% at 1 mg "'
of AgNPs [113]. Additionally, fullerenes have been demon-
strated to have neuroprotective and anti-apoptic, as well as
anti-HIV functions [103]. The size-reliant interactions of
silver nanoparticles, as well as the HIV-1 virus, which cause
the restriction of host-viral interactions, have been identified
[109]. The possible antibacterial uses of selenium NPs, bis-
muth NPs and gold NPs are detailed below.

6.1. Selenium-Based Nanoparticles

Selenium was discovered in 1817 by Jons Jacob Berze-
lius, a Swedish scientist and one of the pioneers of contem-
porary chemistry, who named it Selene after the Greek word
for moon [110]. Selenium is noxious for prokaryotes such as
algae or bacteria, although extended constant exposure to
selenium results in the creation of selenium resistant strains
[111]. Selenium resistance is subject to the capacity for re-
duction from selenate or selenite to selenide [112]. The pre-
cise system of selenium noxiousness is vague, although there
are numerous data regarding its prooxidant impact, espe-
cially in the form of selenite [113-117], whereas selenocys-
teine and selenomethionine are not as poisonous [118]. The
prooxidant operation of selenium can also account for cellu-
lar apoptosis and could result in a practical pharmaceutical
use for selenium compounds as antibacterial and antiviral, as
well as antifungal, agents [118, 119]. Due to their outstand-
ing anticancer function and reduced toxicity, selenium
nanomaterials, such as nanoparticles, nanorods and
nanowires, as well as nanotubes, have been widely explored
and employed in a number of areas [120-122]. In one study,
selenium nanoparticles (SeNPs) underwent biosynthesis
through dispensing ImM SeO2 into the free-cell supernatant
of Bacillus licheniformis separated from food remains. The
biogenic SeNPs (1-50 nm) demonstrated an antimicrobial
impact towards six pathogens found in food: B. cereus, E.
faecalis, S. aureus, E. coli O157:H7, S. typhimurium and S.
enteritidis [123]. Another research study examined SeO-
based nanoparticles bio-synthesized with Stenotrophomonas
maltophilia SeITE02. Se0 nanoparticles have antimicrobial
eradication properties towards E. coli JM109 and P. aerugi-
nosa PAOI1, as well as S. aureus ATCC 25923 [124]. Re-
ports published in the literature credit the antibacterial im-
pact of various selenium mixtures on the creation of open
radicals [125]. Furthermore, selenium oxyanions have also
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been observed to promote the production of reactive oxygen
species (ROS), with the two being able to react to thiols
within the cells and creating intermediates that result in oxi-
dative pressure as an outcome of the creation of superoxide
radicals [126]. Therefore, although reactive oxygen species
are part of the danger of NPs, there have to be alternative
systems that are accountable for the antimicrobial operation
of such nanostructured metals. An example is that nanoparti-
cles may play a role in the functional impairment of the cell
wall or membrane by disturbing the integrity of these crucial
envelopes [127]. A further mechanism associated with the
exterior characteristics of nanoparticles is concerned with
conveying noxiousness to NPs [128]. A synergistic nano-
composite has been synthesized through the application of
quercetin (Qu), as well as acetylcholine (Ach), to the exterior
of Se nanoparticles (Qu-Ach@SeNPs). Incubation of bacte-
ria using nanoparticles with an intensity of 25.0 pg /mL for
10-60 min was undertaken. It has been illustrated that, with
the exception of Qu@SeNPs, all nanocomposites considera-
bly minimize the viability of E. coli and S. aureus cells over
time. When E. coli and S. aureus were treated with
Ach@SeNPs and Qu-Ach@SeNPs for one hour,
Ach@SeNPs decreased the feasibility of the two bacterial
classes by 60%. Qu-Ach@SeNPs decreased the feasibility of
E. coli and S. aureus cells by 91.7% and 92.3%, respectively.
Such outcomes illustrate the high antibacterial application of
Qu-Ach@SeNPs and additionally verify that Qu-
Ach@SeNPs demonstrates a synergistically improved anti-
bacterial functioning towards the superbugs that resist sev-
eral drugs (MDRs). These results imply that the synergistic
features of quercetin and acetylcholine improve the antibac-
terial action of SeNPs. In this respect, Qu-Ach@ SeNPs
make up a novel class of inorganic nano-antibacterial in-
struments that may be used for practical applications within
biomedical strategies [129]. Bactericidal antibiotics encour-
age the production of ROS to eliminate bacteria [130]. It has
been stated that due to their action as oxidase mimics, V2 05
NPs restrict bacterial biofilms by means of ROS [131]. It is
therefore possible that the antibacterial operation of Qu-
Ach@SeNPs is connected with the production of reactive
oxygen species within bacteria. Furthermore, another study
has outlined the varying antimicrobial features of nanoparti-
cles of selenium towards S. aureus and E. coli. Significantly,
it was plainly shown by bacterial assays that the develop-
ment of S. aureus was restricted by the nanoparticles (30 to
70 nm) at intensities as low as 1 ppm. The development and
feasibility of E. coli was not influenced during any of the
appraised concentrations [132]. It is possible that in the case
of E. coli there was a considerable electrostatic rejection
between the SeNPs and the exterior bacterial membrane,
which consists of a net negative charge as a result of the
lipopolysaccharide and covering. However, this does not
apply to S. aureus. Within gram-positive bacteria, the re-
maining surface charge is significantly less negative com-
pared to gram-negative bacteria [133, 134]. Indeed, if the S.
aureus surface has a strong but negative net charge, they
would subsequently be unable to adhere to glass or polysty-
rene and create biofilms [134]. A nonaligned or slightly posi-
tive charge is therefore preferable for hostility. The surface
of S. aureus is peptidoglycan and is comprised of a -3 to
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+1net charge subject to environmental pH, as well as the
development conditions for bacteria [135, 136]. Therefore,
the electrostatic contact could essentially place SeNPs within
the peptidoglycan level of S. aureus and halt the splitting of
bacterial cells, thus conforming to the observation that
SeNPs restricted the growth of S. aureus [132]. A compari-
son of the impacts of silver phosphate (SPNPs) and selenium
nanoparticles (SeNPs) on the development of S. aureus has
been undertaken. This has disclosed that at an intensity of
300 p M, SPNPs (200-300 nm) resulted in a 37.5% limiting
of bacterial development and SeNPs (50-100 nm) completely
halted bacterial development. The availability of nanoparti-
cles reduced the thawing temperatures for nanoparticle com-
binations of the zntR gene by 23% in the case of SeNPs and
12% for SPNPs, in contrast to the control. The intensity of
bacterial metallothionein was reduced by 87% following the
use of SPNPs, but was increased by 29% following applica-
tion of SeNPs, in contrast to the S. aureus control. The inter-
action between DNA and SeNPs, in which these particles
possibly damage the DNA arrangement of the zntR gene,
was increased in vitro [137]. Beheshti et al. [138] stated that
SeNPs might limit the dispersion of Leishmania major in
promastigote and amastigote states. Apoptosis was demon-
strated by DNA disintegration within the intensity score of
1-150 pg mL-1 of SeNPs [138]. A comparable noxiousness
result of SeNPs for genomic DNA was found by Chen et al.
[139] in the case of human melanoma cells administered
with chemically synthesized SeNPs. Therapy for A375 hu-
man melanoma cells using SeNPs caused dosage-reliant cell
apoptosis, as illustrated by DNA disintegration and phos-
phatidyl-serine transposition [139]. Holinka et al. [140] ex-
amined whether covering titanium discs in selenium in the
form of sodium selenite reduced the bacterial attachment of
S. aureus and S. epidermidis and obstructed osteoblastic cell
development. The assessed strain of S. aureus demonstrated
a greatly reduced attachment to the titanium discs, at 0.5%
and 0.2% selenium coating. In addition, S. epidermidis dem-
onstrated a highly significant decrease in bacterial attach-
ment to discs covered in 0.5% and 0.2% selenium solutions.
No obstructive effect of the selenium coating was observed
on the osteoblastic cell development [140]. Inorganic antimi-
crobial agents present an attractive option to antibiotics due
to their reduced danger of drug resistance, superior antibacte-
rial capability, excellent biocompatibility and satisfactory
stability. The additive most commonly used is silver [141,
142], regardless of its known cytotoxicity to fibroblasts
[143] and the increased expense in clinical application. Ra-
mos and Webster illustrated that selenium had a constructive
influence on the development of fibroblasts and could there-
fore be considered as a potential option [144]. Kumar et al.
[145] demonstrated the superior antibacterial consequence of
sodium selenite on Helicobacter pylori, as well as its thera-
peutic effect on ulcers [145]. Matthews et al. [146] found a
reduction in the bacterial colonisation of rabbit cornea in
contact lenses covered in selenium, as well as satisfactory
tolerability and no damage to the wellbeing of the cornea
[146]. Thus, covering medical instruments in sodium selenite
could have potential as an efficient technique for avoiding
nosocomial implant-related infections, with no risk of devel-
oping antibiotic resistance or cytotoxic consequences [140].
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Tran et al. [125] illustrated the efficiency of a 0.2% selenium
covering on cellulose wound dressings on P. aeruginosa and
S. aureus. Yang et al. [147] have noted the antagonistic ef-
fects of selenium-enriched probiotics on pathogenic E. coli.
Several of the new organoselenium compounds are addition-
ally renowned to have practical applications against a num-
ber of bacterial species, such as S. aureus, S. simulans, Sal-
monella typhimurium, E. coli and B. cereus [148, 149].

6.2. Bismuth-Based Nanoparticles

Bismuth comprises a crystalline, brittle metal and is
made of the most natural diamagnetic metal. Generally, bis-
muth originates as bismuthinite, bismite and bismuthite
[150]. Bismuth has the feature of expanding as it freezes and
also has abnormally high electrical resistance to metal. Its
thermal conductivity is below that of any metal other than
mercury [151]. Bismuth oxide is a derivative of considerable
technological significance and is used in the production of
glass and ceramic items, as well as being a catalyst for the
oxidation of hydrocarbons. It is widely employed in microe-
lectronics and sensor technology, as well as optical technol-
ogy [152, 153]. Colloidal chemistry offers the opportunity to
produce uncomplicated synthetic routes to acquire bismuth
nanoparticles with well-managed size distributions and
raised crystallinity [154-163]. Overall, commercial bismuth
salts are employed as precursors and, in addition, surface
modifier species and a minimising agent are included to gen-
erate the nanoparticles [164].

A structural description of the NPs is acquired through
X-ray diffraction evaluations of the bismuth colloids and
HR-TEM [164]. This synthesis technique is the most broadly
employed to acquire metal nanoparticles; it is cost-efficient
and scalable to industrial production. This is a significant
feature for their use with humans. Bismuth compounds are
most broadly employed in the treatment of gastrointestinal
disorders. Even though elemental bismuth demonstrates an-
timicrobial activity, it only achieves this at comparatively
high intensities as a result of its restricted water solubility.
Nonetheless, solubility is raised following chelation and
bismuth’s antimicrobial features are demonstrated at consid-
erably reduced (order of micromolar) intensities, with bis-
muth dimercaptopropanol (BisBAL) being highly efficient
against a number of bacteria [26]. Nonetheless, the long-term
efficacy of BisBAL could be restricted as it is readily con-
sumed on contact with microorganisms. This is the reason
for our scrutiny of BisBAL in its nanoparticulate state and
we adopt the view that its gradual dissolution would permit it
to function as an antimicrobial agent over a longer period
[27]. Bismuth compounds are significant elements in stom-
ach remedies, for example, Pepto-Bismol (bismuth subsali-
cylate, BSS) [28]. De-Nol (colloidal bismuth subsalicylate,
CBS) and by-products from CBS, such as ranitidine bismuth
citrate (RBC), are presently undergoing improvement [22].
The variety of bismuth compounds in medicine goes as far as
syphilis treatment [29] and tumours [30], as well as radioiso-
tope treatments [31]. Of late, bismuth nanoparticles have
been applied in biomolecules diagnosis, in addition to a
broad spectrum of antimicrobial agents [37-42]. It has been
stated that bismuth nanoparticles (Bis-NPs) may restrict bac-
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terial development at intensities below 1mM [32]. When
combined with X-ray treatment, nanoparticles containing
bismuth have additional potential in the treatment of drug-
resistant bacteria [44]. As X-rays may easily permeate hu-
man tissues, this bactericidal method has the potential for use
in efficiently killing deeply embedded MDR bacteria. It has
recently been reported that Bis-NPs restricted the develop-
ment of Helicobacter pylori, changing their Krebs cycling,
amino acid and nucleotide metabolism [45].

In brief, Bis-NPs offer antiviral fungicidal and bacteri-
cidal activity. On the basis of bismuth subsalicylate applica-
tion in the treatment of stomach illnesses, it has been theo-
rized that Bis-NPs are not noxious to human cells, to the
point where we anticipate no reports signifying secondary
consequences from bismuth nanoparticles. No cytotoxic in-
fluence was observed following the exposure of monkey
kidney cells for 24 h at a final intensity of 2mM of Bis-NPs
[37]. Bismuth nanoparticles comprise a potential method of
combating infectious diseases, although additional testing is
necessary to ascertain their safe application for humans. Sig-
nificant antimicrobial activity is demonstrated by silver
nanoparticles, although a number of reports suggest that they
could produce significant toxic consequences [16, 17, 6]. A
study of the genotoxic consequences of bismuth (111) oxide
nanoparticles (BONPs) with regard to the root cells of Allium
cepa by Allium and Comet assay, found that BONPs display
genotoxic action in A. cepa root meristematic cells [47].

6.3. Gold-Based Nanoparticles

During the 1920s Robert Koch noted the bacteriostatic
consequences of gold cyanide and applied it to the treatment
of tubercle bacillus [83]. Gold combinations are clinically
employed in the treatment of numerous diseases, such as
rheumatic diseases, juvenile arthritis, discoid lupus erythe-
matosus and palindromic rheumatism [84]. Gold NPs may
disclose intense assimilation of light within the perceptible
area as a result of the coherent vibrations of the open elec-
trons on the exteriors of the particles. This occurrence of
surface plasmon resonance (SPR) within gold NPs currently
has different uses [85]. For instance, SPRs stimulated opti-
cally through the improved whole reflection may be em-
ployed as biosensors [86, 87]. Furthermore, gold NPs con-
sisting of coherent vibrations boundary states and interband
electronic transitions (d to sp) [88] display optical features
and photothermal impact for the destruction of tissues and
cells [89]. Even though gold NPs on their own are viewed as
not having any antibacterial activity, Vidya et al. [165] syn-
thesized functionalized AuNPs (FAUNPS), a process that was
carried out using third generation antibiotics (levofloxacin,
ceftriaxone and cefotaxime) and, as a second generation an-
tibiotic, ciprofloxacin comprising a diameter of about 20-30
nm. Compared to free antibiotics, FAuUNPs demonstrated
superior inhibitor action in opposing gram-negative bacteria,
K. pneumonia and E. coli, and gram-positive S. aureus [165].
The functionalization of amoxicillin on gold nanoparticles
(GNPs) has been examined. The GNP-Amox conjugates
illustrate improved bactericidal broad-spectrum activity to-
wards bacteria that was gram-positive and gram-negative.
Additionally, in-vitro assay of GNP-Amox disclosed string
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anti-MRSA action and improved the survival rate [166]. The
reversion and improved efficiency of amoxicillin combined
with GNPs could be a result of the rise in the intensity of
antibiotics in the area of bacterium-antibiotic interaction,
enabling binding of the antibiotics to the bacteria and ob-
struction of the bacterial efflux pump in the extraction of
GNP-AMOX [167]. Thus, this research demonstrates the
positive features of a GNP-Amox conjugate as a potential
antibacterial therapeutic agent for MRSA and other patho-
gens [166]. Gold and silver nanoparticles (Au- and Ag-NPs)
were biosynthesized using the gum extract of Prunus arme-
niaca. Au- and Ag-NPs (5-40 nm) had remarkable antibacte-
rial activity against S. aureus E. coli and P. aeruginosa
[168]. Due to no antibacterial action being present in the
gum extract, it may be said that the bactericidal action could
be a result of the synergistic action of gum stabilized Au-
and Ag-NPs and unreduced Au (111) or Ag” ions [166].

Gold nanoparticles were synthesized using P. fluorescens
417 inhabiting Coffea arabica L. The research disclosed the
bactericidal action of synthesized nanoparticles (5 nm to 50
nm) against a group of clinically important pathogens. The
maximum action was noted towards P. aeroginosa and this
was followed, in order of intensity, by E. coli, S. aureus, B.
subtilis and K. pneumoniae. The findings show potential for
eco-friendly methods for the synthesis of gold nanoparticles
with bactericidal action that may function as an option for
the fight against drug-resistant pathogens [169]. Bio-inspired
eco-friendly gold nanoparticles were synthesized using a
green technique and employing Plumeria alba aqueous
flower extract (PAFE). The application of 1% and 5% inten-
sities of PAFE resulted in two varying sizes of P. alba gold
nanoparticles: PAGNPs1 (28 + 5.6 nm) and PAGNPs2 (15.6
+ 3.4 nm). The antibacterial actions of PAGNPsl and
PAGNPs2 were assessed against E. coli. All PAGNPs1 and
PAGNPs2 displayed antibacterial action against E. coli. Fur-
thermore, the small-sized PAGNPs2 displayed superior anti-
bacterial action. All PAGNPs1 and PAGNPs2 samples cre-
ated disruption to the development cycle of bacteria by dis-
turbing the log phase and causing a decrease in the number
of viable cells [170]. This growth restrictive consequence
was seen more clearly in PAGNPs2, which additionally veri-
fies the conclusion that smaller particles display superior
antibacterial potential, possibly due to their greater surface
area available for interaction, in contrast to that of larger
particles [171]. Biosynthesized gold nanoparticles employing
Dracocephalum kotschyi leaf extract (d-GNPs) were ob-
served to display no action against S. aureus, P. aeruginosa,
B. subtilis, B. cereus, E. coli, Ps. aeruginosa and Proteus
vulgaris [172]. Nonetheless, various sizes of gold nanoparti-
cles (GNPs) using the dried fruit extract of Tribulus ter-
restris have been explored in respect of Helicobacter pylori.
Anisotropic GNPs comprising average sizes of 7 nm and 55
nm were synthesized in ambient circumstances. GNP7 and
GNP55 both displayed anti-Helicobacter pylori action
against multidrug resistant clinical strains of H. pylori [173].
This could be a result of the physicochemical features of NPs
that have a significant function in the tolerance or receptive-
ness of bacteria with NPs available [174]. A synthesis of
essential oil of Nigella sativa-based gold nanoparticles
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(NSEO-AuUNPs) was undertaken. The antibacterial action of
NSEO-AuNPs (15.6 and 28.4 nm) was more significant
against gram-positive S. aureus than gram-negative Vibrio
harveyi [175]. Geethalakshmi and Sarada [176] found that
gold nanoparticles synthesized from Trianthema decandra
displayed exceptional action against Yersinia enterocolitica,
Proteus vulgaris, E. coli, S. aureus and S. faecalis [176].

Park et al. [177] concentrated on the arrangement of res-
veratrol nanocarrier structures and the appraisal of their in
vitro antibacterial functions. Green synthetic routes were
employed to synthesize gold nanoparticles (AuNPs) for res-
veratrol nanocarrier structures. The mean magnitude of the
nanoparticles varied between 8.32 and 21. 84 nm. Overall,
with regard to bacteria that was gram-positive and gram-
negative, the Res-AuNPs displayed additional antibacterial
activity in contrast to the resveratrol alone. Among the ap-
praised variations, the greatest antibacterial operation of the
Res-AuNPs was noted for Streptococcus pneumonia [177].
Gold nanoparticles were synthesized employing a cell-free
supernatant of Pseudomonas veronii, a novel endophyte
separated from Annona squamosa L. Biosynthesized gold
nanoparticles (5 to 25 nm) were more susceptible to gram-
positive S. aureus when contrasted with gram-negative bac-
teria, E. coli. Furthermore, an unharmed band using control
DNA was revealed in the electrophoresis gel in the absence
of gold nanoparticles. However, DNA treated with nanopar-
ticles displayed impaired and deformed DNA with a lightly
coloured band, signifying the operation of nanoparticles on
DNA [178]. Areca catechu nut has been employed in the
synthesis of gold nanoparticles. The antibacterial action of
synthesized GNPS has been scrutinized on various bacteria
using the agar well diffusion technique. GNS (13.7nm) illus-
trated antibacterial action towards various human pathogens:
E. coli, K. pneumonia, P. auroginosa, Enterobacter sp. and
S. aureus. Therefore, the biogenic GNPS with antibacterial
action would find uses in biomedical disciplines [179]. The
antimicrobial action of AuNPs, arranged using the plant ex-
tracts of Carica papaya and Catharanthus roseus, was ap-
praised in respect of the pathogenic bacteria S. aureus, E.
coli, B. subtilis and P. vulgaris. The outcomes clearly illus-
trate that the AuNPs were more active towards gram-
negative bacterial strains than to the gram-positive strains
employed in this study [180]. An easy and swift imitation
technique for gold nanoparticles (AuNPs) was established
employing parts of Inonotus obliquus. The AuNPs were
spherical, triangle, hexagonal and rod-like in shape with an
average diameter of 23 nm. The antibacterial action of the
AUNPs was scrutinized against gram-positive B. substilis and
S. aureus and gram-negative E. coli. The greatest antibacte-
rial action was noted towards S. aureus, followed, in turn, by
E. coli and B. substilis [181]. The specific mechanisms that
permit gold NPs to restrict bacteria development are cur-
rently subject to scrutiny. Cui et al. [182] discovered that the
antibacterial activity of gold NPs is reliant on two occur-
rences: (1) reducing the ATP extents within cells through the
replacement of membrane feasibility, or (2) the limitation of
ATP synthase action and the limitation of the tRNA-binding
subunit within the ribosome. The activity of gold NPs ex-
cludes ROS systems, even though ROS impairment is the
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Fig. (3). The impact of NPs on bacterial cell survival.

reason for the death of cells caused by several nanomaterials
and bactericidal antibiotics [182]. Fig. (3) illustrates the an-
timicrobial activities of NPs with their mode of action.

7. TOXICITY OF NANOPARTICLES

There remain a number of drawbacks of antibacterial
agents in the form of metallic NPs. The primary issue is
related to the possible nanotoxicity of metallic NPs follow-
ing treatment. To enable the application of metallic NPs as
antibacterial instruments for the wellbeing of humans, the
toxicity of exposure of NP in humans and animals has to be
scrutinised prior to large-scale production [183]. The nox-
ious levels of NPs are influenced by three elements. (1) The
solubility, charge and form of the NPs result in varying
extents of noxiousness within animals [184]. (2) The altera-
tion of NPs or their exteriors may additionally adjust their
noxiousness. For instance, morphological alterations of
nanomaterials could result in them being unrecognisable to
phagocytic cells, resulting in additional toxicity [185]. (3)
The magnitude of NPs also impacts their toxicity. Minor
NPs that demonstrate effective antibacterial action could
easily infiltrate the skin, brain and lungs, resulting in nega-
tive consequences. Furthermore, treatment with metallic
NPs could result in their accumulation mostly within the
organs, such as the kidney, spleen and liver, causing vari-
ous levels of injury [186]. To methodically decipher the
nanotoxicology of NPs, the Nanotoxicological Society has
produced overall directions and instituted general regula-
tions concerning nanotoxicology for additional nano-
associated research that may effectively increase the use of
nanoproducts in clinical settings [187].

CONCLUSIONS AND FUTURE DIRECTIONS

Biofilms and bacterial strains resistant to the antibiotics
that are currently in use have become a grave public health
challenge that has raised the requirement to develop new
bactericidal materials. As a result, there is a strong re-
quirement to establish new tactics and new materials that
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can address these serious challenges. The emergence of
nanotechnology has resulted in numerous new antimicro-
bial alternatives. The small magnitude of the NPs is appro-
priate for the performance of antimicrobial activities. Or-
ganic, metal and other types of nanoparticles have demon-
strated great potential as fungicidal and bactericidal ele-
ments, displaying their potential as effective antibiotic rea-
gents in associated medical matters. The effectiveness of
these nanoparticles differs according to their features,
which include shape, size and intensity. Furthermore, the
atomic profusion on the exterior of the particles has a con-
siderable function in the features of these materials. As the
magnitude of the particles is reduced, the proportion of
atoms on the surface is increased comparative to the total
atoms of the material, thus augmenting the action. Different
NPs show antimicrobial action towards many species of
pathogenic viruses and bacteria. At present, nanomaterials
are a potential platform for a range of methods for manag-
ing bacterial infections. Table 1 the effect of different me-
tallic NPs on pathogenic bacteria together with their
biofilm. However, additional studies are required and these
include the following. (1) An understanding of the electro-
static interaction between the SeNPs and the bacteria and the
function (if any) of PVA (Penicillin amidase) in the interac-
tion between bacteria and SeNP is required. (2) Selenium’s
in vivo biocompatibility and antimicrobial action needs to be
clarified. (3) Additional scrutiny of animal models needs to
be undertaken to guarantee the optimal bactericidal action
and biodistribution, as well as the reduced host toxicity in
(AuNPs). (4) The molecular mechanisms of biofilm-
restrictive influence on SeNPs and alternative Se compounds
have not yet been entirely understood and require additional
research. (5) With regard to BisBAL NPs, there should be
research into a possible future application that considers their
inclusion in a buccal antiseptic for the prevention of oral
infections. (6) Additional studies on the likely cytotoxicity of
bismuth nanoparticles are necessary to trace any secondary
influence in humans. (7) The possible dangers and toxicities
of metallic NPs require scrutiny by means of systemic and
consistency appraisal techniques.
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Table1. Showed different metallic NPs against pathogenic bacteria with their biofilm
Antibiotic I
Metal NPs/size Bacteria Resistance Antibiofilm Main Results References
dosage
Type
S. aureus, P. aeruginosa, Biofilm . Restricted the biofilm of S. aureus, P. aeruginosa, and P.
Se NPs (80-220 nm) and P. mirabilis creation (0-16gmL ") mirabilis by 42%, 34.3%, and 53.4%, correspondingly. [184]
B. cereus, Enterococcus Have antibiofilm impact of all tested strains apart from B.
faecalis, S. aureus, E. coli, Biofilm cereus. Additionally, the concentration of 75 pg/mL
SeNPs (10-50 nm) S. Typhimurium, and S. creation (20 pg/mL) displayed minor effect on extracting the established [119]
Enteritidis biofilm for all scrutinised bacteria.
. . SeNPs completely removed the biofilm structure of E.
SeNPs (221.1 nm- E.coli JM109, P. aerugi Biofilm coli. At similar concentration (60 mg/L), SeNPs killed the
nosa PAOI, and S. aureus . (60 mg/L) . . . [120]
357.1 nm) ATCC 25923 creation majority of biofilms cells for both P. aeruginosa and S.
Aureus
SeNPs with ATBs Biofil ATBs (100 M) | The biofilm arrangement was strongly restricted (up to
(ampicillin, oxacillin | S. aureus and MRSA 10 111' m +(100 M) | 99% + 7% for S. aureus and up to 94% = 4% for MRSA) [185]
and penicillin). creation SeNPs following application of SeNPs
Se NPs (50 nm) S, aureus Bloﬂlm 69.00 g/m’ The success of Bacteria biofilm restriction reached [186]
creation about 90%.
NSEO-AuNPs S, aureus and Vibrio Biofilm , NSEO-AuNPs efﬁc1ent1y_ restrlcteq the biofilm creatlf)r% of
harveyi creation (20—-80 pgml")| S.aureus and V. harveyi by reducing the hydrophobicity [171]
(15.6 - 28.4 nm) index (78% and 46% correspondingly)
The produced GPA NPs sustained their antibiotic func-
Au nanoparticles loaded P. aeruginosa or S. Biofilm tions against planktonic bacteria, but more effective to
with gentamicin (GPA aureus, E. coli, and L. creation (0.116mg/mL) | impair established biofilms and limited biofilm creation [187]
NPs) (180nm) monocytogenes of pathogens including Gram-positive and Gram-negative
bacteria.
Chitosan-streptomycin These findings highlighted that CA NPs were capable
gold nanoparticles (CA P. aeruginosa, Salmonella Biofilm (125,250, 500 of dispersing tbe avallable- t-noﬁlms chonstrl..lcl;ed by
NPs) typhimurium, L. monocy- creation /mL) Gram-negative and positive organisms like as [188]
togenes, and S. aureus & P. aeruginosa, Salmonella typhimurium,
(31 nm - 45 nm) L. monocytogenes, and S. Aureus
N-acylated homoserine Multidrug-resistant Pro- o
lactonase proteins teus species (Proteus Biofilm AiiAAuNPs restricted the in vitro biofilm creation in
(AiiAAUNPs) strains DPrl, DPr2, and creation (2 to 8 uM) addition to the virulence factor (exopolysaccharide) [189]
DPr3 and P. vulgaris generation and metabolic function of Proteus.
(10 to 30 nm) ATCC 49565)
Au-Ag NPs E. coli, P. aeruginosa, Biofilm (10,1150, 100, Au-Ag NPs were additionally observed to be an efficient
Enterococcus faecalis and i 250, and 150 biofilm restricti ‘ [190]
(~20 nm) S. aureus. creation M) iofilm restricting agen
) Streptococcus mutans. L The findings illustrated a near-complete restriction of
BisBAL NPs P . T Biofilm biofilm creation. Therefore, BisSBAL NPs is viewed as
casei. Streptococcus . 100 pM .. . . . [191]
(28 nm) ordoniiand C. albicans creation antimicrobial agents to manage biofilm creation through a
g ' complicated combination of microbes.
Lipophilic BisBAL nanoparticles restricted bacterial
adherence to track-etched polycarbonate membrane
BisBAL NPs Biofilm surfaces and lysed bacteria implanted in biofilms, within 1
P. aeruginosa " 12-5 uM h of exposure. Therefore, lipophilic bismuth nanoparticles [192]
(18 nm) creation are potential antimicrobial agents that have the ability to
restrict development, avoid bacterial adherence to sur-
faces or impair available biofilms.
Zerovalent bismuth nanoparticles entirely avoided biofilm
creation. Zerovalent bismuth nanoparticles would only
Bi-NPs Biofilm decrease cell development and not entirely restrict it. It is
S. mutans creation 0.5mM theorised that, as 69% of cells were inactivated by these [193]

(3.3+0.97 nm)

nanoparticles, cell survival was not adequate to create a
biofilm.




The Role of Nanoparticles in the Inhibition of Multidrug-Resistant

CONSENT FOR PUBLICATION

Not applicable.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or

otherwise.

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

[1]

[2]

(31

[4]

[5]

[6]

[’

(8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Witte, W.: International dissemination of antibiotic resistant strains
of bacterial pathogens. Infection, Genetics and Evolution, 2004, 4,
187-191.

Huh, A. J.; Kwon, Y. J.: “Nanoantibiotics”: a new paradigm for
treating infectious diseases using nanomaterials in the antibiotics
resistant era. Journal of Controlled Release 2011, 156, 128-145.
Riley, M. A.; Robinson, S. M.; Roy, C. M.; Dennis, M.; Liu, V;
Dorit, R. L.: Resistance is futile: the bacteriocin model for address-
ing the antibiotic resistance challenge. Biochemical Society Trans-
actions 2012, 40, 1438-1442.

Baker-Austin, C.; Wright, M. S.; Stepanauskas, R.; McArthur, J.:
Co-selection of antibiotic and metal resistance. Trends in microbi-
ology 2006, 14, 176-182.

Tadesse, D. A.; Zhao, S.; Tong, E.; Ayers, S.; Singh, A.; Bartholo-
mew, M. J.; McDermott, P. F.: Antimicrobial drug resistance in Es-
cherichia coli from humans and food animals, United States, 1950-
2002. Emerg Infect Dis 2012, 18, 741-9.

Donlan, R. M.: Biofilms and device-associated infections. Emerg-
ing infectious diseases 2001, 7, 277.

Parsek, M. R.; Singh, P. K.: Bacterial biofilms: an emerging link to
disease pathogenesis. Annual Reviews in Microbiology 2003, 57,
677-701.

Lewis, K.: Persister cells. Annual review of microbiology 2010, 64,
357-372.

Mah, T.-F. C.; O'Toole, G. A.: Mechanisms of biofilm resistance to
antimicrobial agents. Trends in microbiology 2001, 9, 34-39.
Markowska, K.; Grudniak, A. M.; Wolska, K. I.: Silver nanoparti-
cles as an alternative strategy against bacterial biofilms. Acta Bio-
chim Pol 2013, 60, 523-30.

Baptista, P.; Pereira, E.; Eaton, P.; Doria, G.; Miranda, A.; Gomes,
I.; Quaresma, P.; Franco, R.: Gold nanoparticles for the develop-
ment of clinical diagnosis methods. Analytical and bioanalytical
chemistry 2008, 391, 943-950.

Hirsch, L. R.; Stafford, R.; Bankson, J.; Sershen, S.; Rivera, B.;
Price, R.; Hazle, J.; Halas, N. J.; West, J.: Nanoshell-mediated
near-infrared thermal therapy of tumors under magnetic resonance
guidance. Proceedings of the National Academy of Sciences 2003,
100, 13549-13554.

Han, G.; Ghosh, P.; Rotello, V. M.: Multi-functional gold nanopar-
ticles for drug delivery. In Bio-applications of Nanoparticles;
Springer, 2007; pp 48-56.

Allaker, R. P.; Ren, G.: Potential impact of nanotechnology on the
control of infectious diseases. Transactions of the Royal Society of
Tropical Medicine and Hygiene 2008, 102, 1-2.

Rai, A.; Prabhune, A.; Perry, C. C.: Antibiotic mediated synthesis
of gold nanoparticles with potent antimicrobial activity and their
application in antimicrobial coatings. Journal of Materials Chemis-
try 2010, 20, 6789-6798.

Goodman, C. M.; McCusker, C. D.; Yilmaz, T.; Rotello, V. M.:
Toxicity of gold nanoparticles functionalized with cationic and ani-
onic side chains. Bioconjugate chemistry 2004, 15, 897-900.
Whitesides, G. M.: Nanoscience, nanotechnology, and chemistry.
Small 2005, 1, 172-179.

Raghupathi, K. R.; Koodali, R. T.; Manna, A. C.: Size-dependent
bacterial growth inhibition and mechanism of antibacterial activity
of zinc oxide nanoparticles. Langmuir 2011, 27, 4020-4028.

Zhang, L.; Pornpattananangkul, D.; Hu, C.-M.; Huang, C.-M.:
Development of nanoparticles for antimicrobial drug delivery. Cur-
rent medicinal chemistry 2010, 17, 585-594.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Current Drug Delivery, 2018, Vol. 15, No. 0 11

Huang, C.-M.; Chen, C.-H.; Pornpattananangkul, D.; Zhang, L.;
Chan, M.; Hsieh, M.-F.; Zhang, L.: Eradication of drug resistant
Staphylococcus aureus by liposomal oleic acids. Biomaterials
2011, 32, 214-221.

Hajipour, M. J.; Fromm, K. M.; Ashkarran, A. A.; de Aberasturi,
D. J.; de Larramendi, I. R.; Rojo, T.; Serpooshan, V.; Parak, W. J.;
Mahmoudi, M.: Antibacterial properties of nanoparticles. Trends in
biotechnology 2012, 30, 499-511.

Leid, J. G.; Ditto, A. J.; Knapp, A.; Shah, P. N.; Wright, B. D;;
Blust, R.; Christensen, L.; Clemons, C.; Wilber, J.; Young, G. W.:
In vitro antimicrobial studies of silver carbene complexes: activity
of free and nanoparticle carbene formulations against clinical iso-
lates of pathogenic bacteria. Journal of Antimicrobial Chemother-
apy 2012, 67, 138-148.

Walsh, C.: Molecular mechanisms that confer antibacterial drug
resistance. Nature 2000, 406, 775-781.

King, D. T.; Sobhanifar, S.; Strynadka, N. C. J.: The Mechanisms
of Resistance to p-Lactam Antibiotics. In Handbook of Antimicro-
bial Resistance; Gotte, M., Berghuis, A., Matlashewski, G., Wain-
berg, M., Sheppard, D., Eds.; Springer New York: New York, NY,
2014; pp 1-22.

Lin, J.; Nishino, K.; Roberts, M. C.; Tolmasky, M.; Aminov, R. |;
Zhang, L.: Mechanisms of antibiotic resistance. Frontiers in
Microbiology 2015, 6.

Semenitz, E.: [Mechanism of action of beta-lactam antibiotics and
problems concerning the development of resistance in antibacterial
chemotherapy]. Wiener klinische Wochenschrift. Supplementum
1982, 142, 7-11.

Owens, R. C.; Lautenbach, E.: Antimicrobial resistance: problem
pathogens and clinical countermeasures; CRC Press, 2007.
Kohanski, M. A.; Dwyer, D. J.; Collins, J. J.: How antibiotics kill
bacteria: from targets to networks. Nature Reviews Microbiology
2010, 8, 423-435.

Menninger, J. R.; Otto, D.: Erythromycin, carbomycin, and spi-
ramycin inhibit protein synthesis by stimulating the dissociation of
peptidyl-tRNA from ribosomes. Antimicrobial agents and chemo-
therapy 1982, 21, 811-818.

Poole, K.: Mechanisms of bacterial biocide and antibiotic resis-
tance. Journal of Applied Microbiology 2002, 92.

Chopra, |.; Roberts, M.: Tetracycline antibiotics: mode of action,
applications, molecular biology, and epidemiology of bacterial re-
sistance. Microbiology and molecular biology reviews 2001, 65,
232-260.

Ahmed, M.; Brode, E.; Brown, T.; Eltoweissy, S.; Gross, S.; Mark-
owitz, S.; McCutchen, M.; Portney, R.; Reinhart, J.; Salgado, C.:
Effects of Gallium-Desferrioxamine Compounds on Bacteria. 2015.
Bockstael, K.; Van Aerschot, A. Antimicrobial resistance in bacte-
ria. Cent Eur J Med 2009, 4, 141-155. 331-339.

Spink, W.W.; Wright, L.D.; Vivino, J.J.; Skeggs, H.R. Para-
aminobenzoic acid production by Staphylococci. J Exp Med 1944,
79.

Deck, D.H.; Winston, L.G. Sulfonamides, trimethoprim, & qui-
nolones, in:B. Katzung, S. Masters, A. Trevor (Eds.), in: Basic and
clinical pharmacology,12th ed, 2012, pp. 831-838.

lliades, P.; Meshnick, S.R.; Macreadie, 1.G. Dihydropteroate syn-
thase mutations in Pneumocystis jiroveci can affect sulfamethoxa-
zole resistance in a saccharomyces cerevisiae model. Antimicrob
Agents Ch 2004, 48, 2617-2623.

Nikaido, H.: Molecular basis of bacterial outer membrane perme-
ability revisited. Microbiology and molecular biology reviews
2003, 67, 593-656.

Ruiz, N.; Kahne, D.; Silhavy, T. J.: Advances in understanding
bacterial outer-membrane biogenesis. Nature Reviews Microbiol-
ogy 2006, 4, 57-66.

Delcour, A. H.: Outer membrane permeability and antibiotic resis-
tance. Biochimica et Biophysica Acta (BBA)-Proteins and Pro-
teomics 2009, 1794, 808-816.

Schulz, G. E.: The structure of bacterial outer membrane proteins.
Biochimica et Biophysica Acta (BBA)-Biomembranes 2002, 1565,
308-317.

Masi, M.: Structure, function and regulation of outer membrane
proteins involved in drug transport in Enterobactericeae: the
OmpF/C-TolC case. The open microbiology journal 2013, 7.

Van Bambeke, F.; Balzi, E.; Tulkens, P. M.: Antibiotic efflux
pumps. Biochemical Pharmacology 2000, 60, 457-470.



12 Current Drug Delivery, 2018, Vol. 15, No. 0

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]
[53]
[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Lakaye, B.; Dubus, A.; Joris, B.; Frere, J.-M.: Method for estima-
tion of low outer membrane permeability to B-lactam antibiotics.
Antimicrobial agents and chemotherapy 2002, 46, 2901-2907.
Palmer, J.; Flint, S.; Brooks, J.: Bacterial cell attachment, the be-
ginning of a biofilm. Journal of industrial microbiology & biotech-
nology 2007, 34, 577-588.

Davey, M. E.; O'toole, G. A.: Microbial biofilms: from ecology to
molecular genetics. Microbiology and molecular biology reviews
2000, 64, 847-867.

Donlan, R. M.: Biofilm formation: a clinically relevant microbio-
logical process. Clinical Infectious Diseases 2001, 33, 1387-1392.
Arciola, C. R.; Campoccia, D.; Speziale, P.; Montanaro, L.; Coster-
ton, J. W.: Biofilm formation in Staphylococcus implant infections.
A review of molecular mechanisms and implications for biofilm-
resistant materials. Biomaterials 2012, 33, 5967-5982.

Bogino, P. C.; Oliva, M. d. I. M.; Sorroche, F. G.; Giordano, W.:
The role of bacterial biofilms and surface components in plant-
bacterial associations. International journal of molecular sciences
2013, 14, 15838-15859.

Hentzer, &.; Eberl, &.; Givskov, &.: Transcriptome analysis of Pseu-
domonas aeruginosa biofilm development: anaerobic respiration
and iron limitation. Biofilms 2005, 2, 37-61.

Garrett, T. R.; Bhakoo, M.; Zhang, Z.: Characterisation of bacterial
adhesion and removal in a flow chamber by micromanipulation
measurements. Biotechnology letters 2008, 30, 427-433.

Dunne, W. M.: Bacterial adhesion: seen any good biofilms lately?
Clinical microbiology reviews 2002, 15, 155-166.

Miller, M. B.; Bassler, B. L.: Quorum sensing in bacteria. Annual
Reviews in Microbiology 2001, 55, 165-199.

Ng, W.-L.; Bassler, B. L.: Bacterial quorum-sensing network archi-
tectures. Annual review of genetics 2009, 43, 197.

Harrison, F.: Microbial ecology of the cystic fibrosis lung. Micro-
biology 2007, 153, 917-923.

Petersen, F. C.; Tao, L.; Scheie, A. A.: DNA binding-uptake sys-
tem: a link between cell-to-cell communication and biofilm forma-
tion. Journal of bacteriology 2005, 187, 4392-4400.

Park, S.; Wolanin, P. M.; Yuzbashyan, E. A.; Lin, H.; Darnton, N.
C.; Stock, J. B.; Silberzan, P.; Austin, R.: Influence of topology on
bacterial social interaction. Proceedings of the National Academy
of Sciences 2003, 100, 13910-13915.

Rutherford, S. T.; Bassler, B. L.: Bacterial quorum sensing: its role
in virulence and possibilities for its control. Cold Spring Harbor
Perspectives in Medicine 2012, 2, a012427.

Waters, C. M.; Bassler, B. L.: Quorum sensing: cell-to-cell com-
munication in bacteria. Annu. Rev. Cell Dev. Biol. 2005, 21, 319-
346.

O'Toole, G.; Kaplan, H. B.; Kolter, R.: Biofilm formation as mi-
crobial development. Annual Reviews in Microbiology 2000, 54,
49-79.

Costerton, J. W.; Stewart, P. S.; Greenberg, E.: Bacterial biofilms:
a common cause of persistent infections. Science 1999, 284, 1318-
1322.

Garcia-Medina, R.; Dunne, W. M.; Singh, P. K.; Brody, S. L.
Pseudomonas aeruginosa acquires biofilm-like properties within
airway epithelial cells. Infection and immunity 2005, 73, 8298-
8305.

Stewart, P. S.: Mechanisms of antibiotic resistance in bacterial
biofilms. International Journal of Medical Microbiology 2002, 292,
107-113.

Hoyle, B. D.; Wong, C. K.; Costerton, J. W.: Disparate efficacy of
tobramycin on Ca2+-, Mg2+-, and HEPES-treated Pseudomonas
aeruginosa biofilms. Canadian journal of microbiology 1992, 38,
1214-1218.

Duguid, I. G.; Evans, E.; Brown, M. R.; Gilbert, P.: Effect of
biofilm culture upon the susceptibility of Staphylococcus epider-
midis to tobramycin. Journal of Antimicrobial Chemotherapy 1992,
30, 803-810.

Evans, D.; Allison, D.; Brown, M.; Gilbert, P.: Effect of growth-
rate on resistance of gram-negative biofilms to cetrimide. Journal
of Antimicrobial Chemotherapy 1990, 26, 473-478.

Anwar, H.; Strap, J.; Chen, K.; Costerton, J.: Dynamic interactions
of biofilms of mucoid Pseudomonas aeruginosa with tobramycin
and piperacillin. Antimicrobial agents and chemotherapy 1992, 36,
1208-1214.

Poolman, B.; Glaasker, E.: Regulation of compatible solute accu-
mulation in bacteria. Molecular microbiology 1998, 29, 397-407.

[68]
[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

[86]

[87]

(88]

AlMatar et al.

Storz, G.; Imlayt, J. A.: Oxidative stress. Current opinion in micro-
biology 1999, 2, 188-194.

Yousef, A. E.; Juneja, V. K.: Microbial stress adaptation and food
safety; CRC Press, 2002.

Tresse, O.; Jouenne, T.; Junter, G.-A.: The role of oxygen limita-
tion in the resistance of agar-entrapped, sessile-like Escherichia
coli to aminoglycoside and B-lactam antibiotics. Journal of Antimi-
crobial Chemotherapy 1995, 36, 521-526.

Benamara, H.; Rihouey, C.; Jouenne, T.; Alexandre, S.: Impact of
the biofilm mode of growth on the inner membrane phospholipid
composition and lipid domains in Pseudomonas aeruginosa. Bio-
chimica et Biophysica Acta (BBA) - Biomembranes 2011, 1808,
98-105.

Spoering, A. L.; Lewis, K.: Biofilms and planktonic cells of Pseu-
domonas aeruginosa have similar resistance to killing by antimi-
crobials. Journal of bacteriology 2001, 183, 6746-6751.

Pace, J. L.; Rupp, M. E.; Finch, R. G.: Biofilms, infection, and
antimicrobial therapy; CRC Press, 2005.

Percival, R. S.; Devine, D. A.; Duggal, M. S.; Chartron, S.; Marsh,
P. D.: The effect of cocoa polyphenols on the growth, metabolism,
and biofilm formation by Streptococcus mutans and Streptococcus
sanguinis. European Journal of Oral Sciences 2006, 114, 343-348.
Cowan, M. M.: Plant products as antimicrobial agents. Clinical
microbiology reviews 1999, 12, 564-582.

Kurek, A.; Grudniak, A. M.; Kraczkiewicz-Dowjat, A.; Wolska, K.
I.: New antibacterial therapeutics and strategies. Pol J Microbiol
2011, 60, 3-12.

Wolska, K. I.; Grzes, K.; KuREK, A.: Synergy between novel
antimicrobials and conventional antibiotics or bacteriocins. Pol J
Microbiol 2012, 61, 95-104.

Pompilio, A.; Crocetta, V.; Scocchi, M.; Pomponio, S.; Di Vin-
cenzo, V.; Mardirossian, M.; Gherardi, G.; Fiscarelli, E.; Dicuonzo,
G.; Gennaro, R.: Potential novel therapeutic strategies in cystic fi-
brosis: antimicrobial and anti-biofilm activity of natural and de-
signed o-helical peptides against Staphylococcus aureus, Pseudo-
monas aeruginosa, and Stenotrophomonas maltophilia. BMC mi-
crobiology 2012, 12, 1.

Oppenheimer-Shaanan, Y.; Steinberg, N.; Kolodkin-Gal, I.: Small
molecules are natural triggers for the disassembly of biofilms.
Trends in microbiology 2013, 21, 594-601.

Kolodkin-Gal, I.; Cao, S.; Chai, L.; Béttcher, T.; Kolter, R,;
Clardy, J.; Losick, R.: RETRACTED: A Self-Produced Trigger for
Biofilm Disassembly that Targets Exopolysaccharide. Cell 2012,
149, 684-692.

Defoirdt, T.; Brackman, G.; Coenye, T.: Quorum sensing inhibi-
tors: how strong is the evidence? Trends in microbiology 2013, 21,
619-624.

LaSarre, B.; Federle, M. J.: Exploiting quorum sensing to confuse
bacterial pathogens. Microbiology and molecular biology reviews
2013, 77, 73-111.

Mihalik, K.; Chung, D.; Crixell, S.; McLean, R.; Vattem, D.: Quo-
rum sensing modulators of Pseudomonas aeruginosa characterized
in Camellia sinensis. Asian J Trad Med 2008, 3, e23.

Jakobsen, T. H.; van Gennip, M.; Phipps, R. K.; Shanmugham, M.
S.; Christensen, L. D.; Alhede, M.; Skindersoe, M. E.; Rasmussen,
T. B.; Friedrich, K.; Uthe, F.: Ajoene, a sulfur-rich molecule from
garlic, inhibits genes controlled by quorum sensing. Antimicrobial
agents and chemotherapy 2012, 56, 2314-2325.

de la Fuente-Nufiez, C.; Korolik, V.; Bains, M.; Nguyen, U.; Brei-
denstein, E. B.; Horsman, S.; Lewenza, S.; Burrows, L.; Hancock,
R. E.: Inhibition of bacterial biofilm formation and swarming mo-
tility by a small synthetic cationic peptide. Antimicrobial agents
and chemotherapy 2012, 56, 2696-2704.

De Melo, W. C.; Avci, P.; De Oliveira, M. N.; Gupta, A.; Vecchio,
D.; Sadasivam, M.; Chandran, R.; Huang, Y.-Y.; Yin, R.; Perussi,
L. R.: Photodynamic inactivation of biofilm: taking a lightly col-
ored approach to stubborn infection. Expert review of anti-infective
therapy 2013, 11, 669-693.

Goulart, R. d. C.; Bolean, M.; Paulino, T. d. P.; Thedei Jr, G.;
Souza, S. L.; Tedesco, A. C.; Ciancaglini, P.: Photodynamic ther-
apy in planktonic and biofilm cultures of Aggregatibacter actino-
mycetemcomitans. Photomedicine and laser surgery 2010, 28, S-
53-S-60.

Desrousseaux, C.; Sautou, V.; Descamps, S.; Traoré, O.: Modifica-
tion of the surfaces of medical devices to prevent microbial adhe-



The Role of Nanoparticles in the Inhibition of Multidrug-Resistant

sion and biofilm formation. Journal of Hospital Infection 2013, 85,

87-93.

[89] Cortés, M. E.; Consuegra, J.; Sinisterra, R. D.: Biofilm formation,
control and novel strategies for eradication. Sci Against Microbial

Pathog Commun Curr Res Technol Adv 2011, 2, 896-905.

[90] Roe, D.; Karandikar, B.; Bonn-Savage, N.; Gibbins, B.; Roullet, J.-
B.: Antimicrobial surface functionalization of plastic catheters by
silver nanoparticles. Journal of Antimicrobial Chemotherapy 2008,

61, 869-876.

[91] Applerot, G.; Lellouche, J.; Perkas, N.; Nitzan, Y.; Gedanken, A;
Banin, E.: ZnO nanoparticle-coated surfaces inhibit bacterial
biofilm formation and increase antibiotic susceptibility. RSC Ad-

vances 2012, 2, 2314-2321.

[92] Cioffi, N.; Rai, M.: Nano-antimicrobials: progress and prospects;

Springer Science & Business Media, 2012.

[93] Shi, Z.; Neoh, K.; Kang, E.; Wang, W.: Antibacterial and mechani-
cal properties of bone cement impregnated with chitosan nanoparti-

cles. Biomaterials 2006, 27, 2440-2449.

[94] Beyth, N.; Houri-Haddad, Y.; Baraness-Hadar, L.; Yudovin-Farber,
I.; Domb, A. J.; Weiss, E. I.: Surface antimicrobial activity and
biocompatibility of incorporated polyethylenimine nanoparticles.

Biomaterials 2008, 29, 4157-4163.

[95] Lemire, J. A.; Harrison, J. J.; Turner, R. J.: Antimicrobial activity
of metals: mechanisms, molecular targets and applications. Nature

Reviews Microbiology 2013, 11, 371-384.

[96] N Oktar, F.; Yetmez, M.; Ficai, D.; Ficai, A.; Dumitru, F.; Pica, A.:
Molecular Mechanism and Targets of the Antimicrobial Activity of
Metal Nanoparticles. Current topics in medicinal chemistry 2015,

15, 1583-1588.

[97] Salem, W.; Leitner, D. R.; Zingl, F. G.; Schratter, G.; Prassl, R.;
Goessler, W.; Reidl, J.; Schild, S.: Antibacterial activity of silver
and zinc nanoparticles against Vibrio cholerae and enterotoxic Es-
cherichia coli. International Journal of Medical Microbiology 2015,

305, 85-95.

[98] Seil, J. T.; Webster, T. J.: Antimicrobial applications of nanotech-
nology: methods and literature. International Journal of Nanomedi-

cine 2012, 7, 2767.

[99] Brenner, S.: The clinical nanomedicine handbook; CRC Press,

2013.

[100] Hamouda, I. M.: Current perspectives of nanoparticles in medical
and dental biomaterials. Journal of biomedical research 2012, 26,

143-151.

[101] Khurshid, Z.; Zafar, M.; Qasim, S.; Shahab, S.; Naseem, M.; Abu-
Reqaiba, A.: Advances in nanotechnology for restorative dentistry.

Materials 2015, 8, 717-731.

[102] Koper, O. B.; Klabunde, J. S.; Marchin, G. L.; Klabunde, K. J;
Stoimenov, P.; Bohra, L.: Nanoscale powders and formulations
with biocidal activity toward spores and vegetative cells of bacillus
species, viruses, and toxins. Current microbiology 2002, 44, 49-55.

[103] Bosi, S.; Da Ros, T.; Spalluto, G.; Prato, M.: Fullerene derivatives:
an attractive tool for biological applications. European journal of

medicinal chemistry 2003, 38, 913-923.

[104] Li, Y.; Leung, P.; Yao, L.; Song, Q.; Newton, E.: Antimicrobial
effect of surgical masks coated with nanoparticles. Journal of Hos-

pital Infection 2006, 62, 58-63.

[105] Lara, H. H.; Garza-Trevifio, E. N.; Ixtepan-Turrent, L.; Singh, D.
K.: Silver nanoparticles are broad-spectrum bactericidal and viruci-

dal compounds. J Nanobiotechnology 2011, 9, 30.

[106] Lok, C.-N.; Ho, C.-M.; Chen, R.; He, Q.-Y.; Yu, W.-Y.; Sun, H,;
Tam, P. K.-H.; Chiu, J.-F.; Che, C.-M.: Proteomic analysis of the
mode of antibacterial action of silver nanoparticles. Journal of pro-

teome research 2006, 5, 916-924.

[107] Brayner, R.; Ferrari-lliou, R.; Brivois, N.; Djediat, S.; Benedetti,
M. F.; Fiévet, F.: Toxicological impact studies based on Es-
cherichia coli bacteria in ultrafine ZnO nanoparticles colloidal me-

dium. Nano Letters 2006, 6, 866-870.

[108] Lellouche, J.; Friedman, A.; Lellouche, J.-P.; Gedanken, A.; Banin,
E.: Improved antibacterial and antibiofilm activity of magnesium
fluoride nanoparticles obtained by water-based ultrasound chemis-
try. Nanomedicine: Nanotechnology, Biology and Medicine 2012,

8, 702-711.

[109] Elechiguerra, J. L.; Burt, J. L.; Morones, J. R.; Camacho-Bragado,
A.; Gao, X.; Lara, H. H.; Yacaman, M. J.: Interaction of silver

nanoparticles with HIV-1. J nanobiotechnol 2005, 3, 1-10.
[110] Boyd, R.: Selenium stories. Nat Chem 2011, 3, 570-570.

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Current Drug Delivery, 2018, Vol. 15, No.0 13

Burton, G.; Giddings, T.; DeBrine, P.; Fall, R.: High incidence of
selenite-resistant bacteria from a site polluted with selenium. Ap-
plied and environmental microbiology 1987, 53, 185-188.
Oremland, R. S.; Blum, J. S.; Culbertson, C. W.; Visscher, P. T.;
Miller, L. G.; Dowdle, P.; Strohmaier, F. E.: Isolation, growth, and
metabolism of an obligately anaerobic, selenate-respiring bacte-
rium, strain SES-3. Applied and environmental microbiology 1994,
60, 3011-3019.

Hafeman, D.; Sunde, R.; Hoekstra, W.: Effect of dietary selenium
on erythrocyte and liver glutathione peroxidase in the rat. The
Journal of nutrition 1974, 104, 580-587.

Csallany, A.; Menken, B.: Effect of dietary selenite on hepatic
organic solvent-soluble lipofuscin pigments. International Journal
of Toxicology 1986, 5, 79-85.

Spallholz, J. E.: Free radical generation by selenium compounds
and their prooxidant toxicity. Biomedical and environmental sci-
ences: BES 1997, 10, 260-270.

Terada, A.; Yoshida, M.; Seko, Y.; Kobayashi, T.; Yoshida, K.;
Nakada, M.; Nakada, K.; Echizen, H.; Ogata, H.; Rikihisa, T.: Ac-
tive oxygen species generation and cellular damage by additives of
parenteral preparations: selenium and sulfhydryl compounds. Nu-
trition 1999, 15, 651-655.

Raisbeck, M. F.: Selenosis. Veterinary Clinics of North America:
Food Animal Practice 2000, 16, 465-480.

Spallholz, J. E.: On the nature of selenium toxicity and carci-
nostatic activity. Free Radical Biology and Medicine 1994, 17, 45-
64.

Nilsonne, G.; Sun, X.; Nystrom, C.; Rundl6f, A.-K.; Fernandes, A.
P.; Bjornstedt, M.; Dobra, K.: Selenite induces apoptosis in
sarcomatoid malignant mesothelioma cells through oxidative stress.
Free Radical Biology and Medicine 2006, 41, 874-885.

Mahmoodi, S. R.; Bayati, M.; Rad, S. H.; Heidari, E. K.; Forou-
madi, A.; Gilani, K.: Dielectrophoretic trapping of selenium nano-
rods for use in device applications. Journal of Materials Science:
Materials in Electronics 2013, 24, 4554-4559.

Kumar, N.; Kumar, R.; Kumar, S.; Chakarvarti, S. K.: Microstruc-
tural, optical and electrical investigations of large scale selenium
nanowires prepared by template electrodeposition. Journal of Mate-
rials Science: Materials in Electronics 2014, 25, 3537-3542.

Xi, G.; Xiong, K.; Zhao, Q.; Zhang, R.; Zhang, H.; Qian, Y.: Nu-
cleation—Dissolution—Recrystallization: A New Growth Mecha-
nism for t-Selenium Nanotubes. Crystal Growth & Design 2006, 6,
577-582.

Khiralla, G. M.; El-Deeb, B. A.: Antimicrobial and antibiofilm
effects of selenium nanoparticles on some foodborne pathogens.
LWT-Food Science and Technology 2015, 63, 1001-1007.

Zonaro, E.; Lampis, S.; Turner, R. J.; Qazi, S. J. S.; Vallini, G.:
Biogenic selenium and tellurium nanoparticles synthesized by envi-
ronmental microbial isolates efficaciously inhibit bacterial plank-
tonic cultures and biofilms. Frontiers in Microbiology 2015, 6.
Tran, P. L.; Hammond, A. A.; Mosley, T.; Cortez, J.; Gray, T.;
Colmer-Hamood, J. A.; Shashtri, M.; Spallholz, J. E.; Hamood, A.
N.; Reid, T. W.: Organoselenium coating on cellulose inhibits the
formation of biofilms by Pseudomonas aeruginosa and Staphylo-
coccus aureus. Applied and environmental microbiology 2009, 75,
3586-3592.

Zannoni, D.; Borsetti, F.; Harrison, J. J.; Turner, R. J.: The bacte-
rial response to the chalcogen metalloids Se and Te. Advances in
microbial physiology 2007, 53, 1-312.

Pi, J.; Yang, F.; Jin, H.; Huang, X.; Liu, R.; Yang, P.; Cai, J.: Sele-
nium nanoparticles induced membrane bio-mechanical property
changes in MCF-7 cells by disturbing membrane molecules and F-
actin. Bioorganic & Medicinal Chemistry Letters 2013, 23, 6296-
6303.

Bao, P.; Chen, Z.; Tai, R.-Z.; Shen, H.-M.; Martin, F. L.; Zhu, Y .-
G.: Selenite-induced toxicity in cancer cells is mediated by meta-
bolic generation of endogenous selenium nanoparticles. Journal of
proteome research 2015, 14, 1127-1136.

Huang, X.; Chen, X.; Chen, Q.; Yu, Q.; Sun, D.; Liu, J.: Investiga-
tion of functional selenium nanoparticles as potent antimicrobial
agents against superbugs. Acta biomaterialia 2016, 30, 397-407.
Kohanski, M. A.; Dwyer, D. J.; Hayete, B.; Lawrence, C. A,
Collins, J. J.: A common mechanism of cellular death induced by
bactericidal antibiotics. Cell 2007, 130, 797-810.

Natalio, F.; Andre, R.; Hartog, A. F.; Stoll, B.; Jochum, K. P,;
Wever, R.; Tremel, W.: Vanadium pentoxide nanoparticles mimic



14 Current Drug Delivery, 2018, Vol. 15, No. 0

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

vanadium haloperoxidases and thwart biofilm formation. Nat Nano
2012, 7, 530-535.

Tran, P. A.; O’Brien-Simpson, N.; Reynolds, E. C.; Pantarat, N.;
Biswas, D. P.; O’Connor, A. J.: Low cytotoxic trace element sele-
nium nanoparticles and their differential antimicrobial properties
against S. aureus and E. coli. Nanotechnology 2015, 27, 045101.
Chung, Y.-C.; Su, Y.-P.; Chen, C.-C.; Jia, G.; Wang, H.-l.; Wu, J.
G.; Lin, J.-G.: Relationship between antibacterial activity of chito-
san and surface characteristics of cell wall. Acta Pharmacologica
Sinica 2004, 25, 932-936.

Gross, M.; Cramton, S. E.; Gotz, F.; Peschel, A.: Key role of
teichoic acid net charge instaphylococcus aureus colonization of ar-
tificial surfaces. Infection and immunity 2001, 69, 3423-3426.
Wilson, W. W.; Wade, M. M.; Holman, S. C.; Champlin, F. R.:
Status of methods for assessing bacterial cell surface charge prop-
erties based on zeta potential measurements. Journal of Microbio-
logical Methods 2001, 43, 153-164.

Matsuo, M.; Oogai, Y.; Kato, F.; Sugai, M.; Komatsuzawa, H.:
Growth-phase dependence of susceptibility to antimicrobial pep-
tides in Staphylococcus aureus. Microbiology 2011, 157, 1786-
1797.

Chudobova, D.; Cihalova, K.; Dostalova, S.; Ruttkay-Nedecky, B.;
Rodrigo, M. A. M.; Tmejova, K.; Kopel, P.; Nejdl, L.; Kudr, J.;
Gumulec, J.: Comparison of the effects of silver phosphate and se-
lenium nanoparticles on Staphylococcus aureus growth reveals po-
tential for selenium particles to prevent infection. FEMS microbi-
ology letters 2014, 351, 195-201.

Beheshti, N.; Soflaei, S.; Shakibaie, M.; Yazdi, M. H.; Ghaffarifar,
F.; Dalimi, A.; Shahverdi, A. R.: Efficacy of biogenic selenium
nanoparticles against Leishmania major: in vitro and in vivo stud-
ies. Journal of Trace Elements in Medicine and Biology 2013, 27,
203-207.

Chen, T.; Wong, Y.-S.; Zheng, W.; Bai, Y.; Huang, L.: Selenium
nanoparticles fabricated in Undaria pinnatifida polysaccharide solu-
tions induce mitochondria-mediated apoptosis in A375 human
melanoma cells. Colloids and surfaces B: Biointerfaces 2008, 67,
26-31.

Holinka, J.; Pilz, M.; Kubista, B.; Presterl, E.; Windhager, R.:
Effects of selenium coating of orthopaedic implant surfaces on bac-
terial adherence and osteoblastic cell growth. Bone & Joint Journal
2013, 95, 678-682.

Wang, Q.; Webster, T. J.: Nanostructured selenium for preventing
biofilm formation on polycarbonate medical devices. Journal of
Biomedical Materials Research Part A 2012, 100, 3205-3210.
Zhao, L.; Chu, P. K.; Zhang, Y.; Wu, Z.: Antibacterial coatings on
titanium implants. Journal of Biomedical Materials Research Part
B: Applied Biomaterials 2009, 91, 470-480.

Hidalgo, E.; Dominguez, C.: Study of cytotoxicity mechanisms of
silver nitrate in human dermal fibroblasts. Toxicology Letters 1998,
98, 169-179.

Ramos, J. F.; Webster, T. J.: Cytotoxicity of selenium nanoparticles
in rat dermal fibroblasts. International Journal of Nanomedicine
2012, 7, 3907.

Kumar, B. S.; Tiwari, S. K.; Manoj, G.; Kunwar, A.; Amrita, N.;
Sivaram, G.; Abid, Z.; Ahmad, A.; Khan, A. A.; Priyadarsini, K. I.:
Anti-unlcer and antimicrobial activities of sodium selenite against
Helicobacter pylori: in vitro and in vivo evaluation. Scandinavian
journal of infectious diseases 2010, 42, 266-274.

Mathews, S. M.; Spallholz, J. E.; Grimson, M. J.; Dubielzig, R. R;;
Gray, T.; Reid, T. W.: Prevention of bacterial colonization of con-
tact lenses with covalently attached selenium and effects on the
rabbit cornea. Cornea 2006, 25, 806-814.

Yang, J.; Huang, K.; Qin, S.; Wu, X.; Zhao, Z.; Chen, F.: Antibac-
terial action of selenium-enriched probiotics against pathogenic Es-
cherichia coli. Digestive diseases and sciences 2009, 54, 246-254.
Pigtka-Ottlik, M.; Wojtowicz-Mtochowska, H.; Kotodziejczyk, K.;
Piasecki, E.; Mtochowski, J.: New organoselenium compounds ac-
tive against pathogenic bacteria, fungi and viruses. Chemical and
Pharmaceutical Bulletin 2008, 56, 1423-1427.

Radhakrishna, P.; Sharadamma, K.; Vagdevi, H.; Abhilekha, P.;
Mubeen, S. R.; Nischal, K.: Synthesis and antibacterial activity of
novel organoselenium compounds. International journal of chemis-
try 2010, 2, 149.

Sparks, R.; KIRK-OTHMER, E.: Encyclopedia of chemical tech-
nology. Encyclopedia of chemical technology 1981.

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

AlMatar et al.

Briand, G. G.; Burford, N.: Bismuth compounds and preparations
with biological or medicinal relevance. Chemical Reviews 1999,
99, 2601-2658.

Adamyan, A. Z.; Adamian, Z. N.; Aroutiounian, V. M.: Smoke
sensor with overcoming of humidity cross-sensitivity. Sensors and
Actuators B: Chemical 2003, 93, 416-421.

Leontie, L.; Caraman, M.; Alexe, M.; Harnagea, C.: Structural and
optical characteristics of bismuth oxide thin films. Surface Science
2002, 507, 480-485.

Yarema, M.; Kovalenko, M. V.; Hesser, G. n.; Talapin, D. V.;
Heiss, W.: Highly monodisperse bismuth nanoparticles and their
three-dimensional superlattices. Journal of the American Chemical
Society 2010, 132, 15158-15159.

Foos, E. E.; Stroud, R. M.; Berry, A. D.; Snow, A. W.; Armistead,
J. P.: Synthesis of Nanocrystalline Bismuth in Reverse Micelles.
Journal of the American Chemical Society 2000, 122, 7114-7115.
Warren, S. C.; Jackson, A. C.; Cater-Cyker, Z. D.; DiSalvo, F. J.;
Wiesner, U.: Nanoparticle Synthesis via the Photochemical Poly-
thiol Process. Journal of the American Chemical Society 2007, 129,
10072-10073.

Luz, A.; Feldmann, C.: Reversible photochromic effect and elec-
trochemical voltage driven by light-induced BiO-formation. Journal
of Materials Chemistry 2009, 19, 8107-8111.

Yu, H.; Gibbons, P. C.; Kelton, K. F.; Buhro, W. E.: Heterogene-
ous Seeded Growth: A Potentially General Synthesis of Monodis-
perse Metallic Nanoparticles. Journal of the American Chemical
Society 2001, 123, 9198-9199.

Li, Z.; Kornowski, A.; Myalitsin, A.; Mews, A.: Formation and
function of bismuth nanocatalysts for the solution-liquid-solid syn-
thesis of CdSe nanowires. Small 2008, 4, 1698-1702.

Jena, P.; Khanna, S.; Rao, B.: Cluster and Nanostructure Interfaces;
World Scientific, 2000.

Gutiérrez, M.; Henglein, A.: Nanometer-Sized Bi Particles in
Aqueous Solution:  Absorption Spectrum and Some Chemical
Properties. The Journal of Physical Chemistry 1996, 100, 7656-
7661.

Wang, Y. W.; Hong, B. H.; Kim, K. S.: Size Control of Semimetal
Bismuth Nanoparticles and the UV—Visible and IR Absorption
Spectra. The Journal of Physical Chemistry B 2005, 109, 7067-
7072.

Ma, D.; Zhao, J.; Zhao, Y.; Hao, X,; Li, L.; Zhang, L.; Lu, Y.; Yu,
C.: Synthesis of bismuth nanoparticles and self-assembled nano-
belts by a simple aqueous route in basic solution. Colloids and Sur-
faces A: Physicochemical and Engineering Aspects 2012, 395, 276-
283.

Velasco-Arias, D.; Zumeta-Dubé, 1.; Diaz, D.; Santiago-Jacinto, P.;
Ruiz-Ruiz, V.-F.; Castillo-Blum, S.-E.; Rend6n, L.: Stabilization of
strong quantum confined colloidal bismuth nanoparticles, one-pot
synthesized at room conditions. The Journal of Physical Chemistry
C 2012, 116, 14717-14727.

Vidya, S.; Mutalik, S.; Bhat, K. U.; Huilgol, P.; Avadhani, K.:
Preparation of gold nanoparticles by novel bacterial exopolysac-
charide for antibiotic delivery. Life Sciences 2016, 153, 171-179.
Kalita, S.; Kandimalla, R.; Sharma, K. K.; Kataki, A. C.; Deka, M.;
Kotoky, J.: Amoxicillin functionalized gold nanoparticles reverts
MRSA resistance. Materials Science and Engineering: C 2016, 61,
720-727.

Allahverdiyev, A. M.; Kon, K. V.; Abamor, E. S.; Bagirova, M;
Rafailovich, M.: Coping with antibiotic resistance: combining
nanoparticles with antibiotics and other antimicrobial agents. Ex-
pert review of anti-infective therapy 2011, 9, 1035-1052.

Islam, N. U.; Amin, R.; Shahid, M.; Amin, M.: Gummy gold and
silver nanoparticles of apricot (Prunus armeniaca) confer high sta-
bility and biological activity. Arabian Journal of Chemistry 2016.
Baker, S.; Prasad, N. M.; Satish, S.: Endogenic mediated synthesis
of gold nanoparticles bearing bactericidal activity. Journal of Mi-
croscopy and Ultrastructure 2016.

Mata, R.; Bhaskaran, A.; Sadras, S. R.: Green-synthesized gold
nanoparticles from Plumeria alba flower extract to augment cata-
lytic degradation of organic dyes and inhibit bacterial growth. Par-
ticuology 2015.

Kumar, C. G.; Mamidyala, S. K.; Reddy, M. N.; Reddy, B. V.:
Silver glyconanoparticles functionalized with sugars of sweet sor-
ghum syrup as an antimicrobial agent. Process Biochemistry 2012,
47,1488-1495.



The Role of Nanoparticles in the Inhibition of Multidrug-Resistant

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

Dorosti, N.; Jamshidi, F.: Plant-mediated gold nanoparticles by
Dracocephalum kotschyi as anticholinesterase agent: Synthesis,
characterization, and evaluation of anticancer and antibacterial
activity. Journal of Applied Biomedicine 2016.

Gopinath, V.; Priyadarshini, S.; MubarakAli, D.; Loke, M. F,;
Thajuddin, N.; Alharbi, N. S.; Yadavalli, T.; Alagiri, M.; Vadivelu,
J.: Anti-Helicobacter pylori, cytotoxicity and catalytic activity of
biosynthesized gold nanoparticles: Multifaceted application. Ara-
bian Journal of Chemistry 2016.

Hajipour, M. J.; Fromm, K. M.; Akbar Ashkarran, A.; Jimenez de
Aberasturi, D.; Larramendi, I. R. d.; Rojo, T.; Serpooshan, V.;
Parak, W. J.; Mahmoudi, M.: Antibacterial properties of nanoparti-
cles. Trends in biotechnology 2012, 30, 499-511.

Manju, S.; Malaikozhundan, B.; Vijayakumar, S.; Shanthi, S,;
Jaishabanu, A.; Ekambaram, P.; Vaseeharan, B.: Antibacterial, an-
tibiofilm and cytotoxic effects of Nigella sativa essential oil coated
gold nanoparticles. Microbial Pathogenesis 2016, 91, 129-135.
Geethalakshmi, R.; Sarada, D.: Gold and silver nanoparticles from
Trianthema decandra: synthesis, characterization, and antimicrobial
properties. Int J Nanomedicine 2012, 7, 5375-5384.

Park, S.; Cha, S.-H.; Cho, |.; Park, S.; Park, Y.; Cho, S.; Park, Y.
Antibacterial nanocarriers of resveratrol with gold and silver
nanoparticles. Materials Science and Engineering: C 2016, 58,
1160-1169.

Baker, S.; Satish, S.: Biosynthesis of gold nanoparticles by Pseu-
domonas veronii AS41G inhabiting Annona squamosa L. Spectro-
chimica Acta Part A: Molecular and Biomolecular Spectroscopy
2015, 150, 691-695.

Rajan, A.; Vilas, V.; Philip, D.: Studies on catalytic, antioxidant,
antibacterial and anticancer activities of biogenic gold nanoparti-
cles. Journal of Molecular Liquids 2015, 212, 331-339.
Muthukumar, T.; Sambandam, B.; Aravinthan, A.; Sastry, T. P.;
Kim, J.-H.: Green synthesis of gold nanoparticles and their en-
hanced synergistic antitumor activity using HepG2 and MCF7 cells
and its antibacterial effects. Process Biochemistry 2016.

Lee, K.; Nagajyothi, P.; Sreekanth, T.; Park, S.: Eco-friendly syn-
thesis of gold nanoparticles (AuNPs) using Inonotus obliquus and
their antibacterial, antioxidant and cytotoxic activities. Journal of
Industrial and Engineering Chemistry 2015, 26, 67-72.

Cui, Y.; Zhao, Y.; Tian, Y.; Zhang, W.; L0, X.; Jiang, X.: The
molecular mechanism of action of bactericidal gold nanoparticles
on Escherichia coli. Biomaterials 2012, 33, 2327-2333.

Frohlich, E.; Roblegg, E.: Models for oral uptake of nanoparticles
in consumer products. Toxicology 2012, 291, 10-17.

Brunner, T. J.; Wick, P.; Manser, P.; Spohn, P.; Grass, R. N.; Lim-
bach, L. K.; Bruinink, A.; Stark, W. J.: In vitro cytotoxicity of ox-
ide nanoparticles: comparison to asbestos, silica, and the effect of
particle solubility. Environmental science & technology 2006, 40,
4374-4381.

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

Current Drug Delivery, 2018, Vol. 15, No.0 15

Hamilton, R. F.; Wu, N.; Porter, D.; Buford, M.; Wolfarth, M.;
Holian, A.: Particle length-dependent titanium dioxide nanomateri-
als toxicity and bioactivity. Particle and fibre toxicology 2009, 6, 1.
Chen, Y.-S.; Hung, Y.-C,; Liau, I.; Huang, G. S.: Assessment of the
in vivo toxicity of gold nanoparticles. Nanoscale research letters
2009, 4, 858-864.

Nanotechnology, N.: Editorial: Join the dialogue. Nat. Nanotechnol
2012, 7,10.1038.

Shakibaie, M.; Forootanfar, H.; Golkari, Y.; Mohammadi-
Khorsand, T.; Shakibaie, M. R.: Anti-biofilm activity of biogenic
selenium nanoparticles and selenium dioxide against clinical iso-
lates of Staphylococcus aureus, Pseudomonas aeruginosa, and Pro-
teus mirabilis. Journal of Trace Elements in Medicine and Biology
2015, 29, 235-241.

Cihalova, K.; Chudobova, D.; Michalek, P.; Moulick, A.; Guran,
R.; Kopel, P.; Adam, V.; Kizek, R.: Staphylococcus aureus and
MRSA Growth and Biofilm Formation after Treatment with Anti-
biotics and SeNPs. International journal of molecular sciences
2015, 16, 24656-24672.

Wang, Q.; Webster, T. J.: Short communication: inhibiting biofilm
formation on paper towels through the use of selenium nanoparti-
cles coatings. International Journal of Nanomedicine 2013, 8, 407.
Mu, H.; Tang, J.; Liu, Q.; Sun, C.; Wang, T.; Duan, J.: Potent An-
tibacterial Nanoparticles against Biofilm and Intracellular Bacteria.
Scientific reports 2016, 6.

Mu, H.; Liu, Q.; Niu, H.; Sun, Y.; Duan, J.: Gold nanoparticles
make chitosan-streptomycin conjugates effective towards Gram-
negative bacterial biofilm. RSC Advances 2016, 6, 8714-8721.
Vinoj, G.; Pati, R.; Sonawane, A.; Vaseeharan, B.: In vitro Cyto-
toxic Effects of Gold Nanoparticles Coated with Functional Acyl
Homoserine Lactone Lactonase Protein from Bacillus licheniformis
and Their Antibiofilm Activity against Proteus Species. Antimicro-
bial agents and chemotherapy 2015, 59, 763-771.

Ramasamy, M.; Lee, J.; Lee, J.: Potent antimicrobial and anti-
biofilm activities of bacteriogenically synthesized gold-silver
nanoparticles against pathogenic bacteria and their physiochemical
characterizations. Journal of biomaterials applications 2016.
Badireddy, A. R.; Hernandez-Delgadillo, R.; Sanchez-Njjera, R. I.;
Chellam, S.; Cabral-Romero, C.: Synthesis and characterization of
lipophilic bismuth dimercaptopropanol nanoparticles and their ef-
fects on oral microorganisms growth and biofilm formation. Jour-
nal of nanoparticle research 2014, 16, 1-12.

Badireddy, A. R.; Marinakos, S. M.; Wiesner, M.; Chellam, S.:
Lipophilic nano-bismuth inhibits bacterial growth, attachment, and
biofilm formation. Surf Innovations 2013, 1, 181-189.
Hernandez-Delgadillo, R.; Velasco-Arias, D.; Diaz, D.; Arevalo-
Nifio, K.; Garza-Enriquez, M.; De la Garza-Ramos, M. A.; Cabral-
Romero, C.: Zerovalent bismuth nanoparticles inhibit Streptococ-
cus mutans growth and formation of biofilm. Int J Nanomed 2012,
7,e2113.



