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A B S T R A C T   

Background: Although traditional antibiotic therapy provided an effective approach to combat pathogenic bac-
teria, the long-term and widespread use of antibiotic results in the evolution of multidrug-resistant bacteria. 
Recent progress in nanotechnology offers an alternative opportunity to discover and develop novel antibacterial 
agents. 
Methods: A total of 51 K. pneumoniae strains were collected from several specimens of hospitalized patients and 
identified by two parallel methods (biochemical tests and Vitek-2 system). The antibiotic sensitivity of isolates 
was evaluated by disk diffusion antibiogram and Vitek-2 system. The biofilms formation ability of antibiotic- 
resistant strains was examined by microtiter plate and tube methods based on crystal violet staining. The mo-
lecular technique was used to determine key genes responsible for biofilms formation of clinical isolates. The 
antibacterial and antibiofilm activities of Ag NPs, Ni NPs, Al2O3 NPs singly (NPs) and in combination (cNPs) were 
investigated against selected strains using standard methods. Moreover, the cytotoxicity of NPs was evaluated on 
mouse neural crest-derived (Neuro-2A) cell line. 
Results: The results of bacterial studies revealed that more than 80 % of the isolates were resistant to commonly 
used antibiotics and about 95 % of them were able to form biofilms. Moreover, the presence of fimA and mrkA 
genes were determined in all biofilm-producing strains. The results of antibacterial and antibiofilm activities of 
NPs and cNPs demonstrated the lower MIC and MBEC values for Al2O3 NPs singly as well as for Ag/Ni cNPs and 
Ag/Al2O3 cNPs in combination, respectively. Overall, the inhibitory effects of cNPs were superior to NPs against 
all strains. Furthermore, the results of the checkerboard assays showed that Ag NPs act synergistically with two 
other NPs against multidrug-resistant Klebsiella pneumoniae (MDR-K. pneumoniae) isolates. The in vitro cytotox-
icity assay revealed no significant toxicity of NPs against Neuro-2A cells. 
Conclusion: In the present study, the combination of Ag NPs, Ni NPs, and Al2O3 NPs were used against MDR- 
K. pneumoniae strains and antibacterial and antibiofilm activities were observed for Ag/Ni cNPs and Ag/Al2O3 
cNPs.   

1. Introduction 

The emergence and spread of antibiotic resistance (ABR) result in 
multidrug-resistant (MDR) bacteria, which has become more problem-
atic for global public health [1]. On the other hand, the issue of MDR is 

further complicated by biofilms formation [2]. Consequently, it is urgent 
to develop novel antibacterial agents to curb and eliminate 
MDR-pathogens and their biofilms. 

Klebsiella pneumoniae species mainly cause the Klebsiella infections 
and is considered as a worldwide human life-threatening bacterium with 
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high mortality rates and less treatment options. K. pneumoniae is an 
opportunistic pathogen, rod-shaped, gram-negative and a member of the 
Enterobacteriaceae family, which is widely found in the mouth, skin, and 
intestine which can lead to lung, blood, surgical and urinary tract in-
fections (UTIs) [3]. The most important virulence factors in 
K. pneumoniae strains are a capsular polysaccharide, adhesins, side-
rophores, lipopolysaccharides, and formation of biofilm [4]. Biofilm is 
one of the main agents for the development of chronic diseases. The 
studies show that most of the K. pneumoniae strains isolated from urine, 
blood, and the wound can produce biofilm [5–7]. The biofilms formed in 
vivo protected the pathogens against antibiotics and the host immune 
responses [8]. The fimA gene (encoding the major fimbriae subunit 
protein FimA in type 1 fimbriae), mrkA gene (the major pilin subunit in 
type 3 fimbriae) and cpsA gene (capsular polysaccharide) are the main 
virulence factors involved in the formation of K. pneumoniae biofilm. The 
capsular polysaccharide (CPS) is an essential virulence factor for the 
pathogenesis of K. pneumoniae due to biofilm development in the early 
stages [3]. Many reports showed that K. pneumoniae has a set of multiple 
drug resistance (MDR) plasmids, and the extended-spectrum β-lacta-
mases (ESBLs) are active in these strains [5,9]. 

Today, the development of new effective antimicrobial agents 
against MDR-pathogens through nanotechnology is of great interest to 
many research studies. Until now, numerous metal and metal oxide 
nanoparticles (NPs) have been fabricated with unique antimicrobial 
activities. In the literature, there are many reports on the antibacterial 
effects of different NPs such as Au NPs [10], Ag NPs [11,12], Pd NPs 
[13], Ni NPs [14], Pt NPs [15], ZnO NPs [16], MgO NPs [17], CuO NPs 
[18], Ag2O NPs [19], NiO NPs [20], TiO2 NPs [21], SiO2 NPs [22], and 
Fe2O3 NPs [23] against E. coli, S. aureus, B. cereus, B. subtilis, 
P. aeruginosa, L. monocytogenes, S. epidermidis, and S. typhimurium. The 
nanoparticles kill bacterial cells through various mechanisms including 
binding to the cell wall and penetrating the cell, releasing metal ions and 
interacting with thiol groups in enzymes and proteins, accumulating 
nanoparticles in the cytoplasm, and production of reactive oxygen single 
(ROS) [24]. Kalishwaralal et al. showed that the silver nanoparticles 
result in 95 % and 98 % reduction in the biofilm formation of Pseudo-
monas aeruginosa and Staphylococcus epidermidis strains [25]. Although 
AgNPs seem to have broader antibacterial and anti-biofilm spectrum, 
this can explain the interest in functionalizing different materials with 
AgNPs to enhance their bactericidal properties. The interaction of nickel 
nanoparticles with bacteria causes a change in permeability and an 
interruption of electron transfer in the cell membrane, which ultimately 
leads to cell death [26]. Fattolahzadeh et al. found that concentrations of 
0.1− 1 mg ml− 1 nickel nanoparticles (NiNPs) can significantly decrease 
the biofilm formation of Burkholderia cepacia [27]. 

Metal oxide nanomaterials have been considered as one of the most 
promising tools for biomedical and pharmaceutical applications [28]. 
Alumina (Al2O3) forms stable NPs resistant to temperature variation and 
have a hexagonal close packing structure. Sadiq et al. reported the 
growth inhibition of E.coli by using Al2O3 NPs in the concentration range 
of 10− 1000 g/mL [29]. Al2O3 NPs inhibitory effect can be due to NPs 
adhesion onto bacterial surfaces resulting from the interaction between 
NPs positive surface and bacterial cell negative charges leading to 
decreased cell viability. Most of the metal oxides act as antimicrobials by 
the generation of ROS, which disrupts the bacterial cell wall. However, 
alumina can also act as an antioxidant that makes it non-toxic to the 
human cell [30]. It is noteworthy that although alumina (Al2O3) showed 
an average antibacterial activity but is much cheaper than other metal 
oxides NPs. Therefore, combining this nanoparticle with other metal or 
metal oxide NPs could be an ideal strategy for acting as an antimicrobial 
and anti-biofilm agent, especially against MDR biofilm-forming 
pathogens. 

Antibacterial and anti-biofilm activity of combined metal and metal 
oxide nanoparticles (mixture, bimetal or alloy) against infectious path-
ogens have recently been noticed. Gopinath et al. biosynthesized 
bimetallic Ag/Au NPs with high antibacterial and anti-biofilm activities 

toward Gram-negative and Gram-positive bacteria [31]. Immense po-
tential antimicrobial activity was found against E. coli DH5α and 
Staphylococcus epidermidis NCIMB 12721 when composite Al2O3-AgNPs 
were used [32]. 

To the best of our knowledge, there have not been sufficient reports 
on the inhibitory effect of nanoparticles such as NiNPs and Al2O3NPs, 
especially in combination with AgNPs on biofilm-forming MDR- 
K. pneumoniae strains. Therefore, in this study, the antimicrobial and 
anti-biofilm activities of these nanoparticles against K. pneumoniae 
strains and the cytotoxicity of their most effective ones on the Neuro-2A 
cell line were evaluated. In addition, the presence of fimA and mrkA 
genes in biofilm-producing strains were studied to find out the biofilm 
formation ability of isolated strains to the molecular level. The results of 
this study can be exploited for formulating efficient disinfectants or 
antiseptics preventing the spread of infectious pathogens such as MDR 
K. pneumoniae at clinical and hospital units. 

2. Material and methods 

2.1. Materials and bacterial strains 

A total of 51 K. pneumoniae strains were collected from sputum, 
wound, and urine specimens of hospitalized patients in Baghdad hos-
pitals, Iraq. The nanoparticles (Ag NPs, Ni NPs, and Al2O3 NPs) were 
purchased from East Nano Chemicals Co. (Iran). All other reagents and 
chemicals used were of analytical reagent grade. 

2.2. Bacterial identification and antibiotic susceptibility test 

The preliminary identification of strains was performed using 
biochemical experiments including IMViC (indole, methyl red (MR), 
Voges-Proskauer (VP), and citrate (CIT)), oxidase, catalase, and urease 
tests, as well as capsule staining. Also, after two subculturing in nutrient 
broth (NB) medium, each isolate was reidentified with the Vitek-2 
compact automated microbiology system (bioMérieux S.A., Marcy- 
L’Ètoile, France). The strains susceptibility to antibiotics and extended- 
spectrum β-lactamase (ESBLs) production were also detected with disk 
diffusion antibiograms and the Vitek-2 compact system [33]. 

2.3. Biofilm formation assay 

Measurement of biofilm formation among the K. pneumoniae strains 
was carried out using the test tube method and microtiter-plate test [34]. 
In the microtiter-plate method, briefly, 100 μL (0.5 McFarland) of an 
overnight culture of strains was inoculated into each well of a 96-well 
polystyrene plate and incubated at 37 ◦ C for 48 h. After the incuba-
tion period, the bacteria were stained with 150 μL of crystal violet (0.1 
% w/v) for 10 min. The supernatant was discarded and the wells were 
rinsed several times with deionized water to remove the planktonic cells. 
Finally, 100 μL of acetic acid (33 % v/v) was added to each of the wells 
and the optical density (OD) was measured at 545 nm using an ELISA 
microtiter plate reader (Stat fax 2100, Awareness Technology, Inc., 
USA). A qualitative assay of biofilm formation was determined by the 
test tube method. Briefly, single colonies from an overnight culture of 
K. pneumoniae strains were inoculated into test tubes containing Brain 
heart infusion (BHI) medium and incubated at 37 ◦C for 24 h. After the 
incubation period, the culture supernatant was discarded and tubes 
were washed with phosphate-buffered saline (PBS, 0.1 %) and allowed 
to air dry. Then, the tubes were stained with crystal violet solution (0.1 
% w/v). Excess stains were removed and tubes were rinsed with 
deionized water. Finally, after drying, biofilm formation was observed at 
the bottom of the test tubes. 

2.4. The occurrence of fimA and mrkA genes 

The amplification of the genes (fimA and mrkA) involved in the 
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biofilm formation of K. pneumoniae strains was done using the poly-
merase chain reaction (PCR) method. For this purpose, the genomic 
DNA was extracted from the K. pneumoniae strains by the boiling method 
[35] and used as a template for PCR. The PCR reaction was conducted in 
a total volume of 25 μL containing Master Mix (21 μL), template DNA 
(2 μL), and 1 mM of each primer. The sequences of the forward and 
reverse primers are listed in Table 1. The PCR cycling conditions were as 
follows: incubation for 5 min at 94 ◦C, followed by 35 cycles at 94 ◦C for 
45 s and 55 ◦C for 45 s, and a final 5-min extension step at 72 ◦ C. The 
PCR products were analyzed by electrophoresis in 1 % agarose gel. 

2.5. Antibacterial activity 

The antibacterial activities of Ag NPs, Ni NPs and Al2O3 NPs singly 
(NPs) and in combination (cNPs) were investigated against isolated 
K. pneumoniae strains by broth microdilution assay [36]. In this method, 
100 μL of bacterial suspension (0.5 McFarland) were inoculated into 
96-well microtiter plates containing different concentrations of Ag NPs 
(31–2000 μg ml− 1), Ni NPs (31–4000 μg ml− 1), and Al2O3 NPs 
(31–1000 μg ml− 1). Then, the microtiter plates were incubated at 37 ◦C 
for 24 h. The wells containing nanoparticles without bacteria and bac-
teria without nanoparticles were designated as blank and positive con-
trol. The bacterial growth was monitored through the absorbance 
reading at 600 nm by an ELISA microtiter plate reader (Stat fax 2100, 
Awareness Technology, Inc., USA). Accordingly, the minimum inhibi-
tory concentration (MIC) was determined as the lowest concentration of 
an antimicrobial ingredient or bacteriostatic agent (prevents the visible 
growth of bacteria). Also, the growth inhibition percentage (GI %) of 
mentioned nanoparticles were estimated using the following formula 
(Eq. 1) [37]: 

GI% = (100 −
OD600 at the presence of antibacterial agent (s)

OD600 of positive control
× 100)

(1) 

The antimicrobial activities of the cNPs in various concentrations 
(62–1000 mg ml− 1) against K. pneumoniae strains were also 
investigated. 

2.6. Antibiofilm assay 

Antibiofilm activity of nanoparticles (Ag NPs, Ni NPs, Al2O3 NPs, Ag/ 
Ni cNPs, Ag/Al2O3 cNPs, and Al2O3/Ni cNPs) against strong biofilm- 
producing strains was performed by the microtiter plate method [38]. 
Briefly, 100 μL of bacterial suspension (0.5 McFarland) was inoculated 
into a 96-well plate, then the different concentrations of Ag NPs 
(31–2000 μg ml− 1), Ni NPs (31–4000 μg ml− 1), Al2O3 NPs (31–1000 μg 
ml− 1), and each cNPs (31–1000 μg ml-1) were added to wells and 
incubated at 37 ◦C for 48 h. The wells containing bacterial suspension 
without nanoparticles and only culture medium were used as control 
and blank. After incubation, the planktonic cells and nanoparticles were 
removed and the microtiter wells washed twice with PBS solution 
(pH = 7). Then, the microtitre wells were stained with 150 μL of crystal 
violet (0.1 % w/v) and incubated for 10 min. The excess dye was 
removed and wells were washed thoroughly with distilled water. For 
quantification of attached cells, 125 μL of acetic acid (33 % v/v) was 
added to wells and absorbance was measured at 545 nm by an ELISA 
microtiter plate reader. In order to study the anti-biofilm effect of the 

mixed nanoparticles, the various concentrations (31–1000 μg ml-1) of 
Ag – NiNPs, Ag - Al2O3NPs, and Ni - Al2O3NPs were prepared with their 
dispersion in distilled water. Following the previous procedure, after the 
treatment of bacterial suspension (0.5 McFarland) with nanoparticles, 
their absorbance was taken at 545 nm. 

2.7. Checkerboard analysis 

To check the combinatorial antimicrobial and antibiofilm activities 
of the nanoparticles, the fractional inhibitory concentration indices 
(FICIs) were calculated according to the following formula (Eq. 2). 

FICI =
MIC of nanoparticle A in combination

MIC of nanoparticle A alone

+
MIC of nanoparticle B in combination

MIC of nanoparticle B alone
(2) 

It should be noted that when the MIC value was out of the concen-
trations considered in this study, twice the maximum concentration was 
used in FICI calculations. The FICI was defined as synergistic 
(FICI < 0.5), additive (0.5 < FICI < 1), indifferent (1 < FICI < 4) and 
antagonistic effects (FICI > 4) [39]. 

2.8. The MTT assay 

The AgNPs, a metal NPs, and Al2O3 NPs, a metal oxide NPs, were 
selected for cytotoxicity test according to their effectiveness and usage 
in antimicrobial studies against MDR K. pneumoniae strains. There have 
been reports that some of the metallic and metallic oxide NPs such as Au 
NPs or MnO2 NPs can be accumulated in the brain of rats and mice, and 
some others such as CuO could induce a disruption of the blood-brain 
barrier [40]. Therefore in this study in order to investigate the toxic 
effects of the Ag and Al2O3 nanoparticle, the MTT assay was performed 
on Neuro-2A cells. The different concentrations of Ag NPs (0.78, 1.56, 
3.13, 6.25, 12.5, 25, 50, and 100 μg ml− 1) and Al2O3 NPs (0.49, 0.98, 
1.95, 3.91, 7.81, 15.63, 31.25, 62.5, 125, and 500 μg ml− 1) were pre-
pared in distilled water by serial dilution method. The cells were 
cultured in advanced RPMI 1640 medium supplemented with 10 % fetal 
bovine serum (FBS), 100 μg ml− 1 streptomycin and 100 U ml− 1 peni-
cillin and incubated at 37 ◦C, 5% CO2 and relative humidity of 98 %. 
After counting the cells, 200 μl of cell suspension (104 Cell/well) was 
added to each well and plates were incubated for 24 h at 37 ◦C, 5% CO2 
and relative humidity of 98 %. Then, the supernatant was removed and 
50 μl of various concentrations of Ag NPs and Al2O3 NPs were added to 
wells containing cells. Untreated cells were taken as the control. After-
ward, 20 μl of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (MTT) at a concentration of 5 mg ml− 1 was added to each well, 
and the plate was incubated for 4 h. Afterward, the medium containing 
MTT was removed and 200 μl of DMSO solution was added to each well 
to dissolve the formazan crystals formed in living cells. Finally, after 
15 min of incubation, the optical absorption (OD) of each well was read 
by an ELISA reader at a wavelength of 570 nm. All tests were performed 
in triplicate and the results were reported as cell viability referred to 
control (Eq. 3). 

cell viability % =
OD treatment − OD blank
OD control − OD blank

× 100 (3)  

2.9. Statistical analysis 

All samples were tested in triplet for each experiment. The quanti-
tative data were expressed as the means ± standard deviation (SD). The 
experimental data were analyzed using ANOVA one-way analysis of 
variance and Tukey’s post hoc test, values of p ≤ 0.05 were considered 
significant. 

Table 1 
Product length and primers sequence used for PCR reaction.  

Primer Primer Sequence Amplicon Size 
(bp) 

mrkA F CGGTAAAGTTACCGACGTATCTTGTACTG 498  
R GCTGTTAACCACACCGGTGGTAAC  

fimA F CGGACGGTACGCTGTATTTT 500  
R GCTTCGGCGTTGTCTTTATC   
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3. Results 

3.1. Identification of bacterial strains 

K. pneumoniae isolates were subcultured and purified on MacConkey 
agar (Fig. 1). From 51 collected K. pneumoniae strains, 21 isolates were 
from urine (41.1 %), 18 isolates were from sputum (35.2 %), and 12 
isolates were from the wound (23.5 %) of patients. 

The initial identification of bacterial strains by using biochemical 
tests showed that 100 % of strains were negative for catalase, oxidase, 
and indole, 100 % were positive for MR-VP, 94 % were positive for 
urease and citrate, and 90 % of strains were positive for H2S (Fig. 2). In 
addition, all K. pneumoniae strains (100 %) had a capsule. The results 
obtained from the Vitek-2 system also confirmed that all isolated strains 
were related to the species of K. pneumoniae with more than 99 % 
similarity. 

3.2. Antibiotic susceptibility test 

The antibiotic susceptibility test cards were used to determine anti-
biotic susceptibility and ESBLs-producing strains. Based on the anti-
biotic resistance profiles (Table 2), 9 strains (17.6 %) were sensitive (S), 
and 42 strains (82.3 %) were resistant (R) to at least one antibiotic. The 
highest (100 %) and lowest (0%) antibiotic resistance were observed for 
ampicillin (AMP) and tigecycline (TGC), respectively (Fig. 3). The 82 % 
of strains were resistant to piperacillin/tazobactam (TMP-SMX), cefa-
zolin (CFZ), cefoxitin (FOX), ceftazidime (CAZ), ceftriaxone (CTR), 
cefepime (FEP), imipenem (IPM), amikacin (AMK), ciprofloxacin (CIP), 
and trimethoprim\sulfamethoxazole (TZP) antibiotics. However, it was 
found that none of the bacterial strains produced ESBLs according to 
Vitek − 2 results analysis. 

3.3. Assessment of biofilm formation 

Results showed that more than 95 % of K. pneumoniae isolates were 
able to form biofilms. Analysis of biofilms formation revealed that about 
55 % of strains could form strong biofilms, 30 % moderate biofilms, 10 
% weak biofilms, and 5% of strains did not form biofilms (Fig. 4). The 
non-biofilm forming strain (K-7) showed more susceptibility to antibi-
otics and was only resistant to AMP and NIT (Table 2). Results also 
indicated that most of the strong biofilm-forming strains were only 

sensitive to TGC but resistant to other antibiotics. 

3.4. fimA and mrkA genes detection 

To investigate the existence of genes (fimA and mrkA) involved in 
biofilm formation, 15 strong biofilm-forming strains were selected and 
examined by molecular techniques. The results of the PCR assay 
demonstrated the presence of the fimA and mrkA genes in all tested 
biofilm-producing K. pneumoniae strains (Fig. 5). 

3.5. Characterization of nanoparticles 

The Ag NPs, Ni NPs, and Al2O3 NPs were purchased and their char-
acteristics provided by the company (Fig. 6). The UV–vis absorption of 
Ag, Ni and Al2O3 NPs was 440, 345, and 235 nm, respectively (Fig. 6A). 
The UV–vis absorption of Ag NPs is mostly known to exhibit a maximum 
peak within the range of 400–440 nm in which small sphere Ag NPs 
(10− 50 nm) typically have a small absorbance peak at about 440 nm 
(band gap = 2.25 eV) [41]. According to reported literature, the for-
mation of Ni NPs (10− 90 nm) is proven by the presence of an absor-
bance peak in the region of 320–350 nm (band gap = 3.6 eV) [42]. A 
strong absorption peak at 238 nm (band gap = 5.25 eV) was reported 
for Al2O3 NPs (20 nm) [43]. The X-ray diffraction (XRD) patterns 
showed diffraction peaks assigned to the crystal planes of (1 1 1) and (2 
0 0) for Ag NPs, (1 1 1), (2 0 0), and (2 2 0) for Ni NPs, and (1 1 0), (1 1 
3), and (2 1 4) for Al2O3 NPs (Fig. 6B). These data confirmed the 
authenticity of NPs and were in good agreement with other studies for 
Ag NPs, Ni NPs, and Al2O3 NPs [5,44,45]. The FTIR spectra of samples 
showed functional groups involved in the stabilization and formation of 
NPs and were in line with previous reports (Fig. 6C). Also, the 3-D AFM 
images of samples confirmed the small size of NPs (25− 50 nm) indicated 
by the company (Fig. 6D). 

3.6. Antibacterial activity 

The antibacterial activity of single (Ag NPs, Al2O3 NPs, and Ni NPs) 
and combined (Ag/Al2O3 cNPs, Ag/Ni cNPs, and Al2O3/Ni cNPs) 
nanoparticles against MDR- K. pneumoniae strains K-13, K-33, and K-36 
(K-13, K-33 as representatives of strong biofilm formers and K-36 as 
moderate to weak biofilm former) were investigated using broth 
microdilution assay (Fig. 7). 

The results revealed dose-dependent antibacterial activity of NPs. Ag 
NPs showed better activity against K-33 (Fig. 7A). At the concentration 
≤ 62.5 μg ml− 1, there was a significant difference (p < 0.05) between 
the GI% of K-33 strain and K-13 and K-36 strains while at higher con-
centrations, by increasing GI%, no significant differences (p > 0.05) 
were observed between strains. The GI% of Ag NPs at the concentration Fig. 1. Purified K. Pneumonia isolates on MacConkey agar plates.  

Fig. 2. The results of biochemical tests for K. pneumoniae strains. Signs ve+ and 
ve− represent positive and negative, respectively. 
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Table 2 
Antibiotic-resistant profile of K. pneumoniae isolates.  

Antibiotic 
ESBL Ampicillin 

Piperacillin/ 
Tazobactam Cefazolin Cefoxitin Ceftazidime Ceftriaxone Cefepime Imipenem Amikacin Gentamicin Ciprofloxacin Levofloxacin Tigecycline Nitrofurantoin 

Trimethoprim\ 
Sulfamethoxazole Isolate 

K-1 – R S S S S S S S S S S S S I S 
K-2 – R S S S S S S S S S S S S I S 
K-3 – R S S S S S S S S S S S S I S 
K-4 – R R R R R R R R R R R R S R R 
K-5 – R S S S S S S S S S S S S I S 
K-6 – R S S S S S S S S S S S S R S 
K-7 – R S S S S S S S S S S S S R S 
K-8 – R S S S S S S S S S S S S I S 
K-9 – R R R R R R R R R R R I S R R 
K-10 – R R R R R R R R R I R I S R R 
K-11 – R R R R R R R R R R R R S R R 
K-12 – R R R R R R R R R I R I S R R 
K-13 – R R R R R R R R R R R R S R R 
K-14 – R R R R R R R R R R R R S R R 
K-15 – R R R R R R R R R R R R S R R 
K-16 – R S S S S S S S S S S S S I S 
K-17 – R R R R R R R R R I R I S R R 
K-18 – R S S S S S S S S S S S S I S 
K-19 – R R R R R R R R R R R I S R R 
K-20 – R R R R R R R R R I R R S R R 
K-21 – R R R R R R R R R R R R S R R 
K-22 – R R R R R R R R R R R R S R R 
K-23 – R R R R R R R R R I R R S R R 
K-24 – R R R R R R R R R I R R S R R 
K-25 – R R R R R R R R R I R R S R R 
K-26 – R R R R R R R R R R R I S R R 
K-27 – R R R R R R R R R R R R S R R 
K-28 – R R R R R R R R R I R R S R R 
K-29 – R R R R R R R R R R R R S R R 
K-30 – R R R R R R R R R R R I S R R 
K-31 – R R R R R R R R R R R R S R R 
K-32 – R R R R R R R R R I R R S R R 
K-33 – R R R R R R R R R R R R S R R 
K-34 – R R R R R R R R R R R R S R R 
K-35 – R R R R R R R R R R R R S R R 
K-36 – R R R R R R R R R R R R S R R 
K-37 – R R R R R R R R R R R R S R R 
K-38 – R R R R R R R R R R R R S R R 
K-39 – R R R R R R R R R R R I S R R 
K-40 – R R R R R R R R R R R R S R R 
K-41 – R R R R R R R R R R R I S R R 
K-42 – R R R R R R R R R I R I S R R 
K-43 – R R R R R R R R R R R R S R R 
K-44 – R R R R R R R R R I R R S R R 
K-45 – R R R R R R R R R R R R S R R 
K-46 – R R R R R R R R R R R I S R R 
K-47 – R R R R R R R R R R R R S R R 
K-48 – R R R R R R R R R R R R S R R 
K-49 – R R R R R R R R R R R R S R R 
K-50 – R R R R R R R R R R R R S R R 
K-51 – R R R R R R R R R R R R S R R  

B.A
. Edhari et al.                                                                                                                                                                                                                               



Journal of Trace Elements in Medicine and Biology 68 (2021) 126840

6

of 125 μg ml− 1 was 68 %, 78 %, and 70 % against K-13, K-33, and K-36 
strains, respectively. The better antibacterial activity of Al2O3 NPs was 
also observed against K-33 strain (Fig. 7B). At the concentration of 
125 μg ml− 1 of Al2O3 NPs, 66 %, 80 %, and 64 % inhibition effects were 

observed against K-13, K-33, and K-36 strains, respectively. Ni NPs 
revealed a significant inhibitory effect (p < 0.05) against K-36 strain at 
the concentration ≤ 500 μg ml− 1 when compared with two other 
strains; at this concentration, the 10 %, 5%, and 20 % bacterial growth 
inhibition were observed against K-13, K-33, and K-36 strains, respec-
tively (Fig. 7C). The dose-dependent antibacterial activity of cNPs was 
also observed. The 10 %, 12 %, 17 %, 25 %, 47 %, and 92 % bacterial 
growth inhibition (K-13 strain) were obtained at the different concen-
trations of Al2O3/Ni cNPs at 31.2, 62.5, 125, 250, 500, and 1000 μg 
ml− 1, respectively (Fig. 7F). Ag/Ni cNPs showed almost similar anti-
bacterial effect against all three tested strains and 100 % bacterial 
growth was inhibited at 125 μg ml− 1 (Fig. 7E). The Ag/Al2O3 cNPs 
demonstrated significant inhibitory effects (p < 0.05) against three 
strains at the concentration ≤ 125 μg ml− 1 (Fig. 7D). At the concentra-
tion of 125 μg ml− 1 of Ag/Al2O3 cNPs, 47 %, 66 %, and 100 % growth 
inhibition activities were observed against K-13, K-33, and K-36 strains, 
respectively while at the concentration < 125 μg ml− 1, no activity was 
observed against K-13 strain. The MIC values of NPs and cNPs were 
given in Table 3. Among NPs, the lowest and highest MIC values were 
obtained for Al2O3 NPs (1 mg ml− 1) and Ni NPs (8 mg ml− 1), respec-
tively, against K-33 strain. For cNPs, the lowest and highest MIC values 
were obtained for Ag/Ni cNPs and Al2O3/Ni cNPs, respectively. Table 4 
shows the FICI values of NPs in combination against three strains. Ac-
cording to the FICI values, it was demonstrated that Ag NPs act syner-
gistically with two other NPs against MDR-K. pneumoniae isolates while 
a neutral effect was observed for Al2O3 NPs-Ni NPs. 

Fig. 3. Resistance percentage of K. pneumoniae strains by different antibiotics 
including piperacillin/tazobactam (TMP-SMX), nitrofurantoin (NIT), tigecy-
cline (TGC), levofloxacin (LEW), ciprofloxacin (CIP), gentamicin (GEN), ami-
kacin (AMK), imipenem (IPM), cefepime (FEP), ceftriaxone (CTR), ceftazidime 
(CAZ), cefoxitin (FOX), cefazolin (CFZ), trimethoprim\sulfamethoxazole (TZP), 
and ampicillin (AMP). ESBL refers to extended-spectrum β-lactamase. 

Fig. 4. Evaluation of biofilm formation in isolated K. pneumoniae strains by the tube method. The intensity of the color (crystal violet) at the bottom of each test tube 
is an indication of the strain’s ability in strong (S), moderate (M), weak (W), and none (N) biofilm formation. 

Fig. 5. fimA (A) and mrkA (B) genes were detected in some selected biofilm-forming K. pneumoniae strains (K-21, K-31, K-33, K-36, and K-46). Based on the length of 
the ladder (first well from left), the length of the fimA and mrkA genes were obtained 1000, 500 bp and 498 bp, respectively. 
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Fig. 6. The characteristics of NPs. The UV–vis spectra (A), the XRD patterns (B), the FTIR spectra (C), and 3-D images (D) of Ag NPs, Ni NPs, and Al2O3 NPs.  
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3.7. Biofilm inhibition assay 

Anti-biofilm activity of single and combined nanoparticles against 
selected bacterial strains (K-13, K-33, and K-36) was determined using 
the microtiter plate method based on crystal violet staining (Fig. 8). The 
results showed that with increasing concentration of nanoparticles, the 
OD values decreased, indicating the reduction in biofilm formation. The 
minimum biofilm eliminating concentration (MBEC) of different nano-
particles (mg ml− 1) against K. pneumoniae strains is shown in Table 5. 
The highest inhibition of biofilm growth was observed in the K-13 strain. 

So that, after 24 h treatment of K-13 strain with Ag, Ni and Al2O3 
nanoparticles (concentration of 1000 μg ml− 1), biofilm growth was 
inhibited 60 %, 65 %, and 68 % compared with control, respectively 
(Fig. 8A-C). However, there is no significant difference between the 
percentage of biofilm inhibition of Ag, Ni and Al2O3 NPs against K-13 
strain in the concentration range of 125–1000 mg ml− 1. In contrast, the 
percentage of biofilm inhibition between Al2O3 and NiNPs, Ag and 
NiNPs against K-33 strain and between Al2O3 and NiNPs against K-36 
strain was statistically significant (p < 0.05). Complete inhibition of 
biofilm formation was not observed in any of the strains, but the anti- 

Fig. 7. Effect of different concentrations (μg ml− 1) of single (A-C) and combined (D-E) NPs on K. pneumoniae strains (K-13, K-33, K-36) growth inhibition percentage. 
Error bars are sample standard deviation from triplicate measurements. 
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biofilm efficacy of AgNPs was higher than Ni and Al2O3 NPs. Treatment 
of K. pneumoniae strains with 500 μg ml-1 of Ag/Al2O3 NPs completely 
prevented the formation of biofilm in K-13 and K-36 strains (Fig. 8D). 

Statistical analysis revealed no significant difference in MBEC of 
nanoparticles against K. pneumoniae strains in the concentration range of 
31–1000 μg ml− 1 (p > 0.05). The anti-biofilm activity of combined 
nanoparticles against K. pneumoniae strains was: Ag/Al2O3 NPs > Ag/Ni 
NPs > Ni /Al2O3 NPs. The FICI values obtained for Al2O3/Ni NPs and 
Ni/Ag NPs showed an additive and synergistic effect, respectively. 

The checkerboard assay was used to evaluate the synergistic effects 
of NPs and the results were presented in Table 6. The FICI values ob-
tained for Al2O3 NPs/Ni NPs and Ag NPs/Ni NPs showed an additive and 
synergistic effect, respectively. The interaction between Ag NPs/Al2O3 
NPs against K-13 and K-36 strains was synergistic and against K-33 
strain showed an additive effect. 

3.8. The cytotoxicity affect 

The MTT assay was used to assess the cytotoxicity of NPs. The per-
centage of cell viability in the presence of different concentration of Ag 
NPs and Al2O3 NPs are demonstrated in Fig. 9. The results showed that 
cell survival is reduced by increasing nanoparticles concentration. The 
higher cytotoxicity toward Neuro-2A cells was obtained for Ag NPs 
compared to Al2O3 NPs. More than 50 % of cell growth was inhibited at 
100 μg ml− 1 of Ag NPs, while only 37 % of cell growth prevention was 
observed at 500 μg ml− 1 of Al2O3 NPs. 

4. Discussion 

The results of bacterial strains identification by biochemical tests and 
the Vitek-2 system revealed that all strains belonged to the 
K. pneumoniae. In a similar study by Funke et al. about 845 Gram- 
negative bacteria were isolated from the patients and identified by the 
Vitek-2 system. They found that 84 % of isolated strains that were 
analyzed at the species level belonged to the Enterobacteriaceae family 
and non-enteric bacilli [46]. Our studies also consent with Funke et al. 
findings that Vitek-2 is an appropriate automated tool for the rapid 
identification of clinical bacterial isolates, especially gram-negative 
bacilli. 

The antibiotic resistance profile revealed the highest and lowest 
sensitivity of K. pneumoniae isolates for tigecycline and ampicillin, 
respectively. Yang and colleagues reported that among 137 
K. pneumoniae strains isolated from sputum and urine, more than 85 % of 

ESBLs-producing bacteria could form biofilm, whereas our results 
showed that none of the strains were ESBLs producers [5]. Mirnejhad 
et al. also indicated that more than 55 % of ESBL producing 
K. pneumoniae strains were multi-drug resistant and revealed the highest 
resistance to meropenem and imipenem antibiotics [47]. From 80 
K. pneumoniae isolates from UTIs patients in a Korean study, resistance 
to ampicillin was the highest similar to our studies but 
antibiotic-resistant to amikacin was lowest among the isolates [48]. 
Another study performed in Spanish hospitals on UTIs K. pneumoniae 
isolates confirmed our antibiotic susceptibility testing in which all 159 
K. pneumoniae strains were resistant to ampicillin [44]. Furthermore, in 
a survey implemented in the Adamawa state of Nigeria, among the 
bacteria causing UTIs, only 17.3 % were identified as K. pneumoniae and 
on average among all bacterial isolates, ampicillin-resistant strains (75 
%) were highest while nitrofurantoin resistant (45 %) were the lowest 
[49]. In research conducted by Al Swieh et al., the Vitek identification 
card system was used to identify the uropathogens in two large hospitals 
in Kuwait [50]. Susceptibility of the isolates against 18 antibiotics was 
performed by the microbroth dilution method using the Vitek auto-
mated system. Among the six common isolates, Escherichia coli was 
accounted for 47 % while 9.6 % of isolates were identified as 
K. pneumoniae. Interestingly, in this study also high resistance to ampi-
cillin was noted [50]. These data that provide information on antimi-
crobial resistance will be a useful reference for future periodic 
surveillance studies and designing and administrating effective 
remedies. 

Assessment of biofilm formation indicated that about 55 % of 
K. pneumoniae strains form strong biofilms. In a study conducted by Seifi 
et al. 94 K. pneumoniae strains were isolated from hospitalized patients 
in two hospitals in Tehran. Their results indicated that 33 % of strains 
formed strong biofilm and less than 7 % did not have biofilm [45]. In a 
similar research, biofilm formation in K. pneumoniae strains isolated 
from urine, sputum and wound specimens was investigated. The results 
found that 62 % of strains were biofilm formers [5]. On the other hand, 
the strong biofilm-producing strains showed high resistance to most 
antibiotics. Several researchers have investigated the relation between 
antibiotic resistance profile and biofilm-forming ability in K. pneumoniae 
isolates. Vuotto et al. performed a biofilm production assay on 120 
K. pneumoniae strains showing a higher ability to form a biofilm (91.07 
%) in extensively drug-resistant (XRD) isolates comparing to MDR and 
sensitive ones [51]. Bandeira et al., isolated ten Klebsiella pneumoniae 
multi-resistant strains from biological products which all strains were 
from healthcare-associated infections (HAI) [52]. Similar to our studies, 
all strains were able to assemble biofilms, although following different 
kinetics. They explained that the absence of type 1 fimbriae and the 
presence of type 3 fimbriae might account for the observed difference in 
kinetics. Altogether, their results showed that the emergence of anti-
microbial resistance among bacteria responsible for HAI is a multifac-
torial phenomenon dependent on antibiotics and bacteria/biofilm 
features [52]. 

The PCR assay also revealed that all strains of biofilm-producing 
K. pneumoniae have the fimA and mrkA genes. These genes play an 
important role in the biofilm formation of K. pneumoniae strains [6]. 
Alcanter-Curiel et al. by studying on 69 K. pneumoniae strains found that 
fimA and mrkA operon is present in 100 % of the bacteria but expressed 
only in 96 % and 57 % of them, respectively. It was also found that 96 % 
of the strains contained the ecpA gene, while 94 % of them produced the 
polysaccharide capsule during adherence to epithelial cells [53]. Also, 
by PCR amplification, the presence of the 8 genes (OmpK35, OmpK36, 
acrB, luxS, mrkA, pgaA, wzm, wbbM) involved in non-enzymatic anti-
biotic resistance and possibly biofilm formation and production were 
detected in all 9 representative K. pneumoniae strains [51]. Accordingly, 
they found that extensively drug-resistant (XRD) K. pneumoniae strains 
exhibit phenotypic and genotypic features supporting a significant 
growth as biofilm indicating a positive correlation between antibiotic 
resistance profile and biofilm-forming ability in XDR K. pneumoniae 

Table 3 
The MIC values (mg ml− 1) of the nanoparticles (single and combined) against 
selected K. pneumoniae strains.  

Strain 

MIC (mg ml− 1) of Nanoparticles 

Single Combined 

Ag Al2O3 Ni Ag- Al2O3 Ag-Ni Al2O3 - Ni 

K. pneumonia K-13 4 2 4 0.25 0.062 2 
K. pneumoniae K-33 4 2 8 0.25 0.062 2 
K. pneumoniae K-36 4 2 4 0.125 0.125 2  

Table 4 
FICI-values of the nanoparticles in combination with each other against the 
growth of K. pneumoniae strains.  

Strain 

∑
FICI 

Nanoparticles 

Ag- Al2O3 Ag-Ni Al2O3 - Ni 

K. pneumoniae K-13 0. 187 0. 031 1.5 
K. pneumoniae K-33 0.312 0. 023 2.25 
K. pneumoniae K-36 0. 094 0. 062 1.5  
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strains. 
The results of antimicrobial assay demonstrated that the percentage 

of growth inhibition of Ag NPs alone and in combination with Ni NPs 
had the most inhibitory effect on the growth of K. pneumoniae strains. 
Previous studies demonstrated the antibacterial activity of Ni and AgNPs 
against different bacteria [26,54]. In one of these studies, the silver 
nanoparticles synthesized by extract of Hedera helix and found signifi-
cant antibacterial activity on K. pneumoniae and E.coli bacteria 
compared to AgNO3 solution and raw extract [55]. Nanoparticles 
through interaction with the cell wall resulting in the production of 

reactive oxygen species (ROS), which can cause cell proteins and DNA 
damage, inhibition of growth and eventually to bacterial death [24]. 
Several researches have been conducted to examine the synergistic ef-
fects of nanoparticles against bacterial strains. In one of these studies, 
the antibacterial activity of Ta-doped ZnO nanoparticles against path-
ogenic bacteria was evaluated. The results showed that incorporation of 
thallium ions into ZnO significantly increased the bacteriostatic effects 
of ZnO NPs against E.coli, S. aureus and B. subtilis bacteria and had a 
stronger bactericidal activity than pure ZnO NPs [56]. The better anti-
bacterial activities of NPs in combination with Ag NPs were reported by 

Fig. 8. Antibiofilm activity of different concentrations (μg ml− 1) of single (A-C) and combined (D-F) nanoparticles against K. pneumoniae strains (K-13, K-33, and K- 
36). Error bars are sample standard deviation from triplicate measurements. 
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Bankier et al. [57]. They demonstrated that when WC NPs and Cu NPs 
were used in combination with Ag NPs, antibacterial effects significantly 
increased against P. aeruginosa and S. aureus. Moreover, synergistic 
antimicrobial effects of Ag/transition metals in combination with Zn, 
Co, Cd, Ni, and Cu showed 8-fold more antibacterial activities against 
E. coli and B. subtilis [58]. 

The results of anti-biofilm effects of nanoparticles showed that 
AgNPs had more inhibitory activity than Ni and Al2O3 NPs. Similar re-
sults have been reported by Aldujaili et al. [34]. They evaluated the 
anti-biofilm activity of silver nanoparticles against microorganisms 
using Congo-red and test tube methods. It was shown that biofilm for-
mation in Cryptococcus neoformans and K. pneumoniae bacteria was 
entirely inhibited by test tube method, but there was no effect on the 
biofilm formation of K. pneumoniae in Congo-red method. Asaduzzaman 
et al. also investigated the effects of AgNPs in different concentrations on 
K. pneumoniae biofilm. Their findings demonstrated that biofilm growth 
was completely inhibited in 40 and 80 μg ml− 1 of nanoparticles [59]. 
Many Reports suggest that AgNPs, probably through lipopolysaccha-
rides lead to decreased surface coating and prevent biofilm formation 
[60]. The highest inhibitory effect of mixed nanoparticles on the biofilm 
formation of K. pneumoniae strains was also observed in the presence of 
Ag NPs in combination with Al2O3 NPs that showed a synergistic effect. 
The use of mixed metal NPs or in combination with antibiotics can have 
a synergistic effect on the inhibition of biofilm formation. Naik et al. 

investigated the anti-quorum sensing activity of AgCl-TiO2 NPs on 
Chromobacterium violaceum strain. They demonstrated that TiO2 NPs 
play a significant role in controlling the release of Ag ions as a sup-
porting matrix and reduces the production of violacein in the strain, 
which results in inhibition of quorum sensing system and biofilm for-
mation [61]. The anti-biofilm activity of mixture or combination of 
AgNPs with another metal or metal oxide has also been reported. High 
antibacterial and anti-biofilm activity of bimetallic Ag/Au was observed 
against S. aureus, S. pneumoniae, K. pneumoniae and E.coli [31]. 

One of the major limitations in developing and efficiently utilizing 
antibacterial agents is their cytotoxicity towards mammalian cell lines. 
There have been reported that some NPs such as Au NPs, MnO2 NPs, and 
CuO NPs accumulated in the brain of rats and mice and could induce a 
disruption in the blood-brain barriers [40]. For this purpose, the cyto-
toxicity of Ag NPs and Al2O3 NPs were evaluated against Neuro-2A cells. 

The MTT assay results showed the reduction in viability of Neuro-2a 
cells at the presence of Ag NPs and Al2O3 NPs but in a different manner. 
Park et al. indicated that AgNPs at a concentration of 0.2 μg ml− 1 

reduced the cell viability of the RAW 264.7 cells by 20 %, while at a 
concentration of 1.6 μg ml− 1 of NPs, cell survival was decreased by 40 % 
[62]. In addition to the concentration of NPs, other factors such as the 
size, charge, and crystallinity of the NPs, as well as the type of cell line, 
type of medium and temperature play a significant role in the cytotox-
icity of NPs. The interaction of NPs with outer membrane proteins, the 
accumulation of NPs inside the cell and the release of Ag+ ions lead to 
mitochondrial dysfunction, damaging proteins and nucleic acid, and 
eventually apoptosis and inhibition of cell proliferation [63]. Many 
studies have also been conducted to evaluate the cytotoxic activity of 
Al2O3 NPs, but unlike other NPs, Al2O3 NPs had less effect on human cell 
lines. In one of these studies, the cytotoxicity effects of Al2O3 NPs was 
investigated on L926 and BJ cells by Radziun et al. [64]. They found that 
NPs had no significant cytotoxicity in the concentration range of 
10–200 μg ml− 1, and about 10 % reduction in cell viability occurred at a 
concentration of 400 μg ml− 1. Similar to the present findings, a study by 
Muzammil et al. [65] and Radziun et al. [64] reported that Al2O3 NPs 
were non-toxic towards selected mammalian cell lines when tested at 
concentrations of 120 μg ml− 1 and 10− 400 μg ml− 1, respectively. Zhang 
et al. also evaluated the impact of various NPs (ZnO, TiO2, SiO2, and 
Al2O3) on HFL1 cells. The findings showed that Al2O3 NPs had the least 
effect on cellular survival, and a reduction of about 10 % of cell viability 
at a concentration of 250 μg ml− 1 was observed [66]. The results of our 
studies were in agreement with above mentioned reports. 

5. Conclusion 

Almost all strains of K. pneumoniae were able to form biofilm in vitro, 
and more than 80 % of them were resistant to common antibiotics. 

Table 5 
The MBEC values (mg ml− 1) of the nanoparticles (single and combined) against 
biofilm-forming K. pneumoniae strains (K-13, K-33, K-36).  

Strain 

MBEC (mg ml− 1) of Nanoparticles 

Alone Mixed 

Ag Al2O3 Ni Ag/Al2O3 Ag/Ni Al2O3 / Ni 

K. pneumoniae K-13 4 2 8 0. 5 1 1 
K. pneumoniae K-33 4 2 8 1 0. 5 1 
K. pneumoniae K-36 4 2 8 0.5 1 1  

Table 6 
FICI-values of the nanoparticles in combination with each other against the 
biofilm of K. pneumoniae strains.  

Strain 

∑
FICI 

Nanoparticles 

Ag/Al2O3 Ag/Ni Al2O3//Ni 

K. pneumoniae K-13 0. 375 0. 375 0. 625 
K. pneumoniae K-33 0.75 0. 187 0. 625 
K. pneumoniae K-36 0. 375 0. 375 0. 625  

Fig. 9. The percentage of cell viability of Neuro-2A cells in the presence of different concentrations of Ag NPs (A) and Al2O3 NPs (B).  
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Therefore, the development of effective agents that can inhibit bacterial 
growth and biofilms was desirable. In correlation with the results pro-
vided in this work, the Al2O3 NPs with less toxicity toward mammalian 
cells can be a good candidate against MDR-K. pneumoniae when 
compared to Ag NPs. Moreover, nanoparticles in combination showed 
superior activities against the growth and biofilms of MDR- 
K. pneumoniae rather than singly. On the other hand, anti-biofilm and 
antimicrobial activity of Al2O3, Ni and AgNPs against K. pneumoniae 
strains was concentration-dependent, so that the percentage of growth 
inhibition increased with increasing concentration of NPs. The finding 
also showed that the interaction of Ag/NiNPs, as well as Ag/Al2O3 NPs, 
had a synergistic effect on the inhibition of biofilm of K. pneumoniae 
strains. However, Ag/NiNPs revealed more effective than other mixed 
NPs. In addition, AgNPs had higher cytotoxicity against Neuro-2a cells 
as compared to Al2O3 NPs. This indicates the potential safety of such NPs 
(Al2O3 NPs, NiNPs, etc.) despite their lack of widespread usage, either 
single or in combination for the treatment of bacterial infections and the 
removal of antibiotic-resistant strains. Moreover, our outcome could be 
helpful to healthcare practitioners and engineers in developing medical 
devices that target a wide range of MDR-bacterial pathogens. 
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