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Abstract
The escalating crisis of lethal multidrug resistance (MDR) pathogens and the alarming rise of resistance to last-
resort antibiotics necessitate urgent exploration of innovative green therapeutic solutions. This study investigates 
the biogenic synthesis of silver nanoparticles (AgNPs) utilizing aqueous leaf extract from Moringa oleifera (MO) and 
evaluates their antibacterial efficacy against Gram-negative nosocomial pathogens. Among 150 nosocomial isolates, 
3% demonstrated susceptibility to all tested antibiotics, underscoring the severity of the resistance dilemma. The 
antibacterial potential of the synthesized MO-AgNPs was assessed alongside their cytotoxic effects on a normal 
mouse liver cell line (BNL). The biosynthesis process involved the reduction of silver nitrate to silver using the 
MO leaf extract. Comprehensive characterization techniques—including UV-Vis spectroscopy, Fourier Transform 
Infrared (FTIR) spectroscopy, Zeta potential analysis, Dynamic Light Scattering (DLS), X-ray Diffraction (XRD), 
Scanning Electron Microscopy with Energy Dispersive X-ray (SEM-EDX), and Transmission Electron Microscopy 
(TEM) confirmed the formation of spherical MO-AgNPs with an average crystalline size of 12.89 nm. Antibacterial 
activity was evaluated via the broth microdilution method, revealing that MO-AgNPs exhibited bactericidal effects 
at a minimum inhibitory concentration (MIC) of ≤ 8 µg/mL for 80% of the pathogens, including 62% of difficult-to-
treat (DTR) pathogens and over 90% among antibiotic class resistant groups, including colistin (Col R), extended-
spectrum cephalosporins (ECR), fluoroquinolones (FQR), and carbapenems (CR). Importantly, these MICs remained 
below the cytotoxic threshold (IC50 = 13.47 µg/mL). These findings highlight the potential of biosynthesized MO-
AgNPs as a novel broad-spectrum antibacterial agent, presenting a promising green therapeutic strategy to combat 
resistant bacterial infections.
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Introduction
Over the past twenty years, antimicrobial resistance has 
escalated globally, affecting treatment efficiency and 
increasing mortality rates [1]. In 2021, the World Health 
Organization estimated that mortality rates would reach 
10 million annually by 2050 [2]. Due to the lack of effec-
tive antibiotics, Colistin was revived and used as the 
last resort antibiotic. Unfortunately, the alarming rise 
in resistance to colistin has been reported [3], which 
requires the exploration of new therapeutic alterna-
tives. Bio-nanotechnology is one of the green therapeutic 
approaches that actively contributes to the fabrication of 
innovative, sustainable anti-microbial drugs with novel 
modes of action, which are essential in combating these 
lethal superbugs [4].

Silver nanoparticles (AgNPs) have garnered attention 
for their therapeutic properties especially their potent 
antimicrobial activity and lower toxicity compared to 
other nanoparticles [5]. Traditional synthesis methods 
for AgNPs, such as chemical reduction and electrochem-
ical techniques, often involve hazardous chemicals and 
high costs, raising environmental concerns. In contrast, 
green biosynthesis utilizing plant extracts offers a sus-
tainable and eco-friendly alternative, leveraging second-
ary metabolites as reducing and stabilizing agents [6].

Moringa oleifera (MO) is a woody tree that grows in 
tropical and subtropical areas of Asia, Africa, and the 
Middle East. Traditionally, MO has been used to cure 
skin conditions, hypertension, diabetes, parasitic infec-
tions, and malaria. Pharmacological characteristics of 
MO is rich in antioxidant, anti-inflammatory, anti-can-
cer, anti-hyperglycemic, and anti-hyperlipidemic [7]. 
Owing to its exceptional nutritional and therapeutic 
properties. it is referred to as a “nature gift”, the “Miracle 
Tree” or the “Tree of Life” [8]. MO has drawn attention 
as an eco-friendly tool for the biogenic production of 
diverse nanoparticles owing to its diverse array of sec-
ondary metabolites [9, 10].

Despite the promising antibacterial properties of 
green-synthesized AgNPs, research remains limited, par-
ticularly concerning their efficacy against nosocomial 
pathogens, which are often more resistant than standard 
laboratory strains. This study aims to biogenically synthe-
size AgNPs using MO aqueous leaf extract and evaluate 
their antimicrobial properties among drug-resistant phe-
notypes of nosocomial pathogens with a focus on emerg-
ing classification approaches for Multi-drug resistance 
(MDR) phenotypes, including the usual drug resistance 
(UDR), Difficult-to-treat resistance (DTR), and Center 
of Disease Control’s antibiotic-class resistance catego-
ries; Carbapenem resistance (CR), Extended-spectrum 
cephalosporin resistance (ECR), and Fluoroquinolone 
resistance (FQR), along with evaluation of reserve antibi-
otic resistance (last resort antibiotics) including Colistin 

(Col), Tigecycline (TGC), and Ceftazidime-avibactam 
(CZA). In addition, the cytotoxic effect on a normal 
mouse liver cell line (BNL) was evaluated to explore 
the potential of MO-AgNPs as a novel therapeutic 
alternative.

Materials and methods
Isolates collection
Non-duplicate Gram-negative bacilli (GNB) isolates were 
collected from the Microbiology labs of four Egyptian 
hospitals: International Medical Center (IMC), Dar Al-
Fouad Hospital (DAF), Ain Shams University (ASU), and 
Mansoura University Hospital (MU). Isolates were col-
lected from inpatients admitted to different health care 
units (ICU and non-ICU) over 8 months from May 2021 
to December 2021. The patient’s demographics were 
recorded (gender, location, specimen, and type of infec-
tion). The collected isolates were from Blood, Urine, Spu-
tum, Wound swabs, Stool, and Cerebrospinal fluid (CSF). 
Identification and Susceptibility testing were carried out 
using Biomérieux VITEK® 2 system on different antibi-
otics including Ampicillin (AMP), ampicillin/clavulanic 
(AMC), piperacillin/tazobactam (TZP), Cefazolin (CZ), 
Cefoxitin (FOX), Ceftazidime (CAZ), Cefotaxime (CTX), 
Ceftriaxone (CRO), Ceftazidime/avibactam (CZA), 
Cefepime (CPM), imipenem (IPM), meropenem (MEM), 
gentamicin (GN), levofloxacin (LEV), ciprofloxacin (CIP), 
tigecycline (TGC) and trimethoprim/sulfamethoxazole 
(SXT). Susceptibility results interpretation was done 
according to Clinical Laboratory Standards Institute 
(CLSI) recommendations [11]. Susceptibility to Colistin 
(COL) was confirmed by the broth microdilution method 
(BMD) [12].

Definitions of drug-resistance phenotypes and antibiotic-
class resistance
In this study, the isolated GNB were classified into three 
phenotypes: Susceptible (S), UDR, and DTR isolates. Sus-
ceptible isolates were described as sensitive to all anti-
biotics except those with intrinsic resistance. UDR was 
described as non-intrinsic in vitro resistance or inter-
mediate to one or more antibiotics, but still effectively 
treated with first-line antibiotics [13]. DTR was described 
as non-intrinsic resistance or intermediate resistance 
in vitro to all first-line antibiotics, the β-lactam catego-
ries, among which are carbapenems and fluoroquino-
lones [14]. Furthermore, antibiotic class resistance was 
categorized according to the Centers of Disease Control 
(CDC) definitions [15]. CR was identified as the in vitro 
resistance to imipenem and meropenem. Ceftazidime, 
cefotaxime, and cefepime resistance in vitro were char-
acterized as ECR. The in vitro resistance to ciprofloxacin 
and levofloxacin was identified as FQR. [16–18].
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M. Oleifera leaves extract preparation
Fresh leaves of Moringa oleifera (MO), (Family: Morin-
gaceae) were obtained from the Horticulture Research 
Institute, Agriculture Research Center in Cairo. The 
leaves were washed and air-dried. 10 g of MO dried 
leaves fine powder was added to 100 mL of double-dis-
tilled water, then heated at 100 °C for 30 minutes. The 
extract was filtered using filter paper (Whatman no. 1) 
and stored at 4 °C [6].

Biogenic silver nanoparticles preparation
Using Silver nitrate (AgNO3) as a precursor, a 2 mM solu-
tion of AgNO3 was prepared using double-distilled water 
and stored in a dark bottle. 10 mL of MO leaves extract 
was added dropwise into 90 mL of 2 mM aqueous solu-
tion of AgNO3 and heated with continuous stirring at 
60 °C for 1 h [19]. The color shift from yellow to red-
dish brown indicated the formation of AgNPs, as shown 
in Fig. 1. The solution was centrifuged for 20 minutes at 
15,000 rpm. After discarding the supernatant, the pellet 
was washed three times with distilled water for 10 min-
utes each. Then, the pellet was heated to dryness at 100 

Fig. 1  (A) Schematic diagram for biogenic synthesis of silver nanoparticles from Moringa Oleifera leave extract (B) Moringa leaves extract, silver nitrate 
solution, reaction mixture “yellow color”, end-product reddish brown color, and (C) the black powder after drying (MO-AgNPs)
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°C for 1 hour. Finally, MO-AgNP powder was collected as 
shown in Fig. 1.

Characterization of MO-AgNPs
UV-VIS spectroscopy (Shimadzu, UV-1800, Japan) was 
used to measure the surface plasmon resonance band 
after the color changed from yellow to reddish-brown, 
indicating the synthesis of AgNps [20]. The functional 
groups of the organic compounds in the MO that capped 
the AgNPs (MO-AgNPs) were identified using Fourier 
transformation infrared (FTIR) spectroscopy (Vertex 70 
FTIR spectrometer, Bruker Optik GmbH). SEM-EDX 
analysis (ZEISS Smart SEM-EDX, Germany) was used 
for visualization of the shape of silver nanoparticles, and 
elemental composition identification of the biogenic 
nanoparticles. The hydrodynamic size and zeta potential 
of the biogenic MO-AgNPs were measured by Dynamic 
light scattering (DLS) (Litesizer 500, Anton Paar, USA). 
An X-ray powder diffractometer (Shimadzu XRD-6000, 
Japan) was used to determine the structural analysis of 
the synthesized MO-AgNPs. XRD patterns are obtained 
in the range of 2θ from 4º to 90º at room temperature. 
The MO-AgNPs crystalline size was calculated using 
Scherrer’s equation:

	
D = Kλ

βcos (θ)

Where D is the average crystallite size, K is the shape 
factor (typically taken as 0.9), λ is the wavelength of the 
X-ray radiation (λ = 1.5406 Å), β is the full width at half 
maximum (FWHM) of the diffraction peak in radians, 
and θ is the diffraction angle [21–23].

Transmission microscope (JEM 100CX, JEOL, Japan) 
imaging determined the shape and measured the size of 
the synthesized nanoparticles.

Antibacterial analysis of MO-AgNPs
Antimicrobial criteria were evaluated by the broth 
microdilution method (BMD). In brief, BMD was per-
formed using two-fold serial dilutions of MO-AgNPs 
and cation-adjusted Muller Hinton broth (CaMHB, 
Condalab, Spain). MO-AgNP concentrations ranging 
from 2 to 256 µg/mL were prepared in double-distilled 
water from a stock solution (1 mg/mL), followed by ster-
ilization by UV exposure for 1 h to eliminate any undesir-
able contamination [6]. A standardized inoculum of 0.5 
McFarland (1.5 x104 CFU/well) was prepared. 50 μL of 
MO-AgNPs of each concentration were added to 50 μL 
of inoculum in each well. The final concentrations of 
MO-AgNPs/well were:128 μg/mL, 64 μg/mL, 32 μg/mL, 
16 μg/mL, 8 μg/mL, 4 μg/mL, 2 μg/mL, 1 µg/mL, 0.5 µg/
mL, and 0.25 µg/mL. To determine MIC endpoints, the 
lowest concentration showing no visual bacterial growth 

was recorded as the Minimum inhibitory concentration 
(MIC) value after 24 h incubation. The MIC and the wells 
of higher concentrations were cultured on agar plates. 
The Minimum bactericidal concentration (MBC) value 
represented the lowest concentration of MO-AgNPs that 
showed no growth on the agar plates. The MBC/MIC 
ratio was calculated, and ratios equal to or below 4 were 
considered to have a bactericidal effect [24].

Cytotoxicity assay of MO-AgNPs using the MTT technique
The Normal mouse liver cell line (BNL) was purchased 
from Nawah Scientific, Inc. (Mokatam, Cairo, Egypt). 
Cell viability was assessed by 3-(4,5-dimethylthiazol-
2-yl)-2,5- diphenyltetrazolium bromide (MTT) assay. 
100 µL cell suspension (5x103 cells) was seeded in 96-well 
plates and incubated in complete media for 24 h at 37 
°C in 5% CO2. Cells were replenished with 100 µL media 
containing MO-AgNPs with concentrations (0.01, 0.03, 
0.1, 0.3, 1, 3, 10, 30, 100, and 300 µg/mL) after 48 h of 
MO-AgNPs exposure, the media was discarded, and 
20 µL of MTT solution was added along with 100 µL 
PBS in each well and incubated at 37 °C for 4 h. Finally, 
the plate was measured at λmax 570 nm using a plate 
reader (BMG Labtech Fluo®star Omega, Germany). The 
experiment was performed in triplicates [25]. IC50 (half 
maximal inhibitory concentration) of MO-AgNPs was 
calculated according to the equation [19]:

	
IC50 = control OD − sample OD

control OD
× 100

The dose-response curve was plotted using GraphPad 
Prism software.

Results
Isolation and identification of pathogens
Among a total of 150 non-duplicate nosocomial GNBs 
collected, 74 were K. pneumoniae, 35 were E. coli, 12 
were P. aeruginosa, 14 were A. baumannii, 7 were Proteus 
mirabilis and 8 were other species (3 Serratia marces-
cens, 3 Salmonella sp., 1 Citrobacter koseri, and 1 Sphin-
gomonas paucimobis).

Susceptibility patterns
Susceptibility testing results with MICs are shown in 
Table 1S. Susceptibility patterns revealed that only 
3% (n = 4) of isolates were susceptible to all antibiot-
ics (S), 53% (n = 80) were UDR, and 44% (n = 66) were 
DTR, Moreover, Antibiotic class resistance showed, 49% 
(n = 74) were CR, 63% (n = 95) were FQR, 75% (n = 113) 
were ECR and 79% (n = 118) were Col R. The Majority 
of A. baumannii were DTR isolates, with a prevalence 
rate of 86% (n = 12), unlike P. mirabilis and E. coli, which 
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exhibited the highest UDR phenotype, with prevalent 
rates of 86% each.

Resistance phenotypes per species
A. baumannii exhibited the highest CR, FQR, ECR, and 
Col R resistance phenotypes, accounting for 86% (n = 12) 
for each CR, FQR, and Col R, and 100% (n = 14) for ECR 
followed by K. pneumoniae, which accounted for 85% 
(n = 63) ECR, and 80% Col R. ECR was the most prevalent 
drug-resistant phenotype for E. coli., accounting for 74% 
(n = 26). For P. aeruginosa, Col R was the highest resis-
tance phenotype, accounting for 75%. For Proteus mira-
bilis, FQR was the main resistant phenotype accounting 
for 71% (n = 5). Both S. marcescens and P. mirabilis are 
intrinsically resistant to colistin, as illustrated in Table 1.

Resistance to reserve antibiotics
Resistance to other Reserve antibiotics; Tigecycline 
(TGC) and Ceftazidime-avibactam (CZA) was reported 
in all tested pathogens and was elevated in A. baumannii 
and K. pneumoniae as illustrated in Table 1.

Infections
Regarding the data analysis of Infections in the study, 
Urinary tract infections (UTI) were the most prevalent, 
accounting for 36% (n = 54) of the total infections, fol-
lowed by Respiratory tract infections (RTI) and Blood-
stream infections (BSI) with percentages of 29% (n = 44) 
and 23% (n = 35), respectively. DTR pathogens predomi-
nated RTI, with percentages of 59% (n = 26), followed 
by BSI with percentages of 44% (n = 15) as shown in 
Figure 1S. ICU infections accounted for 64% (n = 96) of 
the total infections, out of which 56% (n = 54) were DTR 
infections.

Characterization of MO-AgNPs
UV–VIS absorption spectra analysis
The UV-vis spectra of the synthesized nanoparticles 
showed a surface plasmon resonance (SPR) peak at 
450.7 nm, confirming the formation of AgNPs, as illus-
trated in Fig. 2. The SPR of AgNPs is responsible for the 
observed shift from a yellow to a reddish-brown in the 

Table 1  Distribution of drug-resistance phenotypes and antibiotic class-resistance among gnb of the study
Acinetobacter baumannii
(n = 14), N (%)

Klebsiella pneumoniae
(n = 74), N (%)

E. coli
(n = 35), N (%)

Pseudomonas aeruginosa
(n = 12), N (%)

Proteus mirabilis
(n = 7), N (%)

Others
(n = 8), N (%)

Resistance categories
  S 0 (0%) 1 (1%) 1 (3%) 2 (17%) 0 (0%) 0 (0%)
  UDR 2 (14%) 29 (39%) 30 (86%) 7 (58%) 5(86%) 7 (88%)
  DTR 12 (86%) 44 (59%) 4 (11%) 3 (25%) 2 (29%) 1 (20%)
Antibiotic class resistance
  CR 12 (86%) 46 (62%) 6 (17%) 6 (50%) 3 (43%) 1 (13%)
  ECR 12 (86%) 63 (85%) 26 (74%) 4 (33%) 4 (57%) 2 (25%)
  FQR 14 (100%) 54 (73%) 17 (49%) 5 (42%) 5 (71%) 1 (13%)
Reserve antibiotic
  Col R 12 (86%) 59 (80%) 23 (66%) 9 (75%) 7 (100%) 5 (63%)
  TGC R 9 (64%) 21 (28%) 1(3%) 3 (25%) 4(57%) 1 (20%)
  CZA R 14 (100%) 56 (76%) 12 (34%) 6 (50%) 3 (43%) 2 (25%)
Abbreviations: S: susceptible; UDR: Usual drug resistance; CR, carbapenem resistance; DTR, difficult-to-treat resistance; ECR, extended-spectrum cephalosporin 
resistance; FQR, fluoroquinolone resistance; Col R: Colistin resistance; TGC R: tigecycline resistance, CZA R: Ceftazidime/avibactam

Fig. 2  UV-VIS spectroscopy results
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aqueous solution because the free electrons in the metal 
are excited during the synthesis of AgNPs [20].

FT-IR analysis
As illustrated in Fig. 3, the FTIR analysis pattern showed 
that the broad absorption peak 3704.02 to 1912.56 cm−1 
range can be assigned to hydroxyl (−OH) and amino (−
NH) functional groups, suggesting that phytocompounds 
such as proteins and polysaccharides in the extract. The 
absorption peaks at 1629.95 and 1523.78 cm−1 are attrib-
uted to the stretching vibrations of carbonyl (C = O) 
groups and the bending vibrations of amino (N-H) 
groups, respectively, indicating the involvement of bio-
molecules like proteins in the synthesis process. Fur-
thermore, the peaks in the 700 to 500 cm−1 region can 
attributed to the vibrational modes of metal-oxygen 
(M-O) bonds, suggesting linkages formation between 
the Ag ions and the functional groups of the phytocom-
pounds of the MO leaf extract [26, 27]. Overall, the FTIR 

results provide evidence that phytocompounds are essen-
tial in the synthesis and stabilization of MO-AgNPs.

X-ray diffraction (XRD) analysis
XRD pattern showed four prominent diffraction peaks 
at 2 Theta angles 37°, 44°, 64° and 77°, as shown in Fig. 
4. These 2 θ angles correspond to the 111, 200, 220, and 
311 diffraction planes of the Face-Centered Cubic (FCC) 
structure of MO-AgNPs, respectively. The additional 
peaks indicate the presence of organic compounds linked 
to MO-AgNPs. Using Scherrer’s formula, the calculated 
particle size was 12.89 nm [21–23]

Dynamic light scattering (DLS) and zeta potential analysis
DLS analysis showed that the average hydrodynamic size 
of MO-AgNPs is 120.28 nm. Figure 5a. The polydispersity 
index (PDI) was 19.4%, indicating that the particles are 
homogeneous in size, which can be beneficial for appli-
cations requiring consistent properties The mean zeta 

Fig. 4  X-ray diffraction spectra of the biosynthesized MO-AgNPs

 

Fig. 3  FTIR spectra of MO-AgNPs
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potential of the biosynthesized MO-AgNPs is −13.3 mV, 
reflecting their electrostatic stability in suspension, Fig. 
5b. The negative zeta potential indicates a negative sur-
face charge on the nanoparticles, likely due to the pres-
ence of functional groups or ions on their surface [28].

SEM-EDX analysis
DX spectra, shown in Fig. 6, showed the elemental com-
position of the biogenic AgNPs; a strong silver signal and 
signals for other biomolecules, including C, N, O, S, and 
Cl. The EDX data provide the relative weight percent-
ages and atomic percentages of the detected elements to 
assess the purity and composition of the biogenic MO-
AgNPs. The high weight percent of Ag (38.26%) confirms 
the successful incorporation of Ag into the nanoparticles 
during the green synthesis process. The presence of car-
bon (C), nitrogen (N), and oxygen (O) in high weight and 
atomic percentages suggests the involvement of organic 
phytocompounds from the leaf extract in the synthesis 
and stabilization process, Fig. 6 SEM Imaging confirmed 
the spherical shape of the synthesized MO-AgNPs. The 
MO-AgNPs seem to have formed nanoclusters and 
aggregated together as shown in Figure 2S.

Transmission electron microscope (TEM)
The spherical morphology of MO-AgNPs was visual-
ized by the Transmission Electron Microscope (TEM), 
and measured particle sizes ranged between 12.2 nm to 
19.4 nm as shown in Fig. 7.

MO-AgNPs antibacterial activity
Broth microdilution results showed that most of the 
tested pathogens, 120 isolates (80%) scored a MIC ≤ 8 µg/
mL, 40% (n = 60) scored MIC 4 µg/mL, and 20% (n = 30) 
scored MIC 16 µg/mL. The MBC/MIC ratio was below 4 
in all isolates, demonstrating a bactericidal effect.

The MO-AgNPs MIC range in A. baumannii was 
4–16 µg/mL, 0.25–16 µg/mL in K. pneumoniae, 
0.25–4 µg/mL in E. coli, 2–8 µg/mL in P. aeruginosa, and 
4 µg/mL in P. mirabilis as shown in Fig. 8

The MICs across drug-resistant phenotypes showed 
that 70% (n = 19) of DTR pathogens scored a MIC of 8 µg/
mL, and 90% (n = 9) of UDRs scored a MIC of 2 µg/mL. 
MICs ≤ 8 µg/mL were reported in 62% (n = 41) of DTRs 
and 94% (n = 75) of UDR pathogens, as shown in Fig. 9.

The MIC of MO-AgNPs across antibiotic class resis-
tances were ≤ 8 µg/mL in 98% (n = 113) of the Col R class, 
96% (n = 109) in ECR, 94% (n = 88) in FQR, and 92% 
(n = 68) in CR as illustrated in Figures 10 & 3S.

Fig. 6  EDX pattern of the synthesized MO-AgNPs (a), and (b) the weight and atomic percentages of the identified elements

 

Fig. 5  (a) Dynamic light scattering (DLS) and (b) Zeta potential analysis for MO-AgNPs
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Fig. 9  Minimum inhibitory concentrations of MO-AgNPs across drug resistance phenotypes

 

Fig. 8  Minimum inhibitory concentrations of MO-AgNPs against GNB pathogens

 

Fig. 7  TEM imaging of MO-AgNps
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Cytotoxicity assay
Cell viability was determined by MTT assay on a normal 
mouse liver cell line (BNL). The experiment was per-
formed in triplicate, and the ELISA Reader measured the 
plate readings. The IC50 of MO-AgNPs was 13.47 µg/mL. 
ELSA readings with mean and standard deviations and 
the dose-response curve are shown in Fig. 11. The MTT 
assay plate and cell viability graph are shown in Figure 4S.

Discussion
Antimicrobial Drug Resistance (AMR) has rapidly esca-
lated globally, leading to the development of contain-
ment measures to guide research and development of 
therapeutics. Standardization of MDR definitions was 
one of these approaches. The novel MDR categorization 
approach classifies pathogens based on treatment into 
Susceptible (S), UDR, and DTR [29] and emphasizes the 
close monitoring of antibiotic-class resistance categories 
and reserve antibiotic resistance (Last resort antibiotics). 
These frameworks underscore the impact of antibiotic 
resistance on clinical outcomes and treatment choices, 
serving as a valuable epidemiological tool. It suggests that 
less effective or more toxic antibacterial agents may need 
to be considered in therapeutic decision-making, which 
raises health concerns and contributes to increased anti-
biotic overuse and infection control costs [14].

Estimates at the species level in the current study 
revealed that 9 distinct taxon-specific were reported, 
those species included Acinetobacter baumannii, Pseu-
domonas aeruginosa, and E. coli. Those three taxa were 
ranked as critical on the WHO priority pathogens list 
for research and development [30], as well as less fre-
quent but clinically distinct Gram-negative taxa, includ-
ing Sphingomonas paucimobis, Citrobacter koseri, 
Serratia marcesens, and Salmonella group which fre-
quently exhibit resistance. Taxa that displayed DTR-
resistant phenotypes were A. baumanni, K. pneumonia, 
Pseudomonas aeruginosa, Proteus mirabilis, E. coli, 
and Sphingomonas paucimobis. Even though DTR was 

uncommon in E. coli, it cannot be ignored in A. bauman-
nii, K. pneumonia, P. aeruginosa, and P. mirabilis. These 
findings are consistent with results were reported by the 
epidemic trends in China [18] and in the USA [14].

According to antibiotic-class resistance categorization, 
A. baumannii exhibited the highest CR, FQR, ECR, and 
Col R resistant patterns, accounting for 86% for each CR, 
FQR, and Col R, and 100% for ECR, These findings are 
consistent with reports from China. [14, 18, 29].

For K. pneumoniae, ECR, and Col R were the most 
prevalent resistance antibiotic class categories, account-
ing for 85 and 80% Col R respectively. These rates were 
much higher than those detected in China, the United 
States, and South Korea [14, 18, 29].

ECR was the most prevalent antibiotic class-resistant 
category for E. coli., accounting for 74%, followed by 
FQR, with a prevalence rate of 49%. These findings are 
inconsistent with the surveillance results provided in the 
US, South, and China [14, 18, 29] which indicated that 
FQR was the most prevalent phenotype in E.coli followed 
by ECR.

For P. aeruginosa, Col R was the highest resistance phe-
notype accounting for 75%, followed by CR accounting 
for 50%. Other reports from China, the US, and South 
Korea reported prevalence rates < 30 in these antibiotic 
class resistance categories [14, 18, 29].

The regional variations in susceptibility patterns may 
arise from factors such as antibiotic misuse, varying 
infection control policies, and differences in sanitation 
practices across regions.

In the biogenic synthesis of MO-AgNPs, the color shift 
is attributed to a phenomenon called surface plasmon 
resonance (SPR), involving the oscillation and interaction 
of electrons between the positive and negative charges on 
the surface of the nanoparticle. Spectrophotometric mea-
surements allowed a preliminary characterization of the 
biosynthesized MO-AgNPs. An absorption band around 
450 nm was visible in the absorption spectrum, indicating 
the formation of AgNPs in the reaction. Similar findings 

Fig. 10  Minimum inhibitory concentrations of MO-AgNPs across antibiotic class resistant categories
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were reported by Haris, in which the absorption band of 
the synthesized MO-AgNPs was around 440 nm [31].

Three methods, i.e., TEM, SEM, and DLS, were used 
to determine the size, shape, and hydrodynamic size of 
MO-AgNPs. The biogenic MO-AgNPs appeared in TEM 
imaging as spherical nanoparticles (metallic core) with an 
average size of 12–22 nm, the spherical morphology was 

confirmed by SEM. A similar study conducted by Asif et 
al. in which imaging showed uniform MO-AgNPs with 
globular morphology with an average size of 10–25 nm, 
larger spherical MO-AgNPs were reported by Ghosh et 
al. [32], with an average size of 30 nm. The conducted 
DLS analysis in this study reported a hydrodynamic size 
of 120 nm, this result aligns with Abdel-Rahman et al. in 

Fig. 11  (a) MTT assay results of MO-AgNPs on the BNL cell line and (b) the dose response curve
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which the hydrodynamic size was 100 nm. [19]. The sig-
nificant disparity between the hydrodynamic diameter 
(120 nm) and TEM-measured core size (12–19 nm) of 
MO-AgNPs can be attributed to inherent methodological 
differences in nanoparticle characterization and interfa-
cial dynamics. TEM analysis reveals the inorganic metal-
lic core under high vacuum conditions, while dynamic 
light scattering (DLS) accounts for the nanoparticle’s 
effective motion in solution, encompassing phytochemi-
cal capping agents (e.g., polyphenols, flavonoids) of MO 
extract form an organic layer around the AgNP core, 
critical for colloidal stability but undetected in conven-
tional TEM. In addition to the hydration effects, bound 
water molecules at the nanoparticle-solution interface 
increase the hydrodynamic radius and Aggregation pro-
pensity; the interparticle interactions mediated by sur-
face biomolecules may induce reversible aggregation in 
solution, disproportionately increasing DLS-derived size 
measurements. The DLS method, unlike microscopy, 
does not allow measurement of the size of individual 
particles within aggregates. Therefore, very often in such 
cases, the dimensions of the hydrodynamic radius deter-
mined by the DLS method are tens of times larger than 
the dimensions of the particles determined by TEM [33]. 
SEM images showed some nanoclusters and aggregates 
in this study.

XRD analysis showed a sharp 2θ angle peak at 37.7, 
corresponding to the 111 plan, confirming pure AgNPs. 
These findings were compliant with Asif et al. in which a 
sharp peak was detected at 38.4 [6]. Moreover, XRD stud-
ies specified the crystalline nature of the biosynthesized 
MO-AgNPs. There were 2θ angle peaks (44°, 64°, and 77°) 
corresponding to 200, 220, and 311 silver plans, respec-
tively. Furthermore, the dispersed diffraction peaks in 
the XDR analysis might correspond to the organic com-
pounds stabilizing the exterior of the synthesized MO-
AgNPs [6, 31]. The average crystalline size was 12.89 nm, 
a much smaller crystalline size of 8.05 nm was reported 
in a previous study [6].

The Zeta potential was −13.7 mV; values between −10 
and −30 mV typically indicate moderate stability, sug-
gesting a potential risk of aggregation over time at this 
level [28]. Low zeta potential values affect reproducibil-
ity, often result in variability between batches. Moreover, 
efficiency might decrease due to instability, impacting 
their effectiveness.

The EDX spectrum showed the elemental composition 
of the synthesized MO-AgNPs. EDX pattern showed an 
Ag signal along with signals of other components C, O, S, 
N, and Cl [34].

The biogenically synthesized MO-AgNPs demon-
strated great antibacterial potential against all the tested 
pathogens, of different antibiotic class-resistance and 
resistance phenotypes (S, UDR, and DTR) pathogens. 

Previous reports demonstrated the antimicrobial poten-
tial of MO-AgNPs against both bacteria and fungi [35, 
36] and highlighted the efficiency of MO-AgNPs over 
biogenic AgNPs produced from various plants [37–39].

MO-AgNPs MIC range was 0.25–16 µg/mL across dif-
ferent pathogens, with a MIC/MBC ratio of less than 4 
confirming a bactericidal effect on all the tested patho-
gens. Previous studies conducted on GNB using non-
biogenic AgNPs showed higher MIC ranges [24]. Much 
higher MIC values were reported on using biosynthe-
sized AgNPs from marine Streptomyces [40] against 
GNB. The previous study reported closer MIC values to 
the current study [41]. The apparent difference in MIC 
values between the present investigation and the other 
research could originate from varying sizes, and shapes, 
as well as the manufacturing process of AgNPs [42].

Nanomaterials, such as AgNPs, have hazardous effects 
on various organs, including spleen, liver, kidney, and 
lungs. Therefore, it’s crucial to evaluate AgNPs’ dynamic 
in vivo [43–45]. The cytotoxic effect of MO-AgNPs 
was assessed using an MTT assay on the BNL cell line. 
Results showed that MO-AgNPs inhibited normal-liver 
cell growth at IC50 13.47 µg/mL.

On comparing MIC range results to the cytotoxic-
ity results, the reported IC50 value of 13.47 μg/mL falls 
within the MIC range (4–16 μg/mL). Moreover, 40% of 
isolates scored an MIC of 4 μg/mL, and 80% (n = 120) 
scored an MIC below 16 μg/mL. This means that the 
MO-AgNPs can effectively kill the pathogenic GNB of 
different resistance phenotypes at a concentration of ≤ 
8 μg/mL, without any damage to normal liver cells.

Overall, the broad-spectrum antimicrobial potential of 
biogenic MO-AgNPs and their ability to maintain selec-
tive toxicity highlight their promise for biomedical appli-
cations. Continued research is essential to optimize their 
properties, elucidate their modes of action, and standard-
ize synthesis and characterization processes for AgNPs. 
Future Studies should also include combination with dif-
ferent antibiotics along with clinical validation.

While the results are promising, the study has several 
limitations:

 	• The zeta potential of −13.3 mV indicates moderate 
electrostatic stability, suggests that nanoparticles 
tend to aggregation and precipitation over time, 
which could alter their antibacterial efficacy, and 
biodistribution.

 	• Polydispersity Index (PDI) of 19.4% is considered 
moderately high for nanoparticle synthesis. This 
confirms a non-uniform size distribution, meaning 
there is a wide variety of nanoparticle sizes and 
aggregates present, aggregation can impact 
bioavailability, and cellular uptake.
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 	• The cytotoxicity was only tested on a single normal 
mouse liver cell line (BNL). This does not represent 
the potential toxicity to other critical cell types, 
especially human cells.

 	• Narrow Scope of Antibacterial Testing: The 
study demonstrates efficacy against a selection of 
nosocomial pathogens but does not explore efficacy 
against biofilms & Gram-positive bacteria.

Conclusion
Current research biogenically synthesized AgNPs from 
MO leave extract. The biogenic MO-AgNPs were spheri-
cal with an average size of 12.86 nm and a hydrodynamic 
size of 120 nm, The polydispersity index was 19.4%, indi-
cating the uniformity of the synthesized particles. and the 
zeta potential was −13.3 mV reflecting their electrostatic 
stability in suspension. MO-AgNPs showed a broad spec-
trum and bactericidal effect against nosocomial patho-
gens with different Multidrug resistance phenotypes 
(UDR and DTRs) and different antibiotic class resistance 
categories, with MIC ≤ 8 µg/mL, against most pathogens 
and IC50 = 13.47 µg/mL against normal mouse liver cell 
line (BNL). The reported MIC was significantly below the 
cytotoxic threshold, providing hope for biogenic MO-
AgNPs’ potential as a green therapeutic option for noso-
comial multidrug-resistant GNB.
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