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Abstract
Background and objective ‒ As a last option, multidrug-
resistant Gram-negative infections (caused by Enterobacteriaceae)
are treated with the antibiotic colistin, also known as poly-
myxin E. Colistin-resistant superbugs predispose people to
untreatable infections, possibly leading to a high mortality
rate. This project aims to study the effect of Acacia nilotica
aqueous extract and zinc oxide nanoparticles (ZnO-NPs) on
colistin-resistant Klebsiella pneumonia (CRKP).
Materials and methods ‒ ZnO-NPs were synthesized
using the green method and characterized by UV-vis,

Fourier transform infrared spectroscopy, and X-ray diffrac-
tion. The zone of inhibition (ZI) was measured using the
agar-well diffusion method, and the minimum inhibitory
concentration (MIC) and minimum bactericidal concentra-
tion were estimated to determine the antimicrobial activity
of the tested compound. Scanning electron microscopy
(SEM) and transmission electronic microscopy (TEM) were
used to investigate the alterations in bacterial cells that were
treated with the tested drugs.
Results ‒ The synthesized ZnO-NPs presented good che-
mical and physical properties, and the plant extract and
ZnO-NPs displayed a large ZI. ZnO-NPs had the lowest MIC
(0.2 mg·mL−1). SEM and TEM observations revealed various
morphological modifications in CRKP cells, including cell
shrinkage, cell damage, cytoplasm loss, cell wall thinning,
and cell death.
Conclusion ‒ A. nilotica aqueous extract and ZnO-NPs
could be used as alternative natural products to produce
antibacterial drugs and to prevent CRKP infection.

Keywords: colistin resistant, zinc oxide nanoparticles, car-
pabenem resistant, scanning electron microscope, trans-
mission electron microscope, Klebsiella pneumonia

1 Introduction

Polymyxins, particularly colistin, are a crucial “last resort”
treatment for carbapenem-resistant Klebsiella pneumoniae
infections [1]. Bacterial resistance to colistin has grown with
its usage [1]. First discovered in the United States in 1996 [1],
Klebsiella pneumoniae carbapenemases (KPCs) are lactamases
produced by Gram-negative bacteria [2]. They are responsible
for a wide range of hospital-acquired infections, including
wound infection, bacteremia, pneumonia, and urinary tract
infections (UTIs), especially in immunocompromised indivi-
duals [3,4]. Colistin resistance among KPC-producing bacteria
has increased from less than 2–9% globally [5,6]. Since 2013,
colistin resistance has spread to one-third of carbapenem-
resistant isolates in Europe outbreaks of colistin resistance.
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K. pneumoniae have been recorded in the United
States, Canada, and South America [5]. Saudi Arabia now
has a high frequency of colistin resistance in key Gram-
negative bacteria [7]. KPC-producing bacteria have recently
developed resistance to the last line of treatment, colistin.
Therefore, researchers, clinicians, and patients try to iden-
tify strong ecofriendly compounds to reduce the side effects
of antibiotics on human cells and the resistance of bacteria
to antibiotics. Researchers have extracted the components
of medicinal plants used in traditional therapies that can
fight resistant microorganisms and used them in the produc-
tion of small molecules known as nanoparticles. One of the
most common medicinal plants applied as an antimicrobial
agent is Acacia nilotica (L.) Del., a tropical and subtropical
medicinal plant native to Sudan and the Sahelian region and
is widely distributed in northern Nigeria [8]. The herbs in
folk medicine are useful against a number of human ail-
ments; the leaves, bark, and pods are applied to treat cancer,
cough, diarrhea, fever, small pox, piles, vaginitis, and micro-
bial infections [9]. A. nilotica aqueous extract has been used
in the green synthesis of nanoparticles due to its unique
properties listed below:
1. Reduction agent which is facilitating the conversion of

metal ions to nanoparticles and stabilization agent which
is preventing nanoparticle aggregation. A. nilotica helps
in the formation and stabilization of nanoparticles during
the synthesis process [10].

2. Eco-friendly approach. A. nilotica provides a sustainable
alternative to conventional chemical methods [10].

3. Antibacterial and antifungal properties: A. nilotica con-
tains bioactive compounds with antibacterial and anti-
fungal properties. These properties make it suitable for
synthesizing nanoparticles with potential antimicrobial
applications. For example, Elamary and his group [11]
detected that A. nilotica aqueous extract reduced the bio-
film activity of Escherichia coli, K. pneumoniae, P. mir-
abilis, and Pseudomonas aeuroginosa isolated from a
patient with UTI. Researchers also reported the activity
of A. nilotica against fungi and bacteria [11,12].

A. nilotica contains several important secondary meta-
bolites, including amines, cyanogenic glycosides, flavo-
noids, alkaloids, cyclitols, fluoroacetate, diterpenes, fatty
acids, terpenes, hydrolyzable tannins, and condensed tan-
nins. These compounds play significant roles as anticancer,
antimicrobial, and anti-inflammatory agents. Interestingly,
this property is similar to that observed in lichens and
certain other plants that also produce many of these sec-
ondary metabolites [13–15]. Regarding the disadvantages of
A. nilotica fruit, there are no documented reports of toxi-
city or adverse effects associated with its use at appro-
priate doses and durations [16]. However, as with any

substance, excessive consumption or prolonged use may
lead to adverse effects. It is crucial to follow recommended
guidelines when using herbal remedies.

Scientists have recently shown interest in the production
of nanoparticles from plant extracts because their small size,
high surface area, and physical properties make them appro-
priate for use in medical sciences. In addition, they are inex-
pensive and have no impact on the environment [10,17,18].
One of the metals commonly used to synthesize nanoparticles
is ZnO, which has numerous applications due to its excellent
optical, electrical, piezoelectric, semiconducting, and che-
mical sensing properties [19]. Studies have investigated the
antibacterial activity of ZnO nanoparticles (ZnO-NPs) and the
survival of bacteria in the presence of ZnO [19]. Researchers
also analyzed the elements associated with the antibacterial
activity of ZnO-NPs, the mechanism underlying their toxicity
to bacteria, and their uses in food. When ZnO is reduced to
micrometer and nanometer sizes, it serves as an antibacterial
agent. ZnO-NPs react with the bacteria’s surface and core,
resulting in a bactericidal effect [20,21]. Most studies on
colistin-resistant K. pneumonia (CRKP) have only focused on
the prevalence, characterization, and outbreaks. In addition,
information on how ZnO-NPs and A. nilotica affect the cells
and activity of CRKP is lacking. The current work aimed to
explore the morphological alteration of CRKP cells treated by
ZnO-NPs and A. nilotica aqueous extract. The specific objec-
tive was to evaluate the zone of inhibition (ZI) of tested bac-
teria treated by ZnO-NPs and A. nilotica aqueous extract and
to determine the minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC). The activ-
ities of A. nilotica aqueous extract and ZnO-NPs synthesized
from A. nilotica plant extract were also compared. The inno-
vative aspects of this study, compared to previous research,
involve investigating cell alterations in CRKP. This investiga-
tion is conducted using scanning electron microscopy (SEM)
and transmission electronic microscopy (TEM), facilitated by
the aqueous extract of A. nilotica and ZnO-NP. These findings
shed light on how eco-friendly compounds can impact the
most resilient bacterial cells.

2 Materials and methods

2.1 Preparation and characterization of
A. nilotica aqueous extract and ZnO-NPs

This study was accomplished from February 2023 to September
2023. A. nilotica fruits were purchased from the local herbal
market in Khartoum, Sudan and were authenticated by
the researcher, Dr Haider Abdelgadir at the Medicinal and
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Aromatic Plant Research Institute in Khartoum, Sudan. The
fruits were rinsed with clean tap water, dried at room tem-
perature, and ground into a coarse powder. The aqueous
extract was prepared using Nagappan’s method with few
modifications [22]. In brief, 20 g of ground plant was dissolved
in 200mL of distilled water and then incubated in a shaker
incubator (New Brunswick Scientific, Eppendorf, CT, USA) at
room temperature with 180 rev·min−1 for 48 h. The extract
was filtered using Whatman 1 filter paper and Millipore filter
membranes to avoid any fungal and bacterial contamination.
Finally, the water was evaporated under low pressure using a
rotary evaporator, and the residues were collected and stored
until further use. ZnO-NPs were prepared using our previous
method [15,19]. In brief, 100mL of A. nilotica aqueous extract
was mixed with 5 g of Zn(NO3)2. The mixture was transferred
to a stirrer hotplate at 80°C for 2 h. A brown cloud appeared
which was then filtered and incubated in an oven for 24 h at
60°C. The resulting brown spongy paste was burned in a
furnace oven at 400°C for 2 h to obtain the white powder of
ZnO-NPs, which indicated the reduction of Zn(NO3)2 to ZnO-
NPs. The following procedures were used to characterize the
synthesized ZnO-NPs to confirm their formation, stability,
and important functional groups and to analyze their shapes
and sizes. UV-vis spectroscopy (UV-1800; Shimadzu UV Spec-
trophotometer, Kyoto, Japan) was used to verify the presence
of the nanoparticles, which were detected in the wavelength
range of 100–800 nm. The surface functional groups were
investigated and identified by Fourier transform infrared
spectroscopy (FTIR) (Perkin Elmer, Spectrum BX, Waltham,
UK) in the range of 400–4,000 cm−1. The structure, crystalline
nature, and composition of synthesized ZnO-NPs were ana-
lyzed using X-ray diffraction (XRD). The formation, symmetry,
size, and shape of the nanoparticles were examined in pow-
dered form using a Brucker-Discover D8 X-ray diffractometer
operating (CUK-alpha, Sangamon Ave, Gibson, USA) at a scan
speed of 2°·min−1 within the range of 10–100°. TEM JEM-2100F
(JEOL Ltd, Peabody, MA, USA) and SEM (JEOL model, JSM-
761OF, Tokyo, Japan) were used to study the surface, shape,
size, and distribution of ZnO-NPs.

2.2 Evaluation of the antibacterial activity of
ZnO-NPs and A. nilotica against CRKP
using agar well diffusion method, MIC,
and MBC

Two samples of CRKP were obtained from the microbiology
department, King Khalid University Hospital, Riyadh, Saudi
Arabia and identified using the VITEK 2 system, version 08.01.
In addition, K. pneumonia (ATTC700603) was obtained from

themicrobiology department, College of Basic Medical Sciences,
King Saud University, Riyadh, Saudi Arabia. Agar well diffusion
method was first used for the preliminary screening of the
activities of A. nilotica aqueous extract and ZnO-NPs20. MIC
and MBC were determined using the methodology of the
Clinical and Laboratory Standards Institute to confirm the activ-
ities of the tested plant extract and nanoparticles [21].

2.3 Preparation of tested bacteria for SEM
and TEM

The morphological alterations of the bacterial samples after
treatment with ZnO-NP and A. nilotica aqueous extract were
evaluated by SEM. Two test tubes were filled with 1mL of
CRKP suspension (108 CFU·mL−1) and mixed with either 1mL
of ZnO-NPs (Tube 1) or 1mL of A. nilotica aqueous extract
(Tube 2) to obtain a final concentration of 0.5mg·L−1. The test
tubes were incubated overnight at 37°C. Two controls – one
with only CRKP in the medium (negative control) and the
other with KPC treated with colistin (positive control) –were
individually cultured in a salt-free lysogeny broth medium.
Afterward, the samples underwent rinsing with normal saline
and centrifugation at 1,500g. Following fixation with 2.5% glu-
taraldehyde at 4°C for 2 h, they were washed with a phosphate
buffer (pH = 7.2). Subsequently, the samples were post-fixed
using 1% osmium tetroxide, dehydrated through an increasing
ethanol series, and subjected to critical point drying [10].
Coating with Au–Pd (80:20) was performed using a Polaron
E5000 sputter coater, manufactured by Quorum Technologies
in Laughton, UK. The samples were examined with a SE
detector at an accelerating voltage of 25 kV in an FEI Quanta
250 [22–24]. For the TEM samples, the same buffers and dehy-
dration protocol used in SEM samples were employed, fol-
lowed by dehydration with a graded acetone series and
embedding in epoxy resin. Ultrathin sections were cut on for-
mvar-coated grids and dyed with 3% uranyl acetate. The sam-
ples were observed under a JEM-2100F microscope (JEOL Ltd,
Peabody, MA, USA) [24].

2.4 Statistical analysis

Statistical analysis for the ZI, MIC, and MBC for the synthe-
sized ZnO-NPs, A. nilotica, and colistin was represented as
mean ± SD, and the level of significance is set at P < 0.05.
The data were analyzed using a one-way ANOVA based on
different treatments followed by Tukey’s test for multiple
comparisons. Statistical analysis was carried out using
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GraphPad Prism, Ver. 10.00 (GraphPad Software, Inc., La
Jolla, CA, USA).

3 Results

3.1 Characterization of ZnO-NPs

In this study, the aqueous extract of A. nilotica was used to
produce ZnO-NPs by applying the green synthesis method
previously modified by our research group [23]. As shown
in the UV-vis spectra of ZnO-NPs in Figure 1a, a strong and
high peak located at 369 nm was observed. The FTIR
spectra obtained from the synthesized ZnO-NPs are pre-
sented in Figure 1b and Table 1. FTIR spectroscopy is an
effective method to identify specific chemical bonds or
functional groups present in plant extracts or nanoparti-
cles. The FTIR analysis indicated that the alkene (C]O),
nitro carboxylic acid (N–O), alcohol (O–H), fluoro com-
pound (C–F), amin (C–N), and sulfoxide (S]O) groups in
the aqueous extract of A. nilotica fruits were mainly
responsible for the reduction of Zn(NO3)2 to ZnO-NPs. In
the FTIR spectrum of the biosynthesized ZnO-NPs, strong

carbon dioxide, esters, and acid halide (O]C–O) were
observed in the vibration band at 2,372 cm−1. However,
the stretching vibration bands of C]O, N–H, C–H, and C–O
groups at 1,799, 1,620, 1,463, and 1,117 cm−1, respectively, exhib-
ited five peaks in ZnO-NPs. A shift to 479 cm−1 was observed
for the ZnO group due to the interaction of Zn(NO3)2 ions
with the plant extract’s functional groups. The extract’s bands
at 3,906, 3,752, 3,371, and 758 cm−1 and the ZnO-NPs’ bands
at 3,751, 3,417, 2,928, and 872 cm−1 were ascribed to the methyl,
methylene, and methoxy groups, respectively. The extract
and nanoparticles shared a number of potent groups,
including the bands at 1,420 and 1,440 cm−1 attributed to
the hydroxyl group’s OH stretching vibration. This finding
suggests the presence of alcoholic, phenolic, and acidic
compounds or even water (Figure 2b). The purity and
crystalline structure of ZnO-NPs were assessed using
XRD. The XRD spectrum revealed three prominent diffrac-
tion peaks at 2θ values of 31.727°, 34.379°, and 36.235°,
corresponding to the (100), (002), and (101) crystallo-
graphic planes. Additional peaks were observed for the
(102), (110), (103), (200), and (112) planes. These patterns
confirm the presence of pure ZnO with a hexagonal wurt-
zite crystal structure (Figure 1c). The morphology (size
and shape) and distribution of ZnO-NPs were studied

Figure 1: (a) UV-vis spectra of ZnO-NPs, showed absorbance peak at 369 nm which confirm the formation of ZnO-NPs. (b) FTIR to detect the chemical
functional group in ZnO-NPs and the aqueous extract of A. nilotica. (c) XRD of ZnO-NPs.
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using SEM and TEM. The ZnO-NPs made from A. nilotica
fruits showed an uneven round structure with a size range
of 40–85 nm as indicated by the SEM images in Figure 2a.
Agglomerated nanoparticles were also observed on the SEM
image. Figure 2b shows TEM image of the produced ZnO-NPs
at scales of 25 and 50 nm. Spherical ZnO particles were visible
in the TEM photos. Figure 2c displays the average particle size
distribution histogram as measured by TEM (22.3 nm).

3.2 Activities of A. nilotica aqueous extract
and ZnO-NPs against CRKP

Numerous studies have been conducted to assess the antibac-
terial activity of ZnO-NPs and A. nilotica aqueous extract;
however, the novel approach in this work is to examine the
effects on CRKP and discover how they affect cell mor-
phology. Figures 3 and 4 and Table 2 show that ZnO-NPs

Table 1: FTIR bands of A. nilotica aqueous extract and ZnO-NPs

Peak assignment; functional group A. nilotica (cm−1) Peak assignment; functional group ZnO-NPs (cm−1)

Strong alkyl group (C–H) 3,906, 3,752, 3,371,
and 758

Strong alkane group (C–H) 3,751, 3,417, 2,928
and 872

Medium carboxylic acid (O–H) 1,420 Medium carboxylic acid (O–H) 1,440
Strong and medium group of alkene,
respectively (C]C)

865 and 810 Weak alkene (C]C) 2,086

Strong halogen group (C–Br) 663 and 617 Strong halogen group (C–Br) 620
Strong ketone (C]O) 1,706 Strong carbon dioxide (O]C–O) 2,372
Medium conjugated alkene (C]O) 1,613 Strong acid halide, strong conjugated acid halide, and

strong esters, respectively (C]O)
1,799, 1,775
and 1,740

Strong nitro compound carboxylic
acid (N–O–S)

1,530 Medium amine (N–H) 1,620

Zinc oxide (ZnO) 479

Figure 2: (a) SEM to study the size, shape, and distribution of ZnO-NPs. (b) TEM to study the size, shape, and distribution of ZnO-NPs. (c) Average
particle size of ZnO-NPs determined by TEM.
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Figure 3: (a1) and (c1) ZI of imipenem, meropenem, and colistin antibiotics against CRKP, which showed no inhibition zone with meropenem and
imipenem and weak inhibition zone with colistin. (a2) and (c2) A. nilotica aqueous extract against CRKP (ATCC) at 7.5 mg·mL−1 concentration showed
wide inhibition zone with both clinical samples of colistin-resistant bacteria. (a3 and c3) ZnO-NPs against CRKP at concentration of 7.5 mg·mL−1

showed a wide inhibition zone against both tested clinical isolates. (b1–3) ZI of imipenem, meropenem, colistin, A. nilotica aqueous extract, and ZnO-
NPs against CRKP ATCC 700603 which revealed good susceptibility with both ZnO-NPs and A. nilotica extract, while weak response to the commercial
antibiotics used.

Table 2: ZI, MIC, and MBC of A. nilotica, ZnO-NPs, and colistin against CRKP-1, CRK-2, and ATCC 700603 (mean ± std deviation)

Antimicrobial Tests CRKP (ATCC) CRKP-1 CRKP-2

Colistin ZI (mm) 0 ± 0 8.5 ± 0.707 7 ± 0
MIC (mg·mL−1) 2 ± 0 >16 >16
MBC (mg·mL−1) 1 ± 0 >64 >64

A. nilotica ZI (mm) 11.5 ± 1.5 11.5 ± 0.5 10 ± 1
MIC (mg·mL−1) 11 ± 4.6 9.58 ± 4.6 8.916 4.23
MBC (mg·ml−1) 9.29 ± 4.5 8.67 ± 3.9 7.81 ± 3.8

ZnO-NPs ZI (mm) 9.76 ± 4.56 9.23 ± 4.24 8.63 ± 4.39
MIC (mg·mL−1) 1.35 ± 0. 45 0.9 ± 0 0.3 ± 0.1
MBC (mg·mL−1) 0.5 ± 0 0.68 ± 0.23 0.16 ± 0.06
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showed the most potent antimicrobial activity compared to
colistin, meropenem, imipenem, and plant extract. According
to the size of the ZI, the potency of the antimicrobial activity is
often classified as sensitive, intermediate, and resistant. The
bacterium is regarded as sensitive to the antibiotic if the
observed ZI is larger than or equal to the size of the standard
zone (16mm). In contrast, the microorganism is regarded as
resistant if the observed ZI is lower than 10mm or has inter-
mediate sensitivity if the ZI is between 10 and 16mm (Figures
3 and 4) [25]. All the tested bacteria were susceptible to ZnO-
NPs, exhibited an intermediate ZI to A. nilotica, and were
resistant to colistin. After measuring the ZI, we determined
the lowest dose that can inhibit the bacterial growth (MIC)
and the concentration that kills the bacterial growth (MBC).
As shown in Table 2 and Figure 4, the A. nilotica aqueous
extract showed intermediate MIC for all the tested bacteria
(mean for ATCC is 11 ± 4.6mg·mL−1 and the clinical samples
were 9.58 ± 4.6 and 8.916 4.23mg·mL−1, respectively). Meanwhile,
theMBC ofA. nilotica revealed against the standard CRKP (9.29 ±
4.5mg·mL−1) and (8.67 ± 3.9 and 7.81 ± 3.8mg·mL−1) against the
clinical isolates. The significant results were reported by ZnO-
NPs,which showed 1.35± 0. 45, 0.9 ± 0, and 0.3± 0.1mg·mL−1MIC
against ATCC, CRKP-1, and CRKP-2, respectively; and the MBC
was 0.5 ± 0, 0.68 ± 0.23, and 0.16 ± 0.06mg·mL−1, respectively. All
the tested bacteria were resistant to colistin (MIC more than
16mg·mL−1 and MBC more than 64mg·mL−1). Figure 5 presents

the antibacterial mode of action of ZnO-NPs against CRKP cells
involving the generation of reactive oxygen species (ROS). These
ROS induce oxidative stress in bacterial cells, damaging nucleic
acids and proteins, ultimately leading to bacterial cell death.
Additionally, ZnO-NPs adhere to bacterial cell membranes, dis-
rupting their integrity and causing membrane damage, which
further contributes to cell death.

Figure 4: ZI, MIC, and MBC of A. nilotica, ZnO-NPs, and colistin against CRKP-1, CRK-2, and ATCC 700603.

Figure 5: ZnO-NPs activity mechanism. The mechanism of ZnO-NPs on
CRKP cell. It is represented by ZnO-NPs when generating ROS, which can
cause oxidative stress in bacterial cells. ROS damage nucleic acids and
proteins, leading to bacterial cell death. ZnO-NPs adhere to bacterial cell
membranes and disrupt their integrity. This interaction can lead to
membrane damage and cell death.
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3.3 Evaluation of the effects of A. nilotica
aqueous extract and ZnO-NPs on the
morphology of CRPK cells

After the effects of A. nilotica and ZnO-NPs on CRKP were
examined, we discovered that both treatments showed a
promising antibacterial activity that is greater than that of
commercial antibiotics. We then verified this result by con-
firming the morphological effect on the bacterial cell using
SEM and TEM. Figure 6 illustrates these outcomes. First,
the control negative, which was a typical bacterial cell
(Figure 6a and b), showed a normal rod-shaped cell with
smooth surface outlines, integral and thick cell walls and
cell membranes, and well-distributed intracellular cyto-
plasm without damage. Second, the SEM images of CRKP
treated with colistin as shown in Figure 6c display that the
bacterial cell was only mildly abnormal with few bulges on
the bacterial surface. As illustrated in the TEM photos of
bacterial cells treated with colistin in Figure 6d, some cyto-
plasm had escaped from the cell. This phenomenon may be
related to the bulges observed in the SEM images. Third,
Figure 6e and f shows the effects of A. nilotica aqueous
extract on CRKP. Major changes occurred in the bacterial
cell as shown by a reduction in size and a switch from a
rod- to a cylinder-shaped bacterial form. In addition, the
bacterial surface developed roughness (Figure 6e) and a
thin, unclear cell wall and membrane, together with sig-
nificant surface shrinkage and a fully ruptured cell wall
(Figure 6f). Finally, the synthesized ZnO-NPs on CRKP
showed remarkable effects as revealed in the SEM images
(Figure 6g). The aggregation of ZnO-NPs surrounding the bac-
terial cell resulted in extensive damage to the cell center,
leading to bacterial cell wall destruction and cytoplasmic
leaking. On the side of the TEM image, the cell wall appeared
thin and the cytoplasm escaped from the cell, resulting in cell
integrity disruption and cell death (Figure 6h). Overall, the
present study findings suggest that an eco-friendly drug could
be stronger than a commercial drug. The ZnO-NPs produced
from A. nilotica have promising antibacterial properties, but
further research is required before they can be used to treat
colistin-resistant bacteria.

4 Discussion

The frequent use of colistin to treat CRKP infections has led
to an increase in the number of resistant bacteria. Recent
studies have focused on finding new strategies for fighting
CRKP, including the production of new pharmaceuticals,
repurposing of existing treatments [26,27], use of colistin

in combination with other medications [28,29], a nano-
based method, photodynamic therapy [30], and a phage-
based approach [5]. The present work aimed to determine
the effect of A. nilotica aqueous extract and ZnO-NPs
synthesized using the same plant on CRKP. The UV-vis
spectra indicated a clear peak in the usual range wave-
length (300–390 nm) [19,23,24,31,32]. The produced nano-
particles displayed good characterization (369 nm), confirming
the formation of ZnO-NPs. These results corroborated with pre-
vious findings on the green synthesis of ZnO-NP [12,17,19,23,33].
FTIR spectroscopy was then applied to assess the chemical
characteristics of ZnO-NPs. The results showed that the func-
tional groups inA. nilotica did not differ significantly from those
in ZnO-NPs. Only one group was detected, the strong nitro
compound carboxylic acid (N–O–S), in A. nilotica aqueous
extract. This is mainly responsible for the creation of ZnO-
NPs. Owing to its high percentages of alkene, carboxylic acid,
carbon dioxide, ketone, and halogen groups, the plant extract
contains tannins, flavonoids, alkaloids, fatty acids, and polysac-
charides, which are responsible for the reducing action on Zn
(NO3)2 and help stabilize the growth of the nanoparticles
[8,34,35]. At the tail of the ZnO-NP curve, the ZnO group
appeared at 479 cm−1. This finding (450–490 cm−1) was consis-
tent with previous studies [19,37,38].

From the XRD spectra, we observed that the intensities
of the (100), (002), and (101) peaks were stronger than the
other peaks. This suggests that these crystal planes are
preferential for ZnO-NPs, consistent with the findings of
Chan and others [10,36]. The XRD results were encoura-
ging, as they closely matched previous reports [10,37,38],
although they differed from Aldalbahi et al.s’ [39] work.
Our data revealed a crystalline round and hexagonal struc-
ture for the ZnO-NPs, similar to the results reported by Liu
et al. [38] and Malviya et al. [40]. These findings indicate
that the ZnO-NPs formed are pure and possess an excellent
crystalline structure, evident from their well-defined and
strong diffraction peaks.

The most important results are the SEM and TEM
photos showing the size, shape, and distribution of the
nanoparticles. The images showed good distribution, no
aggregation, irregular to spherical particle shape, and an
average size of 22.3 nm. These findings were also in accor-
dance with our earlier observations and were similar to
the results when ZnO was synthesized with the help of
Aspergillus niger and A. nilotica [3,23]. These outcomes
supported the results of many researchers who synthe-
sized ZnO-NPs by several methods [41,42]. As mentioned
in the introduction, scientists are exploring the production
of nanoparticles from plant extracts due to their small size,
large surface area, and relevant physical properties. These
nanoparticles are suitable for applications in medical
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Figure 6: (a) and (b) SEM images show normal rod-shaped cell with smooth surface and well-distributed intracellular cytoplasm without any damage.
(c) SEM image of the bacterial cell treated by colistin; the bacterial cell surface has a slight curvature, which is different from the typical flat surface of a
normal bacterial cell. (d) TEM image for CRKP treated by colistin; the cytoplasm has escaped from the cell (yellow arrow). (e) SEM image of CRKP cells
treated by A. nilotica aqueous extract; the yellow arrow revealed how the bacterial cell became rough with reduced cell size and shape (change from
rod shape into cylinder shape). (f) TEM image of CRKP cells treated by A. nilotica aqueous extract; the cell wall and membrane thinned with rupture in
some parts, and the intracellular cytoplasm gathered into a network with nodes accompanied by cell cavities (yellow arrow). (g) SEM image of ZnO-
NPs against CRKP showing significant cell alterations represented by the complete damage of the cell wall (yellow arrow), leading to cell rupture and
death; the blue arrows show ZnO-NPs accumulated around the bacterial cell. (h) TEM image of ZnO-NPs against CRKP revealing a clear area of cell wall
disruptions (blue arrow); the cytoplasm has escaped from the cell (orange arrow) and the cell wall has thinned (yellow arrow).
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sciences, and they offer the advantage of being cost-effec-
tive and environmentally friendly. The ZI’s results showed
that all the tested bacteria exhibited susceptibility to the
synthesized nanoparticles and the tested antibiotics and
moderate susceptibility to A. nilotica aqueous extract. A
possible explanation for this result is that synthesized
nanoparticles have good chemicals (have more functional
groups that bind to the bacterial cell wall’s protein and kill
the bacteria, are stable for a long time, and easily dissolve
in water and other solvents) and physical properties (have
a small size of less than 100 nm, making them suitable as
antimicrobial compounds, and low accumulation) that
make them more potent than the plant extract. The lowest
MIC for CRKP was achieved by ZnO-NPs (0.2 mg·mL−1),
followed by A. nilotica aqueous extract (15 mg·mL−1). These
results can be attributed to the stronger antibacterial prop-
erties of ZnO-NPs compared to A. nilotica [3,23]. These find-
ings are consistent with Chan and others who found that of
ZnO-NPs demonstrated significant potential in inhibiting the
growth of various bacteria, including Staphylococcus aureus
(ATCC BAA-1026), Bacillus subtilis (ATCC 6633), E. coli
(ATCC 25922), and K. pneumoniae (ATCC 13883). The MIC
followed a decreasing order: S. aureus = B. subtilis
(15.63 μg·mL⁻¹) > E. coli (62.50 μg·mL⁻¹) > K. pneumoniae
(125.00 μg·mL⁻¹) [36].

Our research group previously reported the MIC results
of synthesized nanoparticles when tested against the porin
protein of carbapenem-resistant K. pneumonia using mole-
cular docking and in vitro experiments. It is found that ZnO-
NPs have the strongest hydrogen bond with the bacteria’s
protein compared with imipenem, meropenem, and cefe-
pime. This bond plays a crucial role in the binding of pro-
teins to ligands [17]. In the present work, the CRKP cells
exhibited morphological alterations in their cell surface
and internal organs as discovered by SEM and TEM,
respectively. Current study results show that compared
with normal bacterial cells, the samples treated by ZnO-NPs
and A. nilotica aqueous extract showed reduced cell size and
shape, membrane damage, bacterial surface roughness
and shrinkage, and a fully ruptured cell wall. Meanwhile,
the TEM photos showed the following alterations: cell wall
disruption leading to cytoplasmic loss, which eventually
resulted in cell death. The ZnO-NP-treated cells exhibited
the most remarkable cell changes. These results reflect the
findings of several researchers, who also found that the
bacterial cells treated with nanoparticles exhibit the same
changes [14,41,42]. The various modifications observed in
CRKP cells supported the results from the earlier studies
which reported that ZnO-NPs generate ROS, which can cause
oxidative stress in bacterial cells. ROS damage lipids, nucleic
acids, and proteins, leading to bacterial cell death. ZnO-NPs

adhere to bacterial cell membranes and disrupt their
integrity. This interaction can lead to membrane damage
and cell death [43,44].

These findings may help further understand how anti-
microbial agents inhibit or kill microorganisms. While the
study provides promising results regarding the antimicro-
bial activity of A. nilotica aqueous extract and ZnO-NPs
against co CRKP, it is important to acknowledge that this
research is limited to in vitro experiments. Further inves-
tigations, including in vivo studies, toxicity, adsorption, and
other side effects of A. nilotica extract and ZnO-NPs on live
cells, are necessary to validate the potential therapeutic
applications of these natural products in preventing CRKP
infections.

5 Conclusion

This study aimed to determine the morphological altera-
tion of CRKP cells treated by green-synthesized ZnO-NPs
and A. nilotica aqueous extract. ZnO-NPs were produced
using the green synthesis method modified by our research
group. The characterization of ZnO-NPs presented a strong
peak at 369 nm when tested with UV-vis spectra. FTIR ana-
lysis revealed functional groups (alkene, nitro carboxylic
acid, alcohol, etc.) responsible for reducing Zn(NO₃)₂ to
ZnO-NPs. XRD confirmed the hexagonal wurtzite crystal
structure of pure ZnO. SEM images displayed uneven
round ZnO-NPs with a size range of 40–85 nm and the
TEM images showed spherical ZnO particles with an
average size of 22.3 nm. ZnO-NPs exhibited potent antimi-
crobial activity against CRKP including the ZI tests indi-
cating sensitivity to ZnO-NPs, intermediate response to
A. nilotica extract, and resistance to imipenem, mero-
penem, and colistin. The MIC and MBC values were deter-
mined for bacterial growth inhibition which detected that
ZnO-NPs had the lowest MIC (0.2 mg·mL−1). The study of
the tested bacterial treated cells with SEM and TEM con-
firmed the following outcomes: The control group exhib-
ited normal rod-shaped bacterial cells with intact cell
walls and membranes, colistin-treated CRKP cells showed
mild abnormalities and cytoplasmic leakage, A. nilotica
extract caused significant changes, including size reduc-
tion and altered cell shape, and ZnO-NPs led to extensive
damage, disrupting cell walls and causing cytoplasmic
leakage. In general, eco-friendly ZnO-NPs from A. nilotica
hold potential for treating colistin-resistant bacteria, pending
further research and both A. nilotica and ZnO-NPs demon-
strated promising antibacterial activity surpassing that of com-
mercial antibiotics.
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