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ABSTRACT

Klebsiella pneumoniae (K. pneumoniae) isa common microorganism for different infections, including
respiratory, urinary tract, and biliary diseases, where immunocompromised individuals are directly
affected by this bacterium. However, with the emergence of hypervirulent strains, individuals,
whether healthy or immunocompetent, are equally susceptible to K. pneumoniae infections. This
problem is diagnosed by the wide spreading of multidrug-resistant bacteria in the environment with
multiple resistance mechanisms, which are the main challenges for an effective treatment. This put
physicians in an inflexible confusion because of the limitation of medical treatment options. Among
many remedy substances, zinc oxide (ZnO) nanoparticles (NPs) showed remarkable antibacterial
properties versus many Gram-positive and Gram-negative bacteria. This work focuses on presenting
the influence of these NPs on the expression of genes in charged in generating the K. pneumoniae
capsule. Furthermore, perspectives forapplying ZnO NPs in clinical practices are also discussed. As
the in vivo studies show a powerfulimpact of ZnO on bacteria, it is anticipated that this method of
treatment will be utilized by hospitals.
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INTRODUCTION

K. pneumoniae is classified as a Gram-negative pathogen that belongs to the
Enterobacteriaceae family. Commonly, it is associated with the nosocomial infections; this type of
infections is mainly affecting individuals who are immunocompromised. Hence, urinary tract,
respiratory tract, bloodstream, and surgical site infections are mostly caused by K. pneumoniae."
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This bacterium contains a large genome system of both plasmids and chromosomal gene loci.?
Depending on this system, the type of K. pneumoniae is identified: opportunistic, hypervirulent, or
multidrug-resistant. Moreover, it makes the bacteria efficient to induce community-acquired
infections.3

The global concern about the evolution of multidrug-resistant pathogens in humans is
critical, where K. pneumoniae is one of these pathogens. This bacterium causes a consequential
public health issue by limiting the medical treatment options. The important K. pneumoniae
resistance mechanisms are those that employ the B-lactamase enzymes, where they can hinder the
activity of B-lactam antibiotics.4 B-lactams work as transpeptidases that resemble the sequence of
d-Ala-d-Ala amino-acids and change the substrate’s D-alanyl-D-alanine transpeptidases. This action
will interrupt the bacterial cell wall synthesis.> Moreover, K. pneumoniae strains that have a
carbapenem resistance possess an ex-genome-(plasmid) that encodes carbapenemase; the
carbapenemase makes all of the carbapenem antibiotics functionally ineffective.4#® In addition,
traditional medical treatment methods fail in enucleating the multidrug resistant infections, not
only for K. pneumoniae but for all other bacteria.” Finding new curing strategies became urgent due
to the limitation in current options, increase in mortality rates among patients, and evolution of
genes against the antimicrobial drugs. Here, we provide an overview on the use of nanotechnology
as one of the recent strategies used to treat multidrug resistant K. pneumoniae. Based on the
reported studies, this technique is showing interesting results and more progress could be
witnessed in the future.

Resistance Genes of K. pneumoniae

In severe infections of skin and soft tissues, K. pneumoniae strains with hypervirulent
phenotypes (hvKp) and aggressive capsular serotypes, such as K1 and K2, were detected to arise
frequently. The expression of the armA gene, which encodes the 16SrRNA methylase enzyme and
prevents binding to the bacterial ribosome, was found to be sufficient for initiating phenotypes
resistance, even with the reduced use of antibiotics such as the aminoglycosides.® However, there
is a polysaccharide capsule that encases the whole cell’s surface of K. pneumoniae and contains
large amounts of glucuronic and pyruvic acids.” This cover gives the colonies their glistening and
mucoid appearance on agar plates, and also responsible for the biofilm and virulence factors of this
bacteria.? K. pneumoniae was historically classified based on the capsule (K antigen) serotyping; to
date, 79 capsule types were recognized.3 These strains, especially the clinical isolates, produce a
viscous polysaccharide capsule. The biochemical complication of these capsules promotes the
production of strain-specific antigenics of capsular components. The distinct antigenic types of
capsules produced by Klebsiella strains have been used for strain recognition during clinical
infections.* Capsule polysaccharide (CPS) is known as one of the most significant virulence factors
of K. pneumoniae that has a density of 160 nm; the capsular is an acidic polysaccharide complex.>
Capsular polysaccharide genes comprise a set of genes that are responsible for the synthesis of
different serotypes of CPS.® Some of these genes, including the magA, k2A, rmpA, and kfu, have
been classified as markers of virulence.” However, the function of this virulence factor is not the
only concern in Klebsiella’s pathogenicity, the multidrug resistance genes are another concern that
cannot be ignored. Likewise other organisms, bacteria have a genomic flexibility for adaption and
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protect themselves from toxic chemicals. So, the bacteria are well developed for antimicrobial -
resistant genetic system. The first system that bacteria developed to be antimicrobial resistant is
the genes transmission that partially involve the mobile genetic elements (MGE, transposons,
plasmids, and integrons). Plasmid-borne genes are another system responsible for the initiation of
resistance. Klebsiella as a gram-negative bacteria shows class 1integrons, which are associated with
a variety of resistance gene cassettes like spectinomycin and trimethoprim resistances.® K.
pneumoniage strain FFUL 22K has class 3 integrons included with blaGES-1 gene. A report
investigated 587 Gram-negative bacteria showed a remarkable resistance to ceftazidime and
sulbactam-cefoperazone, where 0.7%(4/587)isolates possessed class 3 integron. The incidence and
detection rates of class 3 integron varied from o to 10%.° Moreover, K. pneumoniae has a
chromosomal system for antibiotics resistance like strain HS11286 chromosome that has a putative
type Il TA.™ Furthermore, the chromosomal encoded kacAT bicistronic operon of strain HS11286
has a functional locus with kacA encoding the antitoxin to the toxic product of kacT has a
remarkable impact in multidrug bacterial toleration.” Examples of virulence and drug resistance-
related genes for K. pneumoniae are shown in Table 1.

Table 1. Examples of virulence and drug resistance-related genes reported for K. pneumoniae

Genes Product Product Function Reference
GmrkABCDF Encodes fimbriae type 1and 3 Lin TH, et al.”
Cps Encodes polysaccharide capsule Martin RM, et al.”s
rmpA Synthesis of capsular compounds Wan G, el al.™4
magA,k2A;wcaG;wabG;uge; ycfM Formation of capsule Candan ED, et al.’s
wbbY; wbbZ Modify LPS composition Follador R, et al.®
entS Production of enterobactin Farahpour MR, et al."?
armA; aacA4;aacC2;aadA1; aac(6’)-1b Aminoglycosides resistance Horn J, etal."®
blakPC-2;blaKPC-3 Carbapenem, clavulanic acid Yoong P, etal.9
acrAB,gnrB; gnrS Quinolones resistance Horn J, etal.’®
blaSHV; blaTEM ; blaCTX-M Carbapenems resistance Vena A, et al.2°
IpxM Polymyxin resistance Horn J, etal.’®
amR;rpsJ;tetA Tigecycline resistance Ahn C, etal.>
Nanotechnology

Nanotechnology could be assumed as the most innovative progress in the twenty-first
century in all fields of technology, science, and industry.® Nanoparticles (NPs) are defined as
particles of 1-100 nm diameter, where this small size altered their known physicochemical
properties and pursued new approaches.? Yet, nanotechnology is considered as arecent class of
defense against bacterial infections due to the unique antibacterial characteristics that some
nanomaterials own. It was found that the highly effective nanomaterials in this regard are metals,
metal oxides, and carbon nanotubes; the antibacterial properties are contributed to the size and
morphology influence. This process is represented by three steps: 1) the production of reactive
oxygen species (ROS) and/or metallic ions; 2) the produced moieties affect bacteria’s protein and
DNA destruction, and 3) the NPs accumulate on the bacterial cell membrane that finally deforms it
and annihilates the bacteria.™

Zinc oxide is an inorganic chemical compound that used widely inlife, and the development in
nanotechnology led to advancing its nano-size preparation methods.>> ZnO-NPs diameter is less
than 100 nm with superior catalytic properties, with alarge ratio of surface to volume.>3 Depending
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on the synthesis method of ZnO-NPs, the physicochemical properties can be manipulated.?* ZnO
NPs are among the metal oxides that showed an effective antibacterial potential versus several
Gram-positive and -negative bacteria, such as Staphylococcus aureus, Escherichia coli, Klebsiella
pneumoniae, and Pseudomonas aeruginosa."

Antibacterial Activity of ZnO Nanoparticles

Several strategies have been employed to control the microbial infections. One of these
strategies is the utilization of metal oxide nanoparticles, which is recognized as a strong approach
used in health-related applications.?>?® The good antibacterial feature of ZnO-NPs have been
demonstrated by many studies as shown in Table 2.

Table 2. Some studies shown that ZnO-NPs have antimicrobial properties.

Tested bacteria Reference

S. aureus and E. coli Redy KM, et al.>7
S. enterica serovar Enteritidis, Salmonella Suspensions Xie Y, etal.28
Pseudomonas aeruginosa Chitra K, et al.29
Klebsiella pneumoniae, Bacillus subtilis, Salmonella typhi JeevallV, etal.3°

Many research groups have examined the bactericidal potency of ZnO NPs. According to a
recent research, NPs is an effective bactericidal agent for antibiotics treatment and bacterial
growth detection when the culture turbidity and viable cells ratio tests are used in colony counts.?
However, the modification inside the bacterium increased the antibacterial activity of ZnO NPs.>
As aresult, the antibacterial activity level was calculated; results showed that it can be increased as
the number of starting bacterial cells drops from 106 to 102 colony-forming units (CFU).2

The effect of ZnO NPs was studied on the cell wall, which is a complex of surface proteins used
for adhesion and colonization, and contains components like polysaccharides and teichoic acid.
These components protect the bacteria against host defenses and environmental conditions.3'
Chemically, these components are charged macromolecules; so, to disrupt these molecules and
their functions and location, scientists triggered this disruption on specific groups on the surface
of the microorganism cell wall.3> A study by Pati et al showed that ZnO NPs can alter the
membrane’s integrity of a bacterium cell, reduce the surface hydrophobicity, and disorganize the
oxidative stress-resistance genes transcription.33 In addition, other studies show that ZnO NPs own
a crucial role in the disruption of the genomic material of the bacteria. For example, Pseudomonas
aeruginosa bacteria mRNA pslA gene is in charged in the biofilm formation. These gene levels have
been affected by treating these bacteria for 30 minutes with ZnO NPs.34 Another study found that
the antibacterial activity of ciprofloxacin and ceftazidime antibiotics increased when exposed to a
small amount of ZnO NPs.35

ZnO NPs and other metal oxides are promising biomedical treatment agents because of their
ability to attack more than one target of the bacteria. Here, they became suitable antibacterial and
antifungal agents, or supporters for the antibiotics. More studies are needed to uncover more
mechanisms and modes of ZnO NPs action on Klebsiella pneumonia and other bacteria. Figure 1.
shows the distinctive bacteria cell structures
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Figure 1. (a) relationship between the a major ZnO-NPs factors that affect the antibacterial
response, and (b) different potential mechanisms of ZnO-NPs antibacterial activity, such as ROS
generation, Zn?* release, incorporation of ZnO-NPs into bacteria, and electrostatic contacts.

CONCLUSION

Previous studies have shown the impact of nano-size ZnO NPs as an antibacterial due to their
unique properties that enable them to eliminate virulence factors in pathogenic bacteria. This type
of NPs affects the components that build the bacteria’s cells walls, and the impact extends to the
whole cell. It is recommended to conduct the research on various types of bacteria to understand
the mechanisms of impact and comprehend them. Other chemical and physical properties of ZnO
NPs, such as the size, shape, pore size, surface area, hydrophilicity, etc. could also influence the
activity and need to be furtherly investigated. It is anticipated to apply this treatment method in
hospitals soon.
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