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Background: In respiratory care units (RCU), virulent bacteria have been 
an enormous burden in respiratory tract infection treatments. Many 
of these bacteria produce enzymes that are usually associated with 
virulence, resistance, and pathogenicity. Acinetobacter  baumannii is 
one of the most abundant infections in RCU. 

Aim: The present research was conducted for the green synthesis of 
copper oxide nanoparticles (CuONPs) via Alhagi maurorum extract to 
study anti-enzymatic activity against Acinetobacter baumannii isolated 
from sputum samples. 

Methods: Sputum samples isolated and identified by growing on 
MacConkey agar, blood agar and chocolate agar, and  the VITEK-2 
compact system. Bacterial enzymatic activity was determined by the 
agar-well diffusion method. Copper oxide nanoparticles (CuONPs) were 
prepared using Alhagi maurorum plant extract.  Characterisation was 
done by UV-visible spectroscopy, energy dispersive X-ray analysis, Fourier 
transform infrared (FTIR), X-ray diffraction (XRD), zeta potential analyses 
and field emission scanning electron microscopy (FESEM). Anti-enzymatic 
activity of Alhagi maurorum extract, CuONPs and Alhagi maurorum-
CuONPs (AHCuONPs) was determined against Acinetobacter baumannii. 

Results: The characterizations confirmed the synthesis of AHCuONPs with 
high purity and crystalline structure. Fourier transform infrared analysis 
indicated a strong interaction between Alhagi maurorum phytochemicals 
and CuONPs. Zeta potential measurements of +48.15 mV indicated 
the stability of the nanoparticles. The enzyme inhibition properties of 
protease-producing Acinetobacter  baumannii were highly significant, with 
a synergistic effect observed for Alhagi maurorum-CuONPs (AHCuONPs) 
and with CuONPs alone at 20% concentration. 

Conclusion: The anti-enzymatic mechanisms of CuONPs and AHCuONPs 
represent a promising approach to combat the emergence of Acinetobacter  
baumannii and limit its virulence by protease-enzyme inhibition.

Keywords: Copper Oxide Nanoparticles, Alhagi Maurorum Extract, 
Anti-Enzymatic, Acinetobacter Baumannii, Respiratory Tract Infections
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Introduction
Virulent bacteria have emerged as an important problem 
throughout the world for respiratory tract infections.1,2 The 
most common bacteria among respiratory care unit (RCU) 
patients are Pseudomonas aeruginosa, Staphylococcus 
aureus, Acinetobacter baumannii, and Klebsiella 
pneumoniae. Unfortunately, these bacteria have turned 
into difficult-to-treat bacteria because of the resistance 
developed against the standard usage of antibiotics.3-5 The 
pathogenicity and antibiotic resistance of many respiratory 
tract bacteria require the production of various enzymes.6 
β-lactamases, proteases, and lipases are enzymes that 
mediate the bacterial dissemination and survival within 
the host.7 Bacterial proteases play vital functions in cell 
physiology, replication, and survival. Extracellular proteases 
are responsible for the destruction of host tissue as well 
as the degradation of host defenceproteins including 
immunoglobulin A (IgA).8 This has made the need for finding 
new ways to fight infection more important, including the 
exploration of new approaches to overcome the severity 
of many respiratory tract pathogens.9,10   

Metal oxide nanoparticles (NPs), including copper oxide 
nanoparticles (CuONPs), represent a promising class of 
nanomaterials in fighting against bacterial attacks via 
multiple mechanisms such as reactive oxygen species 
(ROS) generation, disruption of microbial membranes, and 
interference with the action of some important enzymes 
critical for its survival.11 Some metal oxide nanoparticles 
present properties involve high biocompatibility and a great 
surface area available for interaction with biotic materials.12

One such field that has a very growing area of interest is the 
green synthesis of nanoparticles through the use of plant 
extracts, which have a much less ecological and budgetary 
cost than other classical chemical approaches.13 Plants 
continue to be a significant source of several chemicals 
that support better human health and potential raw 
material for nanoparticle synthesis. One promising plant 
is Alhagi maurorum due to its presence of antimicrobial 
and antioxidant compounds.14

Alhagi maurorum is a member of the Fabaceae family 
and grows widely in sandy soils. The plant blooms in July, 
and May and might reach a length of two meter.15 Alhagi 
maurorum demonstrated many preventative qualities, 
particularly their potent antibacterial and antioxidant 
effects, as well as their raw extracts and chemical 
constituents, have been the subject of much researches.16

Research has shown that nanoparticles may interfere 
with the action of many enzymes, therefore reducing the 
pathogenicity of various bacteria by inhibition of some 
virulence factors.17 The present study investigated anti-
enzymatic activity of CuONPs  synthesisedusing Alhagi 

maurorum extract against Acinetobacter  baumannii 
isolated and identified from sputum samples of patients 
in respiratory care units (RCUs). This approach could help 
find sustainable and effective ways to treat and control 
infections caused by antibiotic-resistant pathogens.

Materials and Methods
Collection of sputum samples

The present study was conducted in the  period between 
November 2023 and July 2024. One hundred (100) sputum 
samples were collected from (38) females, (53) males and 
(9) children’s patients who were admitted to the RCU in 
Al-Yarmouk Teaching Hospital and Neurosurgery Teaching 
Hospital. Samples were aseptically collected in sterile vials 
and transported to the laboratory. The study received 
ethical clearance from the Ethical Committee of Al-Iraqia 
University/ College of Medicine/Microbiology Department. 

Isolation of bacteria and determination of antibiotic 
resistance

The sputum samples were cultured on blood, chocolate, 
and MacConkey agars to isolate the bacterial pathogens 
of the respiratory tract. Subculturing was performed onto 
freshly prepared media to purify the mixed cultures. The 
isolates were identified using standard microbiological 
techniques, such as Gram staining and biochemical tests 
(urease and Simmons citrate)18 The antibiotic resistance 
and diagnostic bacteria of the isolates were determined 
by using the VITK-2 system following the manufacturer’s 
instructions.

Detection of protease-producing bacterial isolates

The protease enzyme activity was determined using skim 
milk agar medium. For preparation of skim milk agar, 51.5 
grams of nutrient agar weresuspended in 1  litre 

of distilled water and boiled until complete dissolution.  
Sterilisation was done by autoclaving the medium at 121°C 
for 15 minutes. It was allowed to cool to 45°C, and 5 mL 
skim milk was added and then dispensed into sterile Petri 
dishes.19 Protease production was detected in the bacterial 
isolates by measuring the clearance zone diameter in skim 
milk agar. After preparing the milk skim agar, a cork borer 
with a diameter of 0.6 mm was used to make four wells in 
each Petri dish. The bacterial suspension was adjusted with 
McFarland solution 1.5 x 108 and dispensed into each well 
to detect which isolates produced protease. The bacterial 
suspension that grew on nutrient broth before one day of 
incubation at 37°C was diluted with sterile normal saline 
and compared with the McFarland Standard (1.5 x 108).20

Collection and preparation of Alhagi maurorum 
plant extract

Fresh Alhagi maurorum plants were collected from their 
natural habitat in Abo-Gareeb, Baghdad. The plant material 
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was washed with distilled water, air-dried, and ground 
into a fine powder to extract compound.13 The air-dried 
ground Alhagi maurorum plant material, weighted 100 
grams for each sample, was extracted with the aqueous 
methanol (methanol: water, 80 % v/v), (500 mL) solvent 
for 8 hours under Soxhlet on a water bath in separate 
experiments.21 The extracts were concentrated and freed 
of solvent under reduced pressure at  45°C  using a rotary 
evaporator. The dried crude concentrated extracts were 
weighed to calculate the yield and stored in a refrigerator 
at 4°C until used.

Synthesis of Copper Nanoparticles 

Polyvinyl  alcohol (PVA)and vitamin C (1%) were added to 
freshly prepared 0.2 M copper nitrate solution in a ratio 
of 1:1:3, respectively. Accompanied with constant stirring, 
the solution was heated for 4 hours at 55°C until a colour 
change was observed with some modification. The fully 
reduced solution was centrifuged for 15 minutes at room 
temperature  (5000 rpm), washed, and stored at 4°C until 
further use.22-24 

Preparation of Alhagi maurorum-Copper Oxide 
Nanoparticles

To 200 mL of distilled water, the powdered plant materials 
were added and heated at 60°C for 30 minutes. The resultant 
heated mixture was filtered by using Whatman No. 1 filter 
paper. The obtained filtrate was stored at 4°C and used later 
for the synthesis of nanoparticles.17 A concentration of 0.1 M 
aqueous solution of copper sulphate (CuSO4) was prepared. 
Alhagi maurorum extract was added dropwise to copper 
sulphate ( (CuSO₄)) solution under stirring conditions. 
The reaction mixture was kept at 70°C for 2 hours; due 
to time, colouring changes indicated the development of 
Alhagi maurorum-copper oxide nanoparticles (AHCuONPs). 
Centrifugation of the solution was performed at 10,000 rpm 
for 20 minutes, followed by washing with distilled water 
and ethanol and drying at 60°C for 12 hours for further  
characterisation.12

Characterisation of Alhagi maurorum-Copper Oxide 
Nanoparticles

The  synthesised nanoparticles were  characterised using 
UV-vis spectroscopy analysis, energy dispersive X-ray 
analysis, Fourier transform infrared (FTIR), X-ray diffraction 
(XRD) analysis, zeta potential analyses, and field emission 
scanning electron microscopy (FESEM).

Determination of anti-enzymatic activity

The determination of anti-enzymatic activity of 
the nanoparticles (CuONPs), Alhagi  maurorum-
CuONPs(AHCuONPs), and Alhagi maurorum extract was 
done using the agar well-diffusion method. Acinetobacter  
baumannii bacterial cultures were incubated with three 

different concentrations, 10%, 20%, and 40%, of tested 
solutions.16 An amount of the respective tested solution 
was added into a bacterial suspension in a  sterilised 
container; subsequently, an aliquot of 0.1 ml of that mixture 
was introduced into separated wells on nutrient agar. 
The positive control had 0.1 ml of bacterial suspension 
adjusted to McFarland standard without any addition, 
and a negative control constituted 0.1 ml of normal saline. 
One well was treated with Alhagi maurorum extract mixed 
with the bacterial suspension, which was adjusted to the 
McFarland standard, and in another well, maurorum-
CuONPs mixture with bacterial suspension adjusted to 
the McFarland standard was added. A separate well was 
prepared with 0.1 ml of the nanoparticles, CuONPs, mixed 
with bacterial suspension, also adjusted to the McFarland 
standard (to measure the concentration of bacteria). The 
nutrient agar plates were incubated at 37°C for 24 hours 
to allow bacterial growth and evaluate the anti-enzymatic 
activity of the test solutions.

Statistical analysis
Triplicate sets of all experiments were performed, and 
the data obtained was subjected to a statistical package 
(IBM SPSS, Chicago, IL, USA; version 29). Values obtained 
were expressed as mean ± standard error of mean (SEM). 
For testing significant differences in quantitative data, a 
Student’s T-test comparing two independent means or 
more than two independent means through ANOVA was 
employed. A P-value of ≤ 0.05 was considered statistically 
significant.

Results
Bacterial isolation, identification and antibiotic 
resistance

One hundred sputum samples (100) were cultivated on 
blood agar, MacConkey agar, and chocolate agar to identify 
the bacterial species. The isolates have undergone  plenty 
of biochemical tests, including the triple sugar iron (TSI) 
assay, urea hydrolysis, and Simmon’s citrate. The results 
of biochemical tests were demonstrated in table 1.  Gram-
stained bacterial smears examined under a microscope 
to show the variations in cell shapes. Forty-three of the 
sputum samples (43/100) showed no signs of bacterial 
development, while fifty-seven samples (57/100) have 
presented growing bacterial colonies. Results revealed that 
Acinetobacter baumannii and Klebsiella pneumoniae were 
the most isolated bacteria in the RCU sputum samples, 
with 34 (34%) and 28 (28%) isolates, respectively (table 2).

Acinetobacter spp. presented in 47.4% (27/57) of the 
positive isolates of RCU sputum samples (figure 1). 
Acinetobacter baumannii detected in (7/57). Other bacterial 
isolates include eighteen (18/57) isolates of Klebsiella 
species, one (1/57) isolate of Proteus mirabilis, one (1/57) 
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isolate of Staphylococcus aureus, one isolate (1/57) of 
Pseudomonas aeruginosa, and three (3/57) samples of 
normal flora. The VITEK-2 system was used to further 
validate identification. All samples were found resistant to 

amikacin, gentamicin, tobramycin, ciprofloxacin, pefloxacin, 
minocycline, colistin, rifampicin, trimethoprim, ceftazidime, 
cefepime, aztreonam, imipenem, and meropenem.

Bacterial 
isolates

Gram 
stain

Citrate 
test

Lactose 
fermentation

Indole test 
(peptone water)

Triple sugar 
iron (TSI)

Urease 
test

Oxidase 
test

Catalase 
test

Klebsiella 
pneumonia - + + - A/A+- + _ +

Acinetobacter 
baumannii - + + - k/k - - +

Proteus 
mirabilis - + - - K/A++ + - +

Pseudomonas 
aeruginosa - + - - K\K - - + +

Table 1.Biochemical tests of gram-negative bacterial isolates

Table 2.Percentage occurrence of bacterial isolates from sputum samples

Figure 1.Acinetobacter on MacConkey agar

Bacterial isolate Frequency of occurrence Percentage occurrence

Acinetobacter species 27 47.4

Acinetobacter baumannii  7 12.3

Klebsiella species 18 14.0

Klebsiella pneumonia 10 17.4

Proteus marinus  1   1.8

Staphylococcus aureus  1   1.8

Normal flora  3   5.3

Total 57 100.0
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Production of protease enzyme by Acinetobacter  
baumannii

Acinetobacter  baumannii was selected from the isolated 
species to reveal the enzymatic activity (protease 
production). The ability of this bacteria to produce enzyme 
was assessed using a protease enzyme assay for each 
of  Acinetobacter baumannii isolates. Further analysis 
revealed that the protease enzyme was produced in four 
(4/7) isolates. Clear zones surrounding bacterial colonies 
were observed confirming protease production (figure 2).

Characterisationof Alhagi maurorum plant 
extract and copper oxide nanoparticles
UV-visible spectroscopy (UV-Vis) analysis of 
nanoparticles

UV-Vis’s absorption spectra were performed on various 
tested solutions, including the nanoparticles CuSO₄, 
CuONPs, Alhagi maurorum extract, and Alhagi maurorum-
CuONPs. In the UV-Vis spectrum of CuSO₄, a very clear 
absorption peak could be viewed due to typical d-d 
electronic transitions of  Cu²⁺ions in solution (Figure 3A). 
The other solution, CuONPs, exhibited an SPR peak in the 
visible region due to the formation of nanoparticles and 
the collective oscillation of conduction band electrons 
(Figure 3B). Alhagi maurorum extract demonstrated specific 
absorbance peaks associated with its bioactive compounds, 
including phenolics and flavonoids, which are likely involved 
in the bio-reduction and capping of nanoparticles (Figure 
3C).  The spectrum of Alhagi maurorum- stabilised CuONPs 
combines features from both the CuONPs and the Alhagi 
maurorum extract, with a shift in the SPR peak compared 
to CuONPs alone (Figure 3D).  This shift suggests successful  
stabilisationand  functionalisationof CuONPs by the extract, 
potentially due to the interaction of phytochemicals with 
the nanoparticle surface. These findings confirm the 
synthesis and  stabilisationof CuONPs by Alhagi maurorum 
extract, highlighting its role as both a reducing and capping 
agent in the green synthesis of nanoparticles.Figure 2.Protease production by Acinetobacter 

baumannii

 

Figure 3.Ultraviolet-visible spectroscopy of test solutions. (A) resemblesCuSO4; (B) resembles Copper oxide 
nanoparticles (CuONPs); (C) resembles Alhagi maurorum extract; and (D) resembles Alhagi maurorum extract 

-CuONPs (AHCuONPs)
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Energy dispersive X-ray analysis of nanoparticles: 
elemental composition

The energy-dispersive X-ray spectrum of Alhagi maurorum-
stabilized CuONPs confirms the elemental composition 
of the  stabilised nanoparticles, with prominent peaks 
corresponding to copper (Cu) and oxygen (O), indicative 
of the successful formation of copper oxide (CuO) (Figure 
4). The significant Cu peak arises from the metallic core 
of the nanoparticles, while the O peak suggests the 
presence of oxide species, affirming the oxide nature of 
the nanoparticles. Additionally, weaker signals for other 
elements such as carbon (C) may be attributed to organic 
phytochemicals from the Alhagi maurorum extract used as 
a reducing and capping agent during the synthesis process. 
The absence of peaks for impurities highlights the high 
purity of the synthesised CuONPs. These results corroborate 
the role of Alhagi maurorum extract in the eco-friendly 
synthesis of CuONPs, where its bioactive components 
facilitate the reduction of copper ions and  stabilise the 
resulting nanoparticles. Figure 4 was accomplished with 
an insert (Table 1) that delineates the atomic percentages 
of elements in the  synthesised Alhagi maurorum extract, 
CuONPs, and Alhagi maurorum-CuONPs (AHCuONPs).

Functional group determination: Fourier transforms 
infrared analysis (FTIR)

FTIR examination of the samples was performed in the 
range of 400-4000 cm-¹. FTIR analysis was used to detect the 
functional groups potentially responsible for the reduction 
of copper nanoparticles from Alhagi maurorum extract 
and their stabilisation. Results of the variations in the 
chemical bonds characteristic of the peaks responsible for 
the stretching vibrations of the −OH groups were referred 
to the phenolic compounds present in the FTIR spectra of 
the plant extract (3370.25 cm-1) and copper nanoparticles 
from Alhagi maurorum extract at (3415.93 cm-1), but the 
disappearance of other peaks when examining the FTIR of 
the same sample, which are (1037.10, 1068.36, 1203.68, 
1238.0, 1364.03 and 1512.19) cm-1 indicate the extension 
of C-N stretch, C-H rock, N-O symmetric stretch, and the 
disappearance of the peaks from 753.24- 835.19 cm-1 
(aromatic cyclic compounds). The peaks at 526.50 and 
509.21 cm-1 appeared for copper nanoparticles from Alhagi 
maurorum extract, and copper nanoparticles, respectively, 
were indicated to copper presented. indicating successful 
interaction between the extract’s bioactive compounds and 
the nanoparticle matrix. Specifically, the broad O–H band 
is slightly shifted, suggesting  stabilisation of nanoparticles 
through hydrogen bonding or other surface interactions. 
Peaks around 1600 cm⁻¹ remain prominent, confirming the 
retention of aromatic compounds (figure 5).

X-ray diffraction (XRD) analysis of nanoparticles: 
crystalline structure 

The diffraction peaks in both CuONPs and Alhagi maurorum- 
stabilised  CuONPs patterns revealed valuable information 
about the crystalline structure of the  synthesised 
nanoparticles. The XRD pattern of CuONPs exhibited sharp 
and well-defined peaks at specific 2θ values, corresponding 
to characteristic planes of copper oxide, CuO (Figure 6A). 
These peaks confirm the formation of highly crystalline 
monoclinic CuO indexed by the Joint Committee on 
Powder Diffraction Standards (JCPDS). In the case of Alhagi 
maurorum- stabilised  CuONPs, the XRD pattern retains the 
characteristic peaks of CuO observed in figure 6A, showing 
that the crystallinity of the nanoparticles is preserved after 
stabilisation. However, some extra peaks of lower intensity 
were observed, which may be due to the amorphous 
organic components of Alhagi maurorum extract adsorbed 
on the nanoparticle surface (figure 6B). The absence of any 

Figure 4.Energy dispersive X-ray (EDX) spectrum of Alhagi 
maurorum extract-copper oxide nanoparticles (CuONPs)
The elemental composition analysis highlights the distinct 
profiles of Alhagi maurorum, CuONPs, and Alhagi mau-
rorum-CuONPs (AHCuONPs).  Alhagi maurorum extract 
contains high levels of carbon (62.1%) and oxygen (31.2%), 
with minor amounts of sodium, calcium, and magnesium, 
indicating an organic and mineral-rich nature. In CuONPs, 
oxygen (50.1%) and copper (25.1%) dominate, with carbon 
(24.8%) likely from synthesis residues. The composite, AH-
CuONPs, exhibits a balanced elemental profile of oxygen 
(44.6%), carbon (22%), and copper (31.1%), along with 
trace amounts of sulphur (1.4%) and nickel (0.5%). This 
suggests successful integration of CuONPs into the Alhagi 
maurorum matrix, resulting in a more complex elemental 
profile compared to the individual components (table 3).

Tested Solutions
Elements (Atomic %)

C Na Ca Mg O S NI Cu
Alhagi maurorum 62.1 3.8 1.9 0.94 31.2 - - -

CuONPs nanoparticles 24.8 - - - 50.1 - - 25.1
Alhagi maurorum-CuONPs 22 - - - 44.6 1.4 0.5 31.1

Table 3.Elemental composition of tested solutions
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extraneous peaks in both spectra confirms the purity of the 
samples, which further proves that no impurities or other 
phases were introduced during the synthesis process.  These 
results substantiate the successful synthesis of crystalline 

CuONPs and their  stabilisationby Alhagi maurorum extract. 
The consistent crystallinity and absence of impurity phases 
further validate the efficiency of Alhagi maurorum as a 
bio-template for eco-friendly nanoparticle synthesis.

Figure 5.FTIR analysis of Alhagi maurorum extract is showedshown in (A), and Alhagi maurorum extract-copper 
oxide nanoparticles are showedshown in (B),and copper oxide nanoparticles showed nanoparticles are shown 

in (C)

(a) (b)

(c)

Figure 6.X-ray diffraction (XRD) analysis of test solutions. A: Copper oxide nanoparticles (CuONPs); B: Alhagi 
maurorum extract-CuONPs
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Zeta potential analysis of nanoparticles: Surface 
charge and stability

The zeta potential of the  synthesised nanoparticles shows 
that the zeta potential of Alhagi maurorum-CuONPs, 
measured at +48.15 mV, indicates good stability due to 
strong electrostatic repulsion (figure 7A).  The zeta potential 
of CuONPs, measured at +59.82 mV,  reflects a higher 
degree of stability than Alhagi maurorum-CuONPs (figure 
7B). The positive zeta potential values suggest that both 
nanoparticles exhibit significant surface charges, which 
may enhance colloidal stability in dispersion.

Field Emission Scanning Electron Microscopy 
(FESEM)

CuONPs samples consist of randomly  orientated nano-
sized particles with regular smooth spherical shapes. The 
average size of CuONPs was estimated to be  39.53-64.52 
nm. While the images for the AHCuONP samples consist of 
random nanoparticle-size size particles with regular smooth 
spherical shapes. The range size of AHCuONPs was (66.06-
90.73) nm. The formation of size and shape for the copper 
nanoparticles and AHCuONPs indicates the interconnection 
between CuONPsand Alhagi maurorum (Figure 8).

Figure 7.Zeta potential analysis. (A) Alhagi maurorum-copper oxide nanoparticles (AHCuONPs) and (B) copper 
oxide nanoparticles (CuONPs)

Figure 8.Field Emission Scanning Electron Microscopy (FESEM) images: (A) represent CUONPs; (B) represents 
AHCuONPs
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Inhibition of enzymatic activity against Acinetobacter 
baumannii

The effect of Alhagi maurorum extract, CuONPs, and a 
combination of Alhagi maurorum-CuONPs against protease-
producing Acinetobacter baumannii wasconducted. Varying 
concentrations (10%, 20%, and 40%) of CuONPs, Alhagi 
maurorum-CuONPs, and Alhagi maurorum extract on three 
isolates of Acinetobacter  baumannii (Acinetobacter 1, 2, 3, 
and 4) with controls included for comparison. The results 
demonstrated variations in anti-enzymatic efficacy depending 
on the treatment type and concentration (figure 9).

Dealing with the first isolate, adding CuONPs (10%, 20%, 
and 40%) to the control resulted in a concentration-
dependent effect, with higher concentrations showing 
more pronounced changes (Figure 9 IA). Alhagi maurorum-
CuONPs exhibited enhanced effects compared to CuONPs, 
suggesting increased efficacy likely due to synergistic 
interactions between Alhagi maurorum and CuONPs (Figure 
9 IB). Similarly, Alhagi maurorum extract demonstrated 
a concentration-dependent trend, though the effects 
were less pronounced than those observed with Alhagi 
maurorum-CuONPs (Figure 9, IC).  CuONPs showed a 
consistent concentration-dependent response in the second 
Acinetobacter  baumannii isolate, with 40% demonstrating 
the strongest effect (figure 9, IIA). Alhagi maurorum-CuONPs 
were more effective than CuONPs alone, confirming the 
potential enhancement from Alhagi maurorum (Figure 

9, IIB). Alhagi maurorum extract produced a moderate 
response, with increasing concentrations resulting in 
stronger effects (Figure 9, IIIC). In Acinetobacter  baumannii 
isolate no. 3, the CuONPs showed similar behaviour to 
previous isolates, with higher concentrations leading to 
more noticeable changes (Figure 9, IIIA). Alhagi maurorum-
CuONPs again outperformed CuONPs, indicating their 
superior impact (Figure 9, IIIB). Alhagi maurorum extract 
exhibited a steady concentration-dependent effect, 
though slightly less impactful than the CuONPs and Alhagi 
maurorum-CuONPs (Figure 9, IIIC).  CuONPs produced a 
clear concentration-dependent response in Acinetobacter 
isolate no. 4 (Figure 9, IVA). Alhagi maurorum-CuONPs 
demonstrated the highest effectiveness among all tested 
nanoparticles, showing the strongest impact at 40% (Figure 
9, IVB). Alhagi maurorum extract NPs followed a similar 
trend, though their impact was less pronounced than the 
composite CuONPs formulations. Across all Acinetobacter 
isolates (1-4), the combination of Alhagi maurorum and 
CuONPs consistently showed enhanced efficacy over 
CuONPs or Alhagi maurorum extract alone. This suggests 
a synergistic effect between Alhagi maurorum and 
CuONPs, making them a promising option for antimicrobial 
applications. The effectiveness of all treatments increased 
at 20% concentration of CuONPs and Alhagi maurorum-
CuONPs exhibiting the strongest anti-enzymatic activity 
against protease (table 4 and figure 10).

Figure 9.Anti-enzymatic activity of Alhagi maurorum extract-copper oxide nanoparticles against isolates of 
Acinetobacter species
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Discussion
The increasing prevalence of multi-drug resistant (MDR) 
bacterial strains, especially in hospital settings, is a key 
challenge in managing respiratory tract infections. Various 
enzymes, including proteases, lipases, and β-lactamases, are 
associated with the virulence, resistance, and pathogenicity 
of the microorganisms. Protease-producing Acinetobacter, 
particularly Acinetobacter baumannii, is a significant 
concern in respiratory tract infections. This pathogen is 
known for its antibiotic resistance and virulence factors, 
which make it particularly dangerous in healthcare settings. 
Bacterial proteases play a crucial role in respiratory tract 
infections by aiding bacteria in  colonising and invading 
host tissues.25,26

In the light of these findings, this study addresses an 
urgent need for alternative strategies by investigating 
the anti-enzymatic properties of the Alhagi maurorum-
mediated copper oxide nanoparticles against one of 
the most important bacterial pathogens isolated from 
sputum samples of RCU patients which is Acinetobacter 
spp. The findings identified a synergistic interplay in 
the phytochemicals of Alhagi maurorum, together with 
the antimicrobial potential of CuONPs, which present 
encouraging perspectives in counteracting MDR bacterial 
infections. 

The UV-Vis absorption spectra confirmed the successful 
synthesis of CuONPs and their  stabilisation by Alhagi 
maurorum extract. The observed surface plasmon resonance 

Material & Concentration Acinetobacter baumanni P value compared to Control+Bacteria
Cu 10% 39.5±3.5 (35-47) 0.0001#
Cu 20% 44.3±4.7 (38-53) 0.0001#
Cu 40% 37.3±5.4 (28-44) 0.0001#

Cu+M 10% 36.3±4.0 (28-43) 0.0001#
Cu+M 20% 41.5±3.3 (37-48) 0.0001#
Cu+M 40% 36.8±3.7 (32-44) 0.0001#
M only 10% 10.1±3.3 (6-17) 0.969
M only 20% 10.8±1.7 (9-14) 0.996
M only 40% 17.5±3.6 (11-22) 0.013#

Control+Bacteria 11.7±3.3 (7-16) -
Distilled water 0.0± -

Table 4.The inhibition zones (mm) of Acinetobacter baumannii after treatment by Alhagi maurorum extract, 
CuONPs, and a combination of Alhagi maurorum-CuONPs

Figure 10.Anti-enzymatic activity of tested solutions against protease-producing Acinetobacter baumannii

#Significant difference between two independent means using Students-t-test at 0.05 level.
^Significant difference among more than two independent means using ANOVA-test at 0.05 level.
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(SPR) peak in CuONPs aligns with earlier reports by Banerjee 
et al. (2014), who demonstrated the characteristic SPR 
peak in green- synthesised  CuONPs. However, the shift in 
the SPR peak for Alhagi maurorum-CuONPs compared to 
CuONPs alone highlights the extract’s role in nanoparticle 
functionalisation, as also noted by Ali et al. (2020) in their 
study on plant-extract-mediated nanoparticle synthesis. 
Unlike prior studies using synthetic stabilisers, the approach 
in the present study underscores the dual role of A. 
maurorum as a reducing and capping agent, demonstrating 
the potential for eco-friendly nanoparticle synthesis.27,28

Energy dispersive X-ray analysis (EDX) findings revealed 
the elemental composition of A. maurorum-CuONPs, 
confirming the presence of copper and oxygen, along 
with trace organic residues from the extract. These findings 
are consistent with earlier work by Singh et al. (2016), 
who reported similar elemental profiles in biologically  
synthesised CuONPs.29 Notably, the absence of impurities 
in the samples underscores the purity of the  synthesised 
nanoparticles, a significant improvement over previous 
methods that often require post-synthesis purification 
steps.30

The FTIR spectra revealed functional groups in the 
Alhagi maurorum plant extract and their interaction 
with CuONPs. The observed O–H stretching and C=C 
aromatic peaks are comparable to findings by Kumar 
et al. (2021), who identified similar functional groups 
in plant-extract-mediated nanoparticle synthesis.31 The 
shifts in peak positions in A. maurorum-CuONPs confirm 
successful stabilisation, consistent with observations 
by Sharma et al. (2019). This interaction highlights the 
potential of A. maurorum phytochemicals in nanoparticle  
functionalisation.32 Researchers rely on a powerful and 
popular analytical tool, infrared (IR) spectroscopy, when 
studying the biosynthesis of copper nanoparticles and the 
structure of copper nanoparticles alone, which depends on 
the vibrations of the atoms of the molecule. It is possible 
to qualitatively identify the types of bonds in the sample 
by comparing the energy of each absorption peak with 
the vibration frequency of the molecular component. The 
efficiency and accuracy of IR spectroscopy have been greatly 
enhanced by the advent of Fourier transform infrared 
(FTIR) spectroscopy, which has significantly reduced data 
acquisition times.33

The XRD patterns confirmed the monoclinic crystalline 
structure of CuONPs, with additional amorphous peaks 
attributed to organic components from A. maurorum. 
Similar crystallinity was reported by Das et al. (2018) 
for  biosynthesised CuONPs.34 However, the findings in 
the present study uniquely demonstrate the retention 
of crystallinity post- stabilisation, emphasinsingthe 
extract’s efficiency as a bio-template. The zeta potential 

measurements indicated strong stability of A. maurorum-
CuONPs (+48.15 mV) and CuONPs (+59.82 mV). These values 
are consistent with earlier studies, such as those by Pandey 
et al. (2020), which reported high zeta potentials in green- 
synthesised  nanoparticles. Meanwhile, A. maurorum-
CuONPs showed slightly lower stability than CuONPs, 
the stability remains sufficient for practical applications, 
indicating the extract’s effective capping ability.35

Production of protease was eminently high in a few isolates 
of Acinetobacter baumannii, which once again upholds 
its relationship with bacterial adaptability and virulence. 
Previous findings suggest that protease production is 
strain-specific, which may correlate with the isolates’ 
pathogenicity or environmental adaptability. The present 
findings revealed that Acinetobacter strains possess the 
capacity for extracellular protease secretion, with potential 
implications for their pathogenicity and environmental 
roles. 

The significant inhibition of enzymatic activity by CuONPs 
and AHCuONPs highlights their dual role in antimicrobial 
action: direct bacterial killing and suppression of virulence 
factors. This anti-enzymatic activity is particularly relevant 
in the context of MDR pathogens, where targeting non-
essential but virulence-associated enzymes can reduce 
bacterial fitness and resistance. The observed synergistic 
effects between Alhagi maurorum extract and CuONPs in 
inhibiting enzymatic activity align with findings by Chong 
& Shimoda (2020) and Liu et al., 2021),  emphasising 
the potential of nanoparticle-based therapies to disrupt 
bacterial metabolic pathways.8,12

Comparative efficacy and clinical implications

The comparative analysis of CuONPs, the Alhagi maurorum 
extract, and AHCuONPs revealed that the nanoparticles 
CuONPs (20%) exhibited superior anti-enzymatic properties. 
This enhancement likely stems from the interaction between 
CuONPs and Alhagi maurorum phytochemicals, which 
amplify oxidative stress and disrupt bacterial enzymatic 
systems. Similar synergistic interactions have been reported 
in studies involving plant-mediated nanoparticle synthesis.14 
The clinical implications of these findings are substantial. 
AH-CuONPs offer a dual-action approach by directly 
targeting bacterial viability and virulence factors. This 
strategy not only reduces bacterial loads but also diminishes 
the likelihood of resistance development. Moreover, the 
green synthesis method revealed a good biocompatibility, 
making AHCuONPs suitable for potential therapeutic 
applications in respiratory infections and beyond in addition 
to CuONPs alone.

Limitations and future directions
While the present study provides compelling evidence 
for the efficacy of AHCuONPs, several limitations warrant 
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consideration. The molecular mechanisms underlying 
the observed anti-enzymatic effects require further 
investigation. Additionally, in vivo studies are essential 
to evaluate the biocompatibility, safety, and therapeutic 
potential of AHCuONPs. Future research should also 
explore the scalability of the green synthesis method and 
its applicability to other pathogens and enzymatic targets.36 

Conclusion
The current study focused on the anti-enzymatic activity of 
each of Alhagi maurorum plant extract, the nanoparticles 
CuNOPS and Alhagi maurorum-copper oxide nanoparticles 
(AHCuONPs) against protease-producing Acinetobacter 
baumannii. The current treatments bear excellent anti-
enzymatic activities against Acinetobacter baumannii 
isolated from respiratory care unit patients’ sputum. The 
nanoparticles of CuONPs alone at 20% concentration 
presented the highest anti-enzymatic activity. The 
combination of CuONPs with phytochemicals derived 
from Alhagi maurorum expresses an augmented action 
on microorganisms via hindering virulence factors, including 
protease enzymes. Future investigations should be directed 
toward the exact molecular mechanism elucidation for 
the improved anti-enzymatic properties. Besides, in vivo 
studies are also important in determining their safety, 
biocompatibility, and therapeutic potential.
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