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Abstract: Klebsiella pneumoniae is an opportunistic pathogen with various virulence factors that give it
the capability to invade a host. Nevertheless, the treatment of bacterial infection is gradually complicated
as the bacteria can develop resistance to antimicrobial agents. As nanotechnology is a prosperous field
for researchers, we employed zinc oxide (ZnO) nanoparticles (NPs) on isolates of Klebsiella pneumoniae.
Here, we studied the effect of three NP concentrations—0.25, 0.50, and 0.75 mM—on the gene expression
of Klebsiella pneumoniae capsules in isolates collected from different samples. After conducting an anti-
bacterial test, the highest nine types of bacteria that resisted the antibacterial agent were chosen for
further examination. The gene expression of four genes responsible for capsule manufacturing, namely
magA, k2A, rmpA, and kfu, were investigated. When the NP concentration was 0.25 mM, the lowest
efficiency was obtained. However, when the concentration increased to 0.50 mM, a noticeable effect
on gene expression was detected; consequently, at a concentration of 0.75 Mm, the highest impact was
achieved and the gene expression was stopped.

Keywords: Klebsiella pneumoniae; nanoparticles; zinc oxide; gene expression; antibacterial

1. Introduction

Klebsiella pneumoniae is a broadly dispersed pathogen in healthy individuals’ respira-
tory, urinary, and gastrointestinal tracts. It is a frequently acquired bacteria in hospitals
that causes severe respiratory infections, including pneumonia and other opportunistic
illnesses. This type of bacteria can also cause primarily nosocomial and urinary tract infec-
tions. However, wound infection, abscesses, sepsis, inflammation, and diarrhea that are
associated with K. pneumoniae infections have significant death rates if incorrectly managed.
Hence, managing K. pneumoniae infections is challenging [1]. K. pneumoniae has a variety
of virulence characteristics that enable it to invade the host, including siderophores, fim-
briae, serum resistance, lipopolysaccharide, capsular polysaccharide, and enterotoxin and
urea production [2]. However, the fact that this bacteria has resistivity to a vast range of
medicines, particularly -lactam antibiotics, is the main reason for its pathogenicity. This is a
result of repeated hospital-acquired infections that ultimately forced scientists to consider
alternative types of treatments [3]. Isolates of K. pneumoniae produce distinct capsular
structures made of intricate acidic polysaccharides. There are significant variations in
virulence among the serotypes. The K1 serotype, followed by K2, is thought to be among
the most pathogenic since they are connected to extremely invasive illnesses [4]. The
serotype-specific genes are largely conserved on each side between the serotypes that make
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up the capsular polysaccharide (cps) gene cluster synthesis [5]. Using particular primers,
PCR was carried out to assess the spread of the genes of regulator of mucoid phenotype
A (rmpA), mucoviscosity-associated gene A (magA), iron uptake system (kfu), K2 capsule-
associated gene A (k2A), and regulator of mucoid phenotype A (rmpA) in K. pneumoniae.
Except for rmpA, which is found in plasmids, all of the target genes are chromosomal [6].
The tendency of bacteria to generate resistance against antimicrobial agents results in a
serious challenge to treating bacterial illnesses. To control microbial infection, several novel
tactics have been used.

Metal oxide NPs are a group of materials that have recently become highly recognized
thanks to their potential in scientific and medical applications. Today’s investigations
showed the strong antibacterial potential of carefully designed metal oxide NPs [7]. The
antibacterial compositions based on nanoparticles could be used as effective bactericidal
substances in contemporary medicine [8]. Because of its distinct chemical, electrical, and
optical functions, ZnO, one of many metal oxides, has recently drawn particular attention in
medical applications [9]. It was reported that ZnO NPs demonstrated potent antibacterial
activity versus many harmful microorganisms [10]. There are two probable pathways
connected to bacterial inhibition when treated with ZnO: the eventual penetration of the
cell’s envelope and bacterial membrane disruption [11,12].

On the subject of investigating ZnO NPs and antibacterial activity, however, ongoing
research is conducted to explain this impact. This method of treatment could decrease the
significant harm that results in the patient’s mortality in the absence of exact and prior
detection due to the frequent prevalence of Klebsiella spp. and its high virulence. The aim
of the recent study is to investigate the effect of ZnO NPs on the capsule gene expression
that causes Klebsiella pneumoniae.

2. Materials and Methods
2.1. ZnO NP Synthesis

ZnO NPs were prepared via the direct precipitation approach, employing KOH and
Zn(NOs);, as precursors. They were prepared and characterized as mentioned in our
previous work [13]. It is good to mention that the NP size was 27.34, as measured by atomic
force microscopy (AFM).

2.2. Bacteria Isolation

About 30 strains of Klebsiella pneumoniae were isolated from different hospitals located
in Baghdad/Iraq, namely: Al-kindy, Ibn Al-baladi, Al-Wasity, Central Children, and the
educational lab at Medical City. The strains were collected using sterile containers and
the transport swabs were dampened in normal saline. After being cultured on blood
agar and MacConkey plates, all isolates were obtained from the clinical samples. These
plates underwent an overnight aerobic incubation at 37 °C before being examined for
bacterial growth. In order to distinguish the lactose (pink) and non-lactose (colorless)
fermenting bacteria, the pinky and mucous colonies were sub-cultured on MacConkey agar,
whereas they appeared pale on blood agar and produced gamma-hemolysis results [14].
The colony morphology, staining reactions, and biochemical tests were used to identify
probable isolates, and the outcomes were verified via the API 20E and VITEK 2 systems.

2.3. The Coculture of ZnO NPs and Klebsiella Pneumoniae

Concentrations of 0.25, 0.50, and 0.75 mM of ZnO NPs were set into a 5 mL sterile
nutrient broth of pH =7.4. Then, around 0.1 mL of the standardized bacterial cell suspension
was filled and incubated for a whole day at 37 °C.

2.4. Gene Expression

Estimating and analyzing the levels of gene expression for one gene or more relies on
the resulting RNA /miRNA concentration after the conversion to cDNA. The processes of
total RNA purification, qPCR amplification, and data analysis were included.
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2.4.1. Total RNA Purification

RNA was isolated from specimens in accordance with the MagPurix® (New Taipei
City, Taiwan) protocol and as illustrated in the following steps:

e A—Preparation of the sample

The cell culture was obtained by centrifuging at 1.000x g at 4 °C for 5 min. Then, the
supernatants were completely removed and resuspended in cell pellets of 220 pL at 4 °C
RL lysis buffer. A vortex mixing for 10 s was applied and 200 pL of the sample was taken
to the sample tube.

e  B—Purification protocol, MagPurix® series

An appropriate volume of sample was transferred into sample tubes. The protocol
barcodes were scanned to select the purification protocol, sample, and elute. Then, the
experiment was started by pressing ENTER. The instrument runs the protocol program
automatically until the whole process is completed. The purified nucleic acids were stored
at 4 °C (short-term, less than 10 days) before performing downstream analysis.

2.4.2. Synthesis of cDNA from RNA Template Protocol

The reaction components (5 ug of template RNA and up to 20 uL of RNase-free water)
were added to the RT FDmix (Hexamer). Then, the thermal cycler was programmed as:

25 °C/10 min.

42 °C/30 min.

85 °C/5 min.

4 °C/hold.

2.4.3. Real-Time Quantitative PCR Assays

The table below presents the recommended conditions and component volumes.

1. Reaction conditions

Component 20 puL Reaction Final Conc.
qPCR Master (SYBR) 10.0 uL 1X
ROX Dye (50X) * (optional) 0.4 uL 1X
10 uM Forward Primer 0.2~2.0 uLb 0.1~1.0 uM
10 uM Reverse Primer 0.2~2.0 uLb 0.1~1.0 uM
Template DNA Variable <500 ng/reaction
Water, RNase-Free up to 20 uL NA

2. PCR conditions

Step Temp (°C) Time Cycle
Initial Denaturation 95 5 min 1
Denature 95 10~30's 30~40
Anneal 55~68 10~60 s 1
Melting Curve Analysis 65~95 2~5s/step Cycle

3. Inthis study, we used four primers to detect the effect of ZnO NPs on gene expression.
Primers were purchased from Bioneer/South Korea and applied in this work; the table
below illustrates the primers and the detected target genes in Klebsiella spp. isolates:



Biomimetics 2022, 7, 180 40f12
Product
. . !_nt
No. Target Gene Primer Oligo Sequence (5'-3") Size (bp) Ref.
1 magA magA-F GGT GCT CTIT TAC ATC ATT GC 1283 (Turton et al., 2010)
magA-R GCA ATG GCC ATT TGC GTT TGC GTT AG
k2A-F CAACCATGGTGGTCGATTAG (Rivero et al., 2010)
2 k2A 543 (Doud et al., 2009)
k2A-R TGGTAGCCATATCCCTTTGG i
rmpA-F ACT GGG CTA CCTCTGCITCA (Nadasy et al., 2007)
3 rmpA 536 (Turton et al., 2010)
rmpA-R CTT GCA TGA GCC ATC TTT CA v
4 Kfu kfu-F GAAGTGACGCTGTTTCTGGC 707 (Yu et al., 2008)
kfu-R TTTCGTGTGGCCAGTGACTC

3. Results and Discussion
3.1. Antibiotic Resistance of K. pneumoniae Isolates

Table 1 shows the 18 different antibiotics that the 30 isolates of K. preumoniae are noticed
to be susceptible to. It was found that one hundred percent of K. pneumoniae isolates showed
high resistance to cephalosporin drugs, whereas ampicillin, amoxicillin + clavulanic acid, and

piperacillin had resistance rates of 100%, 97%, and 75%, respectively.

Table 1. Antibiotic resistance of K. pneumoniae isolates.

Antibiotic Resistant% Intermediate% Sensitive%
Piperacillin 74% 4% 22%
Cefazolin 84% 0% 16%
Cefoxitin 55% 0% 45%
Ceftazidime 63% 10% 27%
Ceftriaxone 100% 0% 0%
Cefepime 40% 0% 60%
Imipenem 21% 6% 73%
Amikacin 10% 10% 80%
Gentamicin 35% 5% 60%
Ciprofloxacine 35% 0% 65%
Levofloxacin 34% 0% 66%
Tigecyclin 0% 0% 100%
Nitrofurantoin 16% 42% 42%
Trimethoprim 75% 0% 25%
Ampicillin 100% 0% 0%
Amoxicillin 97% 0% 3%
Cephalothin 100% 0% 0%
Cephradine 100% 0% 0%

The excessive use of antibiotics in healthcare places, particularly with patients receiv-
ing many medicines, may result in specific mutations in bacteria and they may become
multidrug resistant [15]. In order to avoid these issues, the usage of antibiotics in hospitals
must be tracked and controlled. The plasmids that contain resistance genes have a signifi-
cant function in spreading the multidrug resistance feature among bacteria in addition to

mutation [16].
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3.2. Impact of ZnO NPs on Capsular Gene Expression

The expression levels of the magA, k2A, kfu, and rmpA genes in Klebsiella pneumoniae
isolates were examined using the RTq-PCR method under the influence of various ZnO
nanoparticle concentrations. The findings demonstrate that in isolates treated with 0.25,
0.50, and 0.75 mM of ZnO nanoparticles, the transcript levels of the examined genes
were reduced.

3.2.1. Effect of ZnO NPs on the Rate of magA Gene Expression

There is a noticeable effect on the gene expression levels of magA in Klebsiella pneu-
moniae isolates, as shown in Table 2 and Figures 1 and 2. Colors in Table 2 represent the
curves colors in the Figure 2. At a concentration of 0.25 mM, there was a slight change
in the level of expression, and we noticed a reduction in the level of gene expression at a
concentration of 0.50 mM. This decrease was higher at a concentration of 0.75 mM and led
to a complete stop.

Table 2. magA gene expression in Klebsiella pneumoniae isolates treated with different concentrations
of ZnO NPs *.

Treated Bacteria Isolates with Different con. Untreated
No Ct of con3 (0.75) Color Ct of con2 (0.5) Color Ct of con1 (0.25) Color Ct Color

1 23.27 14.24 . 13.78 . 13.79

2 Not expressed . 13.43 . 12.63 13.2

3 Not expressed 13.84 . 13.2 . 13.99 .
4 Not expressed . 23.01 13.75 15.13 .
5 Not expressed 24.75 . 13.04 . 13.65 .
6 Not expressed [ 21.42 B 13.32 B 1361 [
7 Not expressed . 23.96 . 12.9 13.64 .
8 Not expressed 24.15 . 13.14 . 13.69 .
9 Not expressed . 20.99 . 14.18 . 13.6 .

*C

—

: cycle of threshold; con: concentration in mM.

3.2.2. Effect of ZnO NPs on the Rate of k2A Gene Expression

There is a noticeable effect on the gene expression levels of k2A in Klebsiella pneumoniae
isolates, as shown in Table 3 and Figures 3 and 4. Colors in the Table 3 represent the curves
colors in Figure 4. At a concentration of 0.25 mM, there was a slight change in the level
of expression, and at a concentration of 0.50 mM, the level of gene expression began to
decrease. However, it completely stopped at a concentration of 0.75 mM.

3.2.3. Effect of ZnO NPs on the Rate of kfu Gene Expression

There is a noticeable effect on the kfu gene expression levels in Klebsiella pneumoniae
isolates, as shown in Table 4 and Figures 5 and 6. Colors in the Table 4 represent the
curves colors in Figure 6. At a concentration of 0.25 mM, there was a slight change in
the level of expression, and it was noticed that the level of gene expression began to
decrease at a concentration of 0.50 mM. Finally, the gene expression completely stopped at
a concentration of 0.75 Mm.
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Table 3. k2A gene expression in Klebsiella pneumoniae isolates treated with different concentrations of

ZnO NPs *.
Treated Bacteria Isolates with Different con. Untreated
Ct of con3 (0.75) Color Ct of con2 (0.5) Color Ct of con1 (0.25) Color Ct Color

1 Not expressed 34.51 . 17.98 . 13 .
2 Not expressed 34.95 . 21.04 14.09 .
3 Not expressed . 32.97 . 18.33 . 14.53 .
4 Not expressed 28.53 . 17.88 . 15.7 .
5 Not expressed . 31.01 18.46 . 17.58 .
6 Not expressed . 32.76 . 17.72 . 17.19

7 348 28.59 . 18.82 . 17.86 .
8 Not expressed 25.04 . 20.7 13.58

9 Not expressed 28.15 . 22.83 . 14.19 .

* CT: cycle of threshold; con: concentration in mM.

Table 4. kfu gene expression in Klebsiella pneumoniae isolates treated with different concentrations of

ZnO NPs *.
Treated Bacteria Isolates with Different con. Untreated
No Ct of con3 (0.75) Color Ct of con2 (0.5) Color Ct of con1 (0.25) Color Ct Color

1 Not expressed 34.51 . 17.98 . 13 .
2 Not expressed 34.95 . 21.04 14.09 .
3 Notexpressed [ 32.97 B 1833 B 1uss [
4 Not expressed 28.53 . 17.88 . 15.7 .
5 Not expressed . 31.01 18.46 . 17.58 .
6 Notexpressed [ 3276 B 17.72 B 17.19

7 34.8 28.59 . 18.82 . 17.86 .
8 Not expressed 25.04 . 20.7 13.58

9 Not expressed 28.15 . 22.83 . 14.19 .

* CT: cycle of threshold; con: concentration in Mm.
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Figure 1. magA gene expression in Klebsiella pneumoniae isolates treated with different concentrations
of ZnO NPs.

Figure 2. Real-time PCR results of the magA gene.
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Figure 3. k2A gene expression in Klebsiella pneumoniae isolates treated with different concentrations of
ZnO NPs.



Biomimetics 2022, 7, 180 8of12

[Threshold

Figure 4. Real-time PCR results of the k2A gene.
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Figure 5. kfu gene expression in Klebsiella pneumoniae isolates treated with different concentrations of
ZnO nanoparticles.
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Figure 6. Real-time PCR results of the kfu gene.



Biomimetics 2022, 7, 180 9o0f 12

3.2.4. Effect of Zinc Oxide on the Rate of the Gene Expression of rmpA

There is a noticeable effect on the gene expression levels of rmpA in Klebsiella pneumoniae
isolates, as shown in Table 5 and Figures 7 and 8. Colors in the Table 5 represent the curves
colors in Figure 8. At a concentration of 0.25 mM, there was a slight change in the level of
expression. Nevertheless, it is noticed that at a concentration of 0.50 mM, the level of gene
expression began to decrease, and finally completely stopped at a concentration of 0.75 mM.

Table 5. rmpA gene expression in Klebsiella pneumoniae isolates treated with different concentrations

of ZnO NPs *.
Treated Bacteria Isolates with Different con. Untreated
No Ct of con3 (0.75) Color Ct of con2 (0.5) Color Ct of con1 (0.25) Color Ct Color
1 22.19 B 22.18 20.73 B uss [
2 Notexpressed | 2263 B 18.9 B VRS |
3 Not expressed . 23.22 . 19.35 . 13.24 .
4 Notexpressed [ 2324 B 20.4 B 195 [
5 Not expressed . 19.36 . 19.51 14.28 .
6 Not expressed 2339 B 19.65 B 13ss [
7 Notexpressed [ 24.29 B 19.59 B 1888 [
8 Not expressed 22.48 19.68 . 14.06 .
9 Not expressed . 22.82 . 20.25 . 14.44 .
* CT: cycle of threshold; con: concentration in Mm.
RmpA gene CT values
30
25
»n 20
()
=
g 15
'_
“ 10
5
0
1 2 3 4 5 6 7 8 9

Isolates no

B Ct of untreated B Ctof0.25 ®Ctof0.5 ®CTof0.75con.

Figure 7. rmpA gene expression in Klebsiella pneumoniae isolates treated with different concentrations
of ZnO NPs.
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Figure 8. Real-time PCR results of the rmpA gene.

4. Discussion

New, harmful, antibiotic-resistant bacterial strains have emerged because of the indis-
criminate utilization of antibiotics in contemporary culture. K. pneumoniae is a significant
human pathogen that was recently linked to outbreaks in hospitals. Extended-spectrum
b-lactamase (ESBL)-producing K. pneumoniae has been raised as a main and widespread
issue because of the usage of prolonged-spectrum cephalosporins [17,18]. Here, new evi-
dence states that an effective bacterial antibiotic in the form of NPs has been presented [19].
This could suggest a solution to the crucial issue of antibiotic resistance while lowering
the danger of infections and their associated consequences; these have a serious impact
on weak hospital patients. The development of novel and highly powerful bactericidal
agents is motivated by the emergence of antibiotic-resistant microorganisms [20]. The cur-
rent investigation’s findings point out three potential antimicrobial mechanisms for ZnO
NP suspensions. (1) A physical mechanism that involves direct attachment to bacteria’s
cell walls; (2) a biological mechanism that involves interaction with the components of
the cell membrane; and (3) a chemical mechanism that involves the production of active
species [21]. The size and concentration of ZnO play an important role in antibacterial
activity. HO, production mainly depends on the surface area of nano ZnO; larger surface
areas and higher concentrations of smaller particles may provide additional antibacterial
activity [8]. This is in good agreement with a study on Escherichia coli and Pseudomonas
aeruginosa, which were also sensitive to ZnO NPs, observing that NPs ranging from 14 to
25 nm inhibit them. Moreover, ZnO nanoparticles of a size of 22 nm were used against
Klebsiella pneumonia and good results were obtained [7].

In general, the main findings imply that ZnO NPs could be employed externally to
prevent bacterial infections from spreading. However, enhancing the ZnO NP concentra-
tions slows the reproduction of K. pneumoniae, according to the MIC test and variation in
the conventional growth curve. Gram-negative bacteria are found to have a higher negative
charge on their cell surfaces than Gram-positive bacteria [22]. In some cases, membrane
permeability is the initial stage of bacteria’s resistance to an antibiotic [23]. Marsalek mea-
sured the zeta potential of ZnO, where it was +35 mV at a pH of 7. This high positive value
works to attract the bacteria due to the difference in charge [24]. Hence, there is a strong
antibacterial impact when ZnO NPs exhibit their full potential by directly interfering with
the degradation of the LPS membrane. The bacterial attachment is affected by the surface
charge and specific surface hydrophobicity; these properties are assumed to be effective
on bacterium surface adherence. The impact of the LPS membrane in adherence may be
implicated in non-limited physicochemical interactions [25]. By subjecting the bacteria to
oxidative stress and preventing bacterial development, ZnO NPs reduce the production
of catalase, which is an antioxidant enzyme that shields the bacterium from oxidative
stress [26].

On the other hand, several studies indicated ROS formation as the main mechanism
for ZnO NP antibacterial activity [27]. The reactive species include superoxide anion (O,),
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hydrogen peroxide (HyO,), and hydroxide (OH—). The toxicity of these species involves
the destruction of cellular components, such as lipids, DNA, and proteins, as a result of their
internalization into the bacterial cell membrane. However, the role of ROS in antimicrobial
actions has become an issue of debate among researchers in this field [28]. More studies
should be done to correlate the role of ROS with ZnO NPs, but our study focuses on the
effect of ZnO NPs on the gene expression of the genes responsible for capsular structures.

5. Conclusions

The zinc oxide nanoparticles were found to have antimicrobial activity against Kleb-
siella pneumoniae. This provides the potential to use this material in therapeutic material
(antimicrobial agent) production. The ZnO NPs reduced the gained resistance incidence
among pathogens from the misapplication and/or overuse of antibiotics. After investi-
gating different concentrations of the NPs, 0.75 mM was found to be very effective in
terminating the bacteria genes.
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