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Abstract 

The production of alternative and effective medicines is crucial given that antibiotic resistance is currently a global 
health concern. Several biochemical identification tests were used to screen for Staphylococcus aureus isolates. Analy‑
sis of Artemisia annua extract was performed using a trace GC‒mass spectrometer, which revealed that the A. annua 
extract contains numerous compounds, such as artemisinins, palmitic acid and other vital essential compounds 
that have antioxidant and anti-inflammatory properties. The isolate st.8 was resistant to cefoxitin, oxacillin, and cepha‑
losporins; furthermore, MALDI-TOF/MS Biotyper® identified it as methicillin-resistant S. aureus with confidence value 
99.9% of mass spectrum compared with reference spectra. The synthesis of green silver nanoparticles based on A. 
annua as a reducing agent was confirmed via partial characterizations: (HR-TEM), (XRD), (SEM), (EDX) and (FTIR) analy‑
sis. The significant of antibacterial activity of the new green material (AgNPs) was achieved by determining the agar 
well diffusion assay. Furthermore, compared with those in the Staphylococcus-infected group, a significant decrease 
in hematological parameters was observed, with an increase in antioxidant biomarkers, a decrease in interstitial tissue 
thickening by inflammatory cells, and a weak positive immune reaction in a few cells (TNF-α and iNOS) in rats. Overall, 
this study is a promising step toward the development of new and effective strategies for combating MRSA infections.
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Introduction
Staphylococcus aureus infections can take many different 
forms and pose a major threat to all human life. Methi-
cillin-resistant S. aureus is one of the most prevalent 
nosocomial infections; it exhibits a multidrug resistance 
(MDR) phenotype and is not susceptible to β-lactam 
antibiotics (Baede et al. 2022). The high pathogenicity of 
S. aureus causes recurrent nosocomial and community-
related infections, so continuous isolation and identifi-
cation of these strains are highly important for timely 
treatment. In addition, virulence genes play an impor-
tant role in the pathogenicity of S. aureus strains (Loges 
et al. 2020). S. aureus employs different virulence agents, 
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including enzymes, toxins, adhesion proteins, and cell 
surface proteins that attach to tissue and contribute to 
the formation of biofilms. Many toxins and enzymes are 
involved in the spread and colonization of bacteria, tissue 
damage, cytolytic activity, and proinflammatory activity 
(Arciola et  al. 2018). Additionally, the lysis of host cells 
by S. aureus leads to infection. S. aureus can result in 
serious skin and soft tissue infections, endocarditis, sep-
tic arthritis, pneumonia, osteomyelitis, and otitis media 
(Turner et  al. 2019). Several virulence factors are used 
by S. aureus strains to infect the host and create resist-
ance (Liu et al. 2021). The overuse and prolonged use of 
antibiotics have led to an international issue known as 
antibiotic-resistant bacteria (Baptista et al. 2018). There-
fore, the use of nanotechnology is an innovative treat-
ment for MDR bacteria. Owing to their physical and 
biological characteristics (particles between 1 and 100 
nm in size), nanoparticles can offer solutions for incur-
able diseases through technical issues such as environ-
mental contamination and medication (Bahrulolum 
et  al. 2021). AgNPs have strong antibacterial potential 
against both gram-positive and gram-negative bacteria 
(Srikar et  al. 2016). AgNPs can be made using a vari-
ety of approaches, including chemical, electrochemical, 
radiation, and photochemical approaches. However, the 
physical and chemical synthesis of AgNPs might result in 
high costs, low efficiency, environmental pollution, and 
hazardous impacts on human health (Castillo-Henríquez 
et al. 2020). Biological techniques known as "green syn-
thesis" consider safe, nontoxic substances and involve the 
use of plant, bacterial, and algal extracts as reducing and 
capping agents (Aromal and Philip 2012). AgNPs have 
diverse applications in medicine, including their use as 
medicines, antioxidants, antibacterial agents, and cyto-
toxic agents (Baptista et  al. 2018; Shelembe et  al. 2022; 
Zhang et al. 2023).

Traditional medicinal plants and herbal compounds 
have been extensively used worldwide for the treatment 
of various diseases (Bisht et  al. 2021). The Artemisia 
genus, which belongs to the Asteraceae family, comprises 
approximately 250 species, some of which contain sec-
ondary metabolites such as acids, flavonoids, alkaloids, 
and terpenoids and play crucial roles in the green syn-
thesis of metal nanoparticles (Carvalho et al. 2011). Arte-
misia species, including A. annua, are commonly used to 
treat malaria, hepatitis, cancer, fever, inflammation, and 
wound healing and exhibit antibacterial, antifungal, and 
disinfecting properties (Adoni et al. 2020).

A. annua extracts contain various chemical com-
pounds, including essential oils, terpenoids, and fla-
vonoids, which facilitate the reduction, capping, and 
stabilization of Ag ions during biosynthesis; these 
extracts were analyzed using various spectroscopic 

techniques, and their antibacterial activity, free radi-
cal scavenging ability, color degradation potential, and 
impact on seed germination were evaluated (Appala-
samy et al. 2014).

Artemisinins derived from A. annua have shown 
concentration-dependent and specific antimicrobial 
effects against gram-positive and gram-negative bacte-
ria, as well as fungi (Goswami et al. 2012). They exhibit 
direct or synergistic antimicrobial actions against 
clinically resistant and pathogenic microorganisms, 
including Helicobacter pylori, Staphylococcus aureus, 
Mycobacterium tuberculosis, and the hepatitis C virus. 
Furthermore, condensate tannins from A. annua 
extracts demonstrate significant anti-HSV-2 activ-
ity and may cause resistance against HBV, while arte-
misinins have inhibitory effects on the hepatitis C virus 
JFH-1 (Tao et  al. 2020). However, further research is 
needed to enhance the clinical use of artemisinins. This 
study aimed to isolate of new Egyptian clinical MRSA 
Staphylococcus aureus, which was selected and identi-
fied using MALDI-TOF/MS Biotyper. In addition, syn-
thesize green silver nanoparticles based on Artemisia 
annua extract, and study their physiochemical charac-
teristics. Moreover, evaluate the protective effects of A. 
annua-AgNPs against S. aureus-induced lung pneumo-
nia in rats and assess their antioxidant and anti-inflam-
matory effects.

Materials and methods
Chemicals
The experiment employed high-quality chemicals 
throughout. Silver nitrate (AgNO3) was sourced from 
Merck (Germany), while all bacterial growth media 
components and ethanol solution obtained from Sigma-
Aldrich™. A. annua leaves were purchased from the Har-
raz market for the food industry and natural products in 
Egypt. Distilled water served for the experiments, while 
deionized Millipore water was used in nanoparticles 
preparations.

Clinical samples collection
The bacterial isolates were obtained from patients in the 
intensive care unit (ICU) of the main hospital of Menou-
fyia University in Egypt. A total of 30 clinical samples 
were collected from 30 patients, including 11 males and 
19 females, ranging in age from 21 to 70 years. A total of 
9 sputum samples, 4 pus wound samples, and 17 blood 
samples were used for the screening and isolation of S. 
aureus isolates. The specimens were collected following 
the guidelines of the European Committee on Antimicro-
bial Susceptibility Testing (EUCAST).
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Screening of Staphylococcus aureus isolates
The samples were streaked on blood agar and incubated 
aerobically at 37°C for 24 h. The screening of S. aureus 
isolates was based on colony morphology and gram 
staining. Further confirmation of the suspected S. aureus 
isolates was performed through the growth of yellow 
colonies on mannitol salt agar (Obeid et  al. 2013), the 
tube coagulase test (Asif et al. 2021), the DNase test (Holt 
et  al. 1994), and the catalase test (Rushdy et  al. 2007). 
Two bacterial reference strains, S. aureus ATCC 25923 
and Escherichia coli, kindly provided positive control 
strains for the tests from the Microbial Biotechnology 
Department of the Genetic Engineering and Biotechnol-
ogy Research Institute at the University of Sadat City, 
Menoufyia Governorate, Egypt.

Preparation of Artemisia annua extract
The leaves were cleaned and dried in an oven at 50°C 
for three days. Subsequently, the plants were pulverized 
using a sterile mortar (Moulinex). Twenty-five grams 
of A. annua powder was then extracted with 100 ml of 
70% and 96% ethanol alcohol with intermittent shaking 
at room temperature for 48 h (Recio et  al. 1989). The 
obtained extracts were filtered using Whatman No. 4 
filter paper (Grade 4 V; Sigma‐Aldrich). The filtrate was 
stored at 4°C until its inhibitory effect was assessed.

Gas chromatography (GC‒MS) analysis of Artemisia annua
The A. annua ethanolic extract was analyzed using GC‒
MS. A trace GC-ISQ mass spectrometer with a TG–5MS 
column was used. The temperature was varied from 
50°C to 200°C at 5°C/min and then to 300°C at 25°C/
min. Injector and MS transfer line: 270°C and 260°C. 
Helium carrier gas. Solvent delay: 4 min. An AutoSam-
pler AS1300 was used to inject 1 µl of diluted sample. 
EI mass spectra collected in the m/z 50–650 range. The 
component ID was determined by comparing the reten-
tion times and spectra with those of the WILEY 09 and 
NIST 14 databases (Abd El-Kareem et al. 2016).

Synthesis of silver nanoparticles using Artemisia annua 
extract as a reducing agent
A 1 mM silver nitrate solution was prepared by dissolving 
0.017 g of AgNO3 in 100 ml of double distilled water. The 
plant extract and silver nitrate were mixed at a 1:9 ratio 
(v/v). The mixture was heated and stirred at 60–80°C and 
300 rpm using a magnetic stirrer. Within 10 min to 1 h, 
the mixture turned reddish brown, indicating nanopar-
ticle formation. Green nanoparticles were separated by 
centrifugation at 15,000 rpm for 45 min. The precipitated 
nanoparticles were lyophilized and stored in a cool, dry, 
and dark place for further physiochemical characteriza-
tion (Ashraf et al. 2016).

Partial characterizations of the green silver nanoparticles 
synthesized from Artemisia annua
UV‒visible spectroscopy
The creation of AgNPs and the optical properties of the 
nanoparticles were assessed by measuring the absorb-
ance in the range of 200–800 nm using a T80þUV-Vis 
spectrometer.

HR‑transmission electron microscopy (TEM)
The size, shape, and assembly of the nanoparticles were 
estimated using a JEM-2100 TEM instrument. The nan-
oparticle suspension was sonicated for 10 min using 
a Crest Ultrasonics Corp. instrument. A few drops of 
the suspension were loaded onto a carbon-coated cop-
per grid and left to dry. The dried samples were then 
observed using TEM.

Scanning electron microscopy (SEM)
The size, surface morphology, and scattering of the nan-
oparticles were measured using a JEOL JSM-6100 SEM 
instrument equipped with an EDX sensor system. The 
instrument was operated at a practical potential of 20 kV 
and was adjusted before the images were recorded.

X‑ray diffraction (XRD)
Crystal phase identification of the nanoparticles was per-
formed using a powder XRD instrument. Two different 
XRD instruments, PW 3040/60 Philips X’Pert (Holland) 
and PAN analytical X-Pert PRO, were used. Cu (Kα) 
radiation was applied at a wavelength (ʎ) of 0.15416 nm. 
XRD analysis provided information about the crystalline 
phases present in the nanoparticles (Vijayalakshmi and 
Rajendran 2012).

Fourier transform infrared (FTIR)
The identification of functional groups and biomolecules 
responsible for the reduction of silver ions and capping of 
the silver nanoparticles was conducted using a spectrom-
eter (FTIR-6100 type A). The spectra were recorded in 
the wavelength range of 400 to 4000 cm−1. This analysis 
provided information about the specific chemical bonds 
and biomolecules involved in the synthesis and stabiliza-
tion of silver nanoparticles (Kim et al. 2017).

In vitro antibacterial assay of the new green silver 
nanoparticles
The antibacterial activity of the ethanolic extracts was 
evaluated using the agar well diffusion method (Perez 
et  al. 1990) following the guidelines of the National 
Committee for Clinical Laboratory Standards (NCCLS). 
Nutrient agar plates were prepared, and the surfaces 
were evenly spread with a bacterial inoculum contain-
ing 106 CFU/ml of four selected S. aureus isolates using 
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a sterile swab. Wells 8 mm in diameter were created in 
the agar, and each well was filled with 100 µl of the etha-
nolic extract at a concentration of 25 mg/ml. After a 2-h 
diffusion period at room temperature, the plates were 
incubated at 37°C for 24 h. Inhibition zones, indicating 
bacterial growth inhibition, were measured in millim-
eters around the wells. Three replicates were performed 
for each organism to ensure reliable results.

Identification of MRSA isolates by the VITEK 2 compact 
automated antibacterial susceptibility test
The antibacterial susceptibility test was conducted using 
the VITEK 2 Compact system. Isolate suspensions were 
prepared and added to the antimicrobial susceptibility 
test card GP-67. The system automatically processed the 
samples and determined susceptibility to antibacterial 
drugs. The GP-67 card allowed for cefoxitin screening 
and oxacillin minimum inhibitory concentration (MIC) 
testing. The results were interpreted as sensitive or resist-
ant based on Clinical and Laboratory Standards Institute 
recommendations. S. aureus ATCC29213 served as the 
quality control strain (Wayne. 2016).

Identification of by matrix‑assisted laser desorption/
ionization‑time of flight (MALDI‑TOF) mass spectrometry 
(MS) biotyper
The selected S. aureus isolate st.8 was identified via 
(MALDI-TOF–MS, database version 3, BioMerieux, 
France). The acquired spectra were analyzed on a VITEK 
MS IVD system. Single colonies were placed on a 48-well 
VITEK MS-DS disposable target slide and covered with 
VITEK MS alpha-cyano-4-hydroxycinnamic acid matrix. 
Confidence percentages between 90 and 98% were used 
for genus-level identification and > 98% for species-level 
identification, and < 90% of the results were considered 
unacceptable. For identifying the isolate, the peaks from 
the spectrum were compared to the standard spectrum 
for a certain species, genus, or family of microbe.

Animal model
Thirty-six healthy male albino rats, weighing between 
130 and 170 g and aged 4 weeks, were obtained from the 
Al-Zyade Experimental Animals Production Center in 
Giza, Egypt. The rats were housed in clean polypropyl-
ene cages under controlled environmental conditions, 
including a temperature of 23 ± 2°C, a relative humidity of 
55 ± 5%, and a 12:12-h light/dark cycle. The participants 
had unrestricted access to water and a standard diet. 
Prior to the experiment, the rats were acclimatized for 
10 days. The Animal Care and Use Committee, Faculty of 
Veterinary Medicine, University of Sadat City, approved 
the experimental protocol, with the approval number 
VUSC-012-1-22.

Experimental design
An inoculum of the selected MRSA Staphylococcus 
aureus (st.8) was prepared by culturing the cells in nutri-
ent broth at 37°C for 24 h. The harvested cells were 
counted to determine the viable inoculusm by plating 
suitable dilutions on nutrient agar and incubating them 
at 37°C for 24 h. The rats were divided into six groups, 
each containing six rats. Group A served as the control 
group and received normal saline orally for 14 days. 
Group B received A. annua NPs orally at a dose of 50 mg/
kg for 14 days (Ranjbar et al. 2014). Group C received A. 
annua extract orally at a dose of 50 mg/kg for 14 days 
(Alshehri.2022). Group D was infected with S. aureus 
(MRSA st.8) by subcutaneous injection for 2 days (Ham-
ouda et  al. 2020). Group E was infected with S. aureus 
(MRSA st.8) for 2 days and then orally administered the 
A. annua ethanolic extract at a dose of 50 mg/kg for 15 
days. Group F was infected with S. aureus (MRSA st.8) 
for 2 days and treated orally with A. annua AgNPs at a 
dose of 50 mg/kg for 14 days.

Blood sampling
At the end of the experiment, the rats were anesthetized, 
and blood samples were obtained from the inner eye can 
thus using heparinized capillary tubes. The collected 
blood was divided into two parts. The first part was left 
to clot at room temperature without anticoagulant. After 
clotting, the samples were centrifuged, and the clear 
serum was collected and stored at − 80°C for biochemical 
analysis. The second group of blood samples was drawn 
into EDTA tubes for hematological examination.

Hematological investigation
The hematological parameters evaluated in this study 
included the red blood cell (RBC) count, hemoglobin 
concentration (Hb), packed cell volume (PCV), and total 
and differential leukocyte counts. These parameters 
were assessed using a Sysmex XN hematology analyzer, 
which is a high-performing automated system. The XN-
Series analyzer, manufactured by Sysmex in Kobe, Japan, 
incorporates the DI-60 automated digital cell imaging 
analyzer. This advanced technology enables automated 
processing of samples, complete blood counts (CBCs), 
slide preparation and staining, and digital scanning with 
pre-classification of cells.

Tissue samples
After the animals were euthanized, lung specimens were 
collected and rinsed with saline solution. The lung tissue 
was then divided into two parts for different analyses. 
One part was stored at − 80°C for assessing lipid peroxi-
dation (MDA) and the activity of antioxidant enzymes 
(CAT and SOD) as markers of oxidative stress. The 
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second group of lung samples was preserved in 10% neu-
tral buffered formalin for subsequent histopathological 
and immune histochemical examinations.

Determination lipid peroxidation (MDA) 
and the antioxidant defense system (CAT and SOD)
Kits were purchased from Biodiagnostic Company 
(Dokki, Giza, Egypt) to determine the MDA concentra-
tion (CAT. NoMD 25 29), CAT (CAT. No CA 25 17), 
SOD (CAT.No. SD 25 21).

Determination of tissue malondialdehyde (MDA)
Lipid peroxidation products such as malondialdehyde 
(MDA) were detected in lung homogenates according 
to the procedure described by Kei (1978), OhKawa et al. 
(1979) using biodiagnostic kits.

Determination of catalase activity
Catalase activity was determined in tissue homogen-
ates (lungs) according to the procedure described by 
Aebi (1984) using biodiagnostic kits.

Determination of superoxide dismutase activity
Superoxide dismutase (SOD) content was determined in 
lung homogenates according to the procedure described 
by Nishikimi et al. (1972) using biodiagnostic kits.

Histopathological examination
At the end of the experiment, lung tissue samples were 
obtained from the different groups. The samples were 
fixed in 10% neutral buffered formalin and subjected to 
a series of processing steps, including washing, dehydra-
tion, clearing, and embedding in paraffin. The paraffin-
embedded blocks were then sliced into 5-micron-thick 
sections. Histopathological examination was performed 
by staining the sections with hematoxylin and eosin fol-
lowing the protocol of Bancroft and Gamble (2008). The 
stained sections were observed and analyzed under a 
light microscope (Olympus BX50, Japan).

Histopathological lesion scoring
Histopathological changes in the lungs were assessed 
and categorized based on a scoring system: no changes 
(0), mild changes (1), moderate changes (2), and 
severe changes (3). The severity of changes was deter-
mined by the percentage of affected tissue: < 30% (mild 
change), < 30%–50% (moderate change), and > 50% 
(severe change) (Saleh et al. 2022).

Immunohistochemistry
The lung tissue sections were deparaffinized and rehy-
drated using alcohol. Antigen retrieval was performed 
by treating the sections with citrate buffer (pH 6) for 20 

min. The sections were then incubated with the follow-
ing specific antibodies: rabbit monoclonal anti-TNF-α 
(ab270264, dilution rate 1:100; Abcam, Cambridge, UK) 
and rabbit polyclonal anti-iNOS (ab15323, dilution rate 
1:100; Abcam, Cambridge, UK) for two hours in a humid-
ified chamber. Subsequently, the sections were incubated 
with goat anti-rabbit IgG H&L (HRP) (ab205718; Abcam, 
Cambridge, UK), and 3,3’-diaminobenzidine tetrahy-
drochloride (DAB) was used as a chromogen. The slides 
were counterstained with hematoxylin and mounted with 
DPX. Negative control slides were prepared by replacing 
the primary antibodies with PBS.

Evaluation of TNF‑α and iNOS immunostaining
The levels of TNF-α and iNOS immune reactivity in 
tissue sections from each group were quantitatively 
assessed following the methods of Alshafei et al. (2023). 
A total of five tissue sections were analyzed. In each sec-
tion, immunoreactivity was examined in 10 microscopic 
fields under high-power magnification (× 400). The per-
centage of cells showing positive staining was determined 
using the color deconvolution feature of ImageJ 1.52p 
software developed by Wayne Rasband at the National 
Institutes of Health (U.S.A.).

Statistical analysis
The results were statistically analyzed by using one-
way analysis of variance (ANOVA) followed by Dun-
can’s post hoc test to confirm the significant differences 
among groups by using SPSS software (SPSS Version 16 
released in 2007). A difference of p < 0.05 was considered 
to indicate statistical significance according to Snedecor 
and Cochran (1967). All the data are presented as the 
mean ± standard error (SE).

Results
Screening of Staphylococcus aureus isolates
Table 1 displays that 19 isolates (4, 9, 10, 13, 14, 15, 16, 17, 
18, 19, 20, 21, 23, 24, 25, 26, 28, 29, and 30) were gram-
negative bacilli, short rods, and nonspore-forming bacte-
ria and tested for catalase based on their morphological 
examination. On the other hand, 11 isolates (numbers 
1, 2, 3, 5, 6, 7, 8, 11, 12, 22, and 27) were gram-positive 
cocci found in clusters and showed a positive reaction to 
the catalase test, indicating a possible affiliation with the 
Staphylococci family. Among these, nine isolates (num-
bers 1, 2, 3, 6, 7, 8, 12, 22, and 27) exhibited beta hemol-
ysis on blood agar media (Fig.  1a). Additionally, four 
isolates (8, 12, 22, and 27) were confirmed to ferment 
mannitol, as indicated by the change in the indicator phe-
nol red to yellow, as shown in Fig. 1b. These isolates also 
tested positive according to the coagulase test. Moreo-
ver, the four selected isolates (numbers 8, 12, 22, and 27) 



Page 6 of 21Shaaban et al. Journal of Analytical Science and Technology           (2024) 15:25 

Table 1  Screening of Staphylococcus aureus isolates by biochemical tests

Bacterial isolate 
code

Gram staining Catalase test Blood hemolysis MSA agar Dnase test Coagulase test

St.1 +ve +ve +ve −ve −ve −ve

St.2 +ve +ve +ve −ve −ve −ve

St.3 +ve +ve +ve −ve −ve −ve

St.4 −ve −ve −ve −ve −ve −ve

St.5 +ve +ve −ve −ve +ve −ve

St.6 +ve +ve +ve −ve −ve −ve

St.7 +ve +ve +ve −ve −ve −ve

St.8 +ve +ve +ve +ve +ve +ve

St.9 −ve −ve −ve −ve −ve −ve

St.10 −ve −ve −ve −ve −ve −ve

St.11 +ve +ve −ve −ve −ve −ve

St.12 +ve +ve +ve +ve +ve ve+

St.13 −ve −ve −ve −ve −ve −ve

St.14 −ve +ve −ve −ve −ve −ve

St.15 −ve −ve −ve −ve −ve −ve

St.16 −ve −ve −ve −ve −ve −ve

St.17 −ve −ve −ve −ve −ve −ve

St.18 −ve −ve −ve −ve −ve −ve

St.19 −ve −ve −ve −ve −ve −ve

St.20 −ve −ve −ve −ve −ve −ve

St.21 −ve −ve −ve −ve −ve −ve

St.22 +ve +ve +ve +ve +ve +ve

St.23 −ve −ve −ve −ve −ve −ve

St.24 −ve −ve −ve −−ve −ve −ve

St.25 −ve −ve −ve −ve −ve −ve

St.26 −ve −ve −ve −ve −ve −ve

St.27 +ve +ve +ve +ve +ve +ve

St.28 −ve −ve −ve −ve −ve −ve

St.29 −ve −ve −ve −ve −ve −ve

St.30 −ve −ve −ve −ve −ve −ve

Fig. 1  Biochemical tests of selected local Staphylococcus aureus isolates on A Hemolysis on blood agar, B Mannitol salt agar test and C DNase test
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were positive according to the DNase test, which was 
confirmed by the appearance of a clear zone around the 
growth area, indicating DNase activity (Fig.  1c). These 
four local isolates (numbers 8, 12, 22, and 27) were cho-
sen for further experimentation in this study.

Phytochemical component of Artemisia annua ethanolic 
extract
The spectrum of identified major effective compounds 
of the A. annua ethanolic extract using a GC1300 mass 
spectrometer revealed nine major compounds, Table  2 
and Fig.  2. These included 4,4-dimethyladamantan-2-ol 

produced at a retention time (RT) of 27.28 (with an area 
percentage of 5.13%), β-copaene observed at RT. of 2.68%. 
Otherwise, n-hexadecanoic acid found at RT. of 30.72 
(with 12.74%), deoxyartemisinin noticed at RT. of 31.35 
(with 3.75%). While 3,4-hexadienal, 2-butyl-2-ethyl-5-
methyl was at RT of 32.18 (with 4.88%). Furthermore, 
9-octadecenoic acid, methyl ester, (E) determined at R.T. 
of 32.52 (with 2.31%), oleic acid found at R.T. 33.80 (with 
23.28%), octadecanoic acid found at R.T. 34.38 (with 
7.30%), and finally 2,3-dihydroxypropyl elaidate recog-
nized at R.T. 38.04 (with 1.93%).

Table 2  The spectrum of identified major effective compounds of Artemisia annua ethanolic extract using trace GC 1300-TSQ mass

* Rt Retention time, ** MW molecular weight, *** MF molecular formula

No *RT/min Compound name Area% **MW ***MF

1 27.28 4,4-Dimethyladamantan-2-ol 5.13 180 C12H20O

2 29.88 β-copaene 2.68 204 C15H24

3 30.72 n-Hexadecanoic acid 12.74 256 C16H32O2

4 31.35 Deoxyartemisinin (Qinghaosu C) 3.75 266 C15H22O4

5 32.18 3,4-Hexadienal, 2-butyl-2-ethyl-5-methyl- 4.88 194 C13H22O

6 32.52 9-Octadecenoic acid, methyl ester, (E)- 2.31 296 C19H36O2

7 33.80 Oleic Acid 23.28 282 C18H34O2

8 34.38 Octadecanoic acid 7.30 324 C21H40O2

9 38.04 2,3-Dihydroxypropyl elaidate 1.93 356 C21H40O4

Fig. 2  The spectrum of identified compounds Artemisia annua ethanolic extract using trace GC 1300-TSQ mass
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Biofabrication and characterizations of silver nanoparticles 
based on the Artemisia annua extract
UV‒Vis spectroscopy
The results in Fig.  3a demonstrate the formation of 
AgNPs, as indicated by a change in color to reddish 

brown upon utilizing the A. annua extract as a reduc-
ing agent. The maximum absorbance at 440 nm, which 
is characteristic of plasmon excitation of silver nano-
particles, was observed.

Fig. 3  A Green biosynthesis of AgNPs-based A. annua extract and UV–Vis absorption spectrum, B Fourier transform infrared spectroscopic peaks 
of AgNPs synthesized by A.annua extract. C XRD analysis of green AgNPs based on A. annua extract
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Fourier transform infrared (FTIR) spectroscopy
As shown in Fig. 3b, the spectra of the adsorbents were 
analyzed within the wavenumber range of 500–4000 
cm−1. The absorption peaks observed in the FTIR spec-
trum of the biologically synthesized AgNPs are pre-
sented. Notably, a significant upshift of the peak at 
3434.78 cm−1 to a sharp peak at 3471.87 cm−1 was 
observed. The peak at 3078.39 cm−1 was attributed to the 
C-H stretching vibrations of aromatic compounds, while 
the sharp peak at 1635.64 cm−1 indicated the presence 
of the amide C = O carbonyl stretch group. Additionally, 
the absorption peak at 1319.31 cm−1 was characteristic 
of nitro compounds and their NO2 stretching vibrations. 
Finally, the peak at 717.52 cm−1 was associated with the 
bending vibrations of aromatic CH bonds. Overall, the 
FTIR analysis revealed distinct absorption peaks during 
the biogenic synthesis of AgNPs.

X‑ray diffraction of AgNPs
The crystalline properties of the green (AgNPs) were 
determined using X-ray diffraction (XRD), as illustrated 
in Fig.  3c. The XRD pattern displayed distinct Bragg 
reflections with 2θ values corresponding to the following 
peaks: 27.82, 32.24, 44.24, 54.83, 57.48, 67.46, 74.45, and 
76.75. These peaks were attributed to the crystallographic 
planes of AgCl and Ag (111), Ag (200), AgCl (220), AgCl 
(222), AgCl and Ag (311), AgCl (400), AgCl and Ag (331), 
and AgCl and Ag (420). Notably, no chlorine-containing 
reagent was added during the synthesis of the AgNPs. 
Therefore, the presence of AgCl detected by XRD can be 
attributed to the reaction between the active substances 
present in the Artemisia extract and AgNO3.

TEM examination
As shown in Fig.  4a, the synthesized AgNPs obtained 
using the A. annua extract exhibited a spherical shape 
with a diameter ranging (9 to 50 nm). TEM selected area 
electron diffraction (SAED) image confirmed the crys-
tallinity of the silver nanoparticles as shown in Fig.  4b. 
Furthermore, the HR-TEM examination represented that 
synthesis of different range according to their polydis-
perse. The particle size distribution (PSD) was calculated 
that shows the percentage distribution and frequency of 
synthesized green nanoparticle sizes (1–50 nm) (Fig. 4c). 
SEM examination confirmed the presence of synthesized 
nanoparticles (Fig. 4d). The image shows agglomerates of 
small grains and dispersed nanoparticles, validating the 
findings from the TEM analysis in this study. The results 
in Fig. 4e show the elemental analysis of the AgNPs using 
EDX and reveal the composition of the Artemisia-based 
AgNPs. The analysis indicated the presence of 14.85% 
Ag, 26.71% oxygen, 19.46% carbon, 10.75% potassium, 
and 7.34% calcium. A prominent peak at 20 keV, which 

is typical of metallic silver nanoparticles, was observed. 
EDX analysis also detected additional optical absorption 
peaks corresponding to oxygen (O) and carbon (C) in the 
biomass after the adsorption of Ag ions.

Evaluation of the antibacterial activity of the new 
green  Artemisia annua/ AgNPs in vitro
Results in Fig. 5a clarified that the ethanolic extract of A. 
annua (96%) had a significant and greater effect than the 
ethanolic extract (70%) on the four selected isolates and 
the indicator bacteria E. coli and S. aureus ATCC 25923. 
Additionally, the new nanoparticles exhibited better 
inhibitory activity against the St.8 isolate (18 mm) than 
against the other isolates. The St.12, St.22, and St.27 iso-
lates showed significant lower antibacterial activity than 
the other treatments (with diameters ranging from 7 to 
15 mm). The presence of AgNPs revealed the presence of 
a plant extract shell capping agent. As shown in Fig. 5b. 
Furthermore, the particles had a spherical shape with 
polydisperse and formed aggregates; adsorbed on the cell 
wall of st.8 isolate and coved the cell envelope, leading to 
leakage of the cellular content and loss their viability as 
in Fig. 5c. It was found that an A.anuua /AgNPs showed 
a maximum zone of inhibition against S. aureus (18 mm), 
followed by a ethanolic extract (96%) (17 mm) as gram-
positive bacteria, whereas minimum activity was found 
in a AgNPs only (16 mm) against S. aureus.

Identification of MRSA St.8 by the VITEK2 compact 
automated system and MALDI‒TOF MS
The results presented in Table  3 represented the iden-
tification of MRSA isolate st.8 using the VITEK2 com-
pact automated system. The isolate exhibited resistance 
to three antibiotics and sensitivity to fifteen antibiotics. 
Specifically, it was resistant to cefotixin, oxacillin, and 
benzylpenicillin, indicating resistance to all β-lactams 
and cephalosporins according to CLSI (MRSA) guide-
lines. Conversely, St.8 showed sensitivity to fifteen anti-
biotics, as determined by the VITEK2 test. The results 
of MALDI-TOF MS the spectrum of the new MRSA S. 
aureus st 8 showed highly match through the reference 
spectra with confidence value up to 99.9% (Additional 
file 1).

Hematological effects of the ethanolic extract 
of Artemisia  annua and A.  annua /AgNPs in S. 
aureus‑infected rats
Table  4 shows that, compared with those in the con-
trol group, the Hb concentration, RBC, hematocrit, 
and lymphocyte count (p < 0.05) in the group infected 
with S. aureus were significantly lower. However, treat-
ment of infected rats with A. annua and A. annua/
AgNPs resulted in normalization of the hemoglobin (Hb) 
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Fig. 4  A Green AgNPs based on Artemisia annua extract of AgNPs at 50 nm scale bar B TEM selected area electron diffraction image. C Frequency 
% and dispersion particles size D Scanning electron microscopy examination of AgNPs based on A. annua extract at 3 µm scale bar. E Elemental 
mapping of EDX analysis green AgNPs based on A. annua extract
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concentration, red blood cell (RBC) count, hematocrit 
percentage, and lymphocyte count compared to those 
in the MRSA-infected group. Conversely, the results 
showed a significant increase in total leukocyte count, 
neutrophil count, and platelet count in the S. aureus 

infection group compared to those in the control group. 
However, supplementation of infected rats with A. annua 
and A. annua /AgNPs reduced the total leukocyte count, 
neutrophil count, and platelet count compared to those 
in the MRSA-infected group.

Fig. 5  A Antibacterial activity of green AgNPs based on Artemisia annua extract of AgNPs against selected isolates (8, 12, 22, 
27) of  Staphylococcus aureus and indicators bacteria (mm). The vertical bars represent standard errors of the means (n = 3). Bars followed 
by the same letter (s) are not significantly different (p ≤ 0.05). B HR-TEM examination of new MRSA (st 8) isolate treated with AgNPs based on A. 
annua extract at 200 nm scale bar. C Bacterial growth inhibition zone achieved in agar well diffusion
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Assessment of the effects of ethanolic extracts 
of  Artemisia annua and A. annua /AgNPs and/
or   Staphylococcus aureus on oxidant/antioxidant 
biomarkers in rats
Table  5 shows that MRSA infection resulted in a sig-
nificant increase in malondialdehyde (MDA) levels 
compared to those in the control group. However, the 
administration of A. annua and A. annua /AgNPs to 

infected rats led to a significant decrease in MDA lev-
els compared to those in the infected group. Moreover, 
S. aureus infection caused a significant decrease in cat-
alase (CAT) and superoxide dismutase (SOD) activity 
compared to that in the control group. Conversely, the 
administration of A. annua and A. annua /AgNPs to 
infected rats resulted in significant increases in CAT and 
SOD activity compared to those in the infected group.

Table 3  Identification of selected MRSA isolate St .8 by VITEK2 compact automated system

Antibiotics MIC (µg/ml) Interpretation Antibiotics MIC (µg/ml) Interpretation

Cefoxitin 0.5 Resistance Erythromycin 0.25 ≥  Sensetive

Benzylpenicillin 0.5 ≤  Resistance Clindamycin 0.25 ≥  Sensetive

Oxacillin 0.5 Resistance Quinupristin/Dalfopristin 0.25 ≥  Sensetive

Gentamicin 0.5 ≥  Sensetive Linezolid 2 Sensetive

Ciprofloxacin 0.5 ≥  Sensetive Vancomycin 0.5 ≥  Sensetive

Levofloxacin 0.12 ≥  Sensetive Tetracycline 1 ≥  Sensetive

Moxifloxacin 0.25 ≥  Sensetive Tigecycline 0.12 ≥  Sensetive

Inducible Clindamycin resistance 0.11 Sensetive Nitrofurantoin 16 ≥  Sensetive

Trimethoprim/sulfamethoxazole 10 ≥  Sensetive Rifampicin 0.5 ≥  Sensetive

Table 4  Effect of ethanolic extract of Artemisia annua and A. annua silver nanoparticles and/or S. aureus on hematological parameters 
in rats

Values are expressed as means ± SE (standard errors). The mean difference is significant at p < 0.05. Data with different letters in the same row are significantly different.
GA: (control group), GB: (A. annua nano silver group), GC: (A. annua extract group), GD: (MRSA-infected group), GE: (MRSA and A. annua extract group),GF: MRSA-
infected and A. annua nanosilver new group). red blood cells (RBCs), hemoglobin concentration (Hb), packed cell volume (PCV), mean corpuscle volume (MCV), mean 
corpuscle hemoglobin (MCH), Mean corpuscle hemoglobin concentration (MCHC), white blood cells (WBCs)

Parameter GA GB GC GD GE GF

Hb ( g/dL) 13.27 ± 0.24a 13.2 ± 0.26a 13.63 ± 0.35a 11.98 ± 0.18b 13.8 ± 0.18a 13.64 ± 0.30a

RBCs (× 106/mm3) 6.76 ± 0.18ab 6.46 ± 0.14bc 7.37 ± 0.27a 5.82 ± 0.21c 6.9 ± 0.18ab 6.9 ± 0.30ab

HCT (%) 39.77 ± 0.49a 39.62 ± 0.49a 40.5 ± 0.29a 36.97 ± 0.58b 40.7 ± 0.23a 40.43 ± 0.64a

MCV (Fl) 58.8 ± 1.0bc 60.23 ± 0.71ac 55.04 ± 1.6b 63.6 ± 1.4a 58.3 ± 1.4bc 58 ± 1.6bc

MCH (pg) 19.62 ± 0.26ab 20.16 ± 0.33b 19.50 ± 0.24a 20.62 ± 0.71b 19.8 ± 0.31b 19.5 ± 0.42ab

MCHC (%) 33.3 ± 0.22ab 33.28 ± 0.27ab 33.65 ± 0.62a 32.43 ± 0.43b 34 ± 0.26a 33.72 ± 0.34a

WBCs(× 103/mm3) 15.57 ± 0.78d 14.4 ± 0.32de 13.4 ± 0.32b 32.5 ± 0.55a 19.29 ± 0.43b 17.3 ± 0.45e

Lymphocyte (× 103/mm3) 84.83 ± 0.32a 85.87 ± 0.18a 86.1 ± 0.38a 67.73 ± 0.89d 81.57 ± 0.33c 83.2 ± 0.1b

Neutrophil (× 103/mm3) 15.16 ± 0.32d 14.13 ± 13.4d 13.9 ± 0.38d 32.27 ± 0.9a 18.4 ± 0.33b 16.8 ± 0.1c

Platelets (× 103/mL) 653 ± 14.57c 666 ± 5.78 cd 597 ± 7.8b 740 ± 4.3a 697 ± 2.9d 614.3 ± 19.7b

Table 5  Effect of ethanolic extract of Artemisia annua and A. annua silver nanoparticles and/or S. aureus on oxidant/ antioxidant 
biomarkers in rats

Values are expressed as means ± SE (standard errors). The mean difference is significant at p < 0.05. Data with different letters in the same row are significantly different.
GA: (control group), GB: (A. annua nano silver group), GC: (Artemesia annua extract group), GD: (MRSA infection group), GE: (MRSA and A. annua extract group),GF: 
MRSA and A. annua nano silver new group).Catalase(CAT),superoxide dismutase (SOD),malondialdehyde (MDA)

Parameter GA GB GC GD GE GF

CAT​ 4.32 ± 0.13b 4.70 ± 0.11ab 4.90 ± 0.06a 1.2 ± 0.12d 2.66 ± 0.16e 3.61 ± 0.21f

SOD 72.67 ± 0.88a 70 ± 0.58a 69.3 ± 3.5a 15.67 ± 0.88d 28 ± 1.73c 52.67 ± 5.54b

MDA 0.66 ± 0.05d 0.53 ± 0.06d 0.61 ± 0.06d 6.47 ± 0.46a 3.87 ± 0.15b 2.13 ± 0.34c
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Fig. 6  Histopathological alterations scoring in lungs of treated groups photomicrograph, rat lungs a, b and c Groups A, B and C, respectively, 
showing normal histological structure of lung alveoli (long arrow) and bronchioles (short arrow) (H&EX100). d Group D showing thickening 
of interstitial tissue by inflammatory cells (arrow) (H&EX200). e Group D showing homogenous esinophilic area of liquifactive necrosis (arrow) 
(H&EX100). f higher magnification of the previous photo showing liquefaction and neutrophils infiltration (arrow) (H&EX200). g Group D showing 
presence of numerous inflammatory cells mainly polymorphonuclear inflammatory cells (arrows) (H&EX400). h Group D showing inflammatory 
exudate and inflammatory cells inside bronchiolar lumen (arrow) (H&EX100). i Group D showing peribronchiolar inflammatory cells infiltration 
(arrow) (H&EX200). (H&E scale bar 100 µm)
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Histopathological findings
Histological assessment of lung tissues from the differ-
ent experimental groups revealed that Groups A, B, and 
C had significant normal histological structures of lung 
alveoli and bronchioles, as shown in Fig.  6a–c, respec-
tively. In contrast, Group D exhibited interstitial tissue 
thickening infiltrated by inflammatory cells (Fig.  6d). 
Additionally, homogeneous eosinophilic areas indicat-
ing liquefactive necrosis are presented in Fig. 6e, accom-
panied by infiltration of inflammatory cells, mainly 
neutrophils (Fig. 6f, g). Inflammatory exudate and inflam-
matory cells were observed inside the bronchiolar lumen 
(Fig. 6h), and peribronchiolar inflammatory cell infiltra-
tion was marked (Fig. 6i).

The bronchiolar lining epithelium showed hyperplasia 
and papillary folding, along with congestion of peribron-
chiolar blood vessels (Fig. 7a) Group E exhibited a small 
area of polymorphonuclear inflammatory cell aggre-
gation (Fig.  7b), mild interstitial tissue thickening due 
to inflammatory cell infiltration (Fig.  7c), and minimal 
exudate in the bronchiolar lumen (Fig. 7d). Peribronchi-
olar inflammatory cell infiltration and mild bronchiolar 
epithelium hyperplasia were also observed (Fig.  7e). In 
Group F, notable significant improvements in the afore-
mentioned lesions were observed, with nearly normal 
bronchiolar walls and empty bronchiolar lumens. Mild 
congestion of peribronchiolar blood vessels (Fig.  7f ), 
minimal peribronchiolar inflammatory cell infiltration 
(Fig. 7g), and mild interstitial tissue thickening due to the 
presence of inflammatory cells (Fig.  7h) were obvious, 
indicating a recovery process. All recorded lesions in the 
lungs were scored according to their severity, as shown in 
Table 6.

Immunohistochemical findings of TNF‑α and iNOS 
in the lungs
Immunostaining analysis of TNF-α and iNOS in the 
lungs revealed no immune reactive cells in Groups A, B, 
or C (Fig.  8a–c). In contrast, Group D exhibited strong 
expression of TNF-α and iNOS (Fig.  8d). Alternatively 
Groups E and F significant demonstrated moderate to 
weak positive immune reactions for TNF-α and iNOS 
in a few cells (Fig. 8e, f ). The immunostaining for TNF-α 
and iNOS in the lung tissue of different experimental 
groups is depicted in Fig. 8g.

Discussion
MRSA is a significant pathogen that causes a range of ill-
nesses in humans and animals. It initially manifests as a 
skin infection but can lead to serious conditions such as 
endocarditis, pneumonia, and septicemia (Shaaban et al. 
2023). Plant-based synthesis of AgNPs offers advantages 
over chemical methods, including biological benefits, 

cost-effectiveness, and environmental friendliness (Allaf-
chian et al. 2016). Aannua is effective at treating pulmo-
nary damage and oxidative stress due to its antioxidant 
activities. It also has antimicrobial properties against 
various pathogens, including Staphylococcus aureus, 
making it a valuable traditional herbal medicine (Yang 
et al. 2015). Besides, the MALDI-TOF MS is a quick and 
extremely precise microbial identification technique for 
different soil, food and blood samples (Ahmed et al. 2021; 
Sabeq et al. 2022 ; Thelen et al. 2023).

The results of this investigation demonstrated that 
the A. annua ethanolic extract contains various bioac-
tive compounds, such as flavonoids, amino acids, pro-
teins, polyphenols, and vitamins, which act as reducing 
agents (Shaaban and El-Sharif. 2001). Silver nanoparticles 
and other composite nanoparticles of metals have been 
reported to possess antifungal, antibacterial, and anti-
oxidant effects (Hassanen et  al. 2020). The antibacterial 
activity of silver is attributed to its impact on the perme-
ability of microorganism cell walls (Durán et  al. 2016). 
Silver nanoparticles bind to thiol groups on cysteine resi-
dues, preventing bacterial DNA replication (Feng et  al. 
2000). Additionally, silver nanoparticles can induce oxi-
dative stress and damage the respiratory chain, resulting 
in bactericidal effects (Moritz and Geszke 2013). Moreo-
ver, the combination of the A. annua extract with AgNPs 
exhibited significant antibacterial activity, which may 
be attributed to the interaction between the extract and 
other groups, such as the thiol group of the L-cysteine 
protein. This interaction could lead to enzymatic failure 
and cell death (Stevanović et al. 2012).

The successful synthesis of AgNPs using A. annua 
extract was confirmed through various characterization 
techniques, including SEM, TEM, XRD, UV‒Vis, EDS, 
and FTIR, in this study. These techniques supported 
the observation of appropriate morphology, size, shape, 
and presence of elemental silver signals, while the A. 
annua extract acted as a capping agent. UV‒Vis spec-
troscopy is a commonly used method for analyzing the 
structure of silver nanoparticles. The color change from 
yellow to brown in the silver nitrate and plant extract 
mixture was attributed to surface plasmon resonance, 
which is responsible for the color change (Vijayakumar 
et  al. 2013). The absorption spectrum analysis revealed 
a prominent peak at 400 nm, indicating the presence of 
metal nanoparticles. This peak shifted to longer wave-
lengths as the particle size increased (Chung et al. 2016).

AgNPs with sizes ranging from 8–50 nm were suc-
cessfully synthesized using plant extracts as reducing 
agents, resulting in a wide dispersion of spherical and 
quasi-spherical biogenic AgNPs, as reported previously 
(Lakshmanan et  al. 2018). In addition, promising appli-
cations of nanoparticles have shown potential in cancer 
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therapeutics as drug delivery systems. Various studies 
have shown that biogenic AgNPs synthesized from A. 
annua effectively suppress S. aureus and E. coli growth 

(Feng et  al. 2000). Furthermore, these materials exhib-
ited superior antibacterial activity compared to other 
biogenic AgNPs (Durán et al. 2016). In addition, AgNPs 

Fig. 7  Photomicrograph, rat lungs. a Group D showing bronchiolar epithelium hyperplasia (long arrow) and congestion of peribronchiolar blood 
vessels (short arrow). b Group E showing area of polymrphnuclear inflammatory cells aggregation (long arrow) with peribronchiiolar blood vessels 
congestion (short arrow). c Group E showing mild thickening of interstitial tissue by inflammatory cells (arrow). d Group E showing few exudate 
in bronchiolar lumen (arrow) e Group E showing few peribronchiolar inflammatory cells infiltration (short arrow) and mild bronchiolar hyperplasia 
(long arrow). f Group F showing normal bronchiolar wall with empty bronchiolar lumen (long arrow), mildly congested peribronchiolar blood 
vessels (arrowhead) and slightly thickened interstitial tissue (short arrow). g Group F showing slight bronchiolar wall hyperplasia (long arrow) 
and few peribronchiolar inflammatory cells infiltration (short arrow). h Group F showing mild thickening of interstitial tissue by inflammatory cells 
(arrow) (H&E scale bar 100 µm)
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were found to inhibit bacterial growth by causing DNA 
damage and disrupting cell membranes.

FTIR analysis revealed that the A. annua extract contains 
various functional groups, including aromatic compounds, 
amide bonds, carbonyl groups, and alkyl halides, which may 
act as reducing agents in the synthesis of silver nanoparticles, 
in agreement with the findings of Hamouda et  al. (2020). 
These functional groups are involved in the creation and sta-
bility of AgNPs. GC‒MS analysis confirmed the presence of 
antibacterial agents and antioxidants, such as glycyrrhetinic 
acid and ruspolinone, in the extract, which contributed to 
the enhanced antibacterial effect of the AgNPs.

It has been documented that n-hexadecanoic acid 
(palmitic acid) has various bioactive effects, including 
anti-inflammatory, antioxidant, hypocholesterolemic, 
nematicidal, pesticidal, antiandrogenic, flavoring, hemo-
lytic, 5-alpha reductase inhibitory, potent antimicrobial, 
antimalarial, and antifungal effects (Abo-Dahab 2014). 
A. annua, a renowned medicinal plant, is valued for its 
production of artemisinin (Qinghaosu), a cadinane-type 
sesquiterpene lactone with an endoperoxide bridge. 
Artemisinin is notably effective against chloroquine- 
and quinine-resistant Plasmodium falciparum and other 
malaria-causing parasites (Willcox et al. 2004). Moreover, 
it has been reported that Oleic acid and 9-octadecenoic 
acid (E) serve as 5-alpha reductase inhibitors, possess 
allergenic properties, exhibit anti-inflammatory and anti-
androgenic effects, and contribute to anemia prevention. 
These compounds also demonstrate anti-alopecic prop-
erties, inhibit leukotriene-D4, act as choleretics, cause 
dermatitis, are hypocholesterolemic, function as insect 
repellents, are used in perfumery, aid in treating alopecia, 
and serve as flavoring agents (Rahman et al. 2014).

EDX analysis demonstrated the presence of silver and 
other oxides, indicating the formation of metallic sil-
ver nanoparticles along with the organic constituents of 
the A. annua extract in this study, while XRD analysis 

confirmed the crystalline nature of the new AgNPs, with 
distinct diffraction peaks corresponding to the face-cen-
tered cubic structure of silver (Allafchian et al. 2016).

This study aimed to investigate the protective effect of 
A. annua-loaded silver nanoparticles against S. aureus-
induced pulmonary damage. The infected group showed 
a decrease in RBC count; Hb, PCV, MCV, MCH, and 
MCHC values, indicating microcytic hypochromic ane-
mia. This can be explained by hyperplasia of the mono-
nuclear phagocytic system, which leads to increased iron 
storage and reduced iron transfer to erythroid cells (El-
Naser and Khamis 2009). An increase in the total leuco-
cyte count is primarily due to neutrophilia, eosinophilia, 
and monocytosis, which are associated with bacterial 
infections and acute inflammatory disorders (Raghib 
et al. 2004). The stress-induced release of corticosteroids 
and histamine release from microbial hypersensitivity 
may contribute to leukocytosis and eosinophilia (Alshehri 
2022). The lymphocyte count reduction observed in the 
present study is consistent with previous findings, indi-
cating the redistribution of lymphocytes to lymphoid tis-
sues and contributing to lymphopenia (Sayed et al. 2002). 
S. aureus, known for its ability to produce hemolysin, can 
target and kill host cells. The untreated infected groups 
showed decreased Hb, RBC, platelet, and PCV levels, 
which may be due to RBC lysis during infection or iron 
depletion inhibiting erythropoiesis during our investiga-
tion. S. aureus can utilize hemoglobin as a source of iron. 
An elevated ESR, TLC, and neutrophil count are reliable 
indicators of infection and normalize after effective treat-
ment (Saleh et al. 2022).

Oxidative stress arises from an imbalance between 
ROS production and the antioxidant system. One study 
confirmed increased MDA levels and decreased SOD 
and CAT activity in the MRSA-infected group, indicat-
ing oxidative stress (Santos et al. 2009). AgNPs treatment 
reduced lipid peroxidation and restored SOD and CAT 

Table 6  Histopathological alterations scoring in lungs of treated groups

The score system was designed as: score 0 = absence of the lesion in all rats of the group

(n = 5), score 1:(< 30%), score 2: (< 30%–50%), score 3: (> 50%)

Lesions Treated rats groups

A B C D E F

Thickening of interstitial tissue 0 0 0 3 1 1

Areas of liquefactive necrosis 0 0 0 2 1 0

Neutrophilic infiltration 0 0 0 3 2 1

Inflammatory exudate in bronchiolar lumen 0 0 0 2 1 0

Peribronchiolar inflammatory cells infiltration 0 0 0 2 1 1

Peribronchiolar vascular congestion 0 0 0 3 2 1

Bronchiolar wall hyperplasia 0 0 0 3 1 1
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Fig. 8  Immunostaining of TNF-α and iNOS, rat lungs. a, b and c Groups A, B and C, respectively, showing very weak to nil immune reactive cells. d 
Group D showing strong expression of TNF-α and iNOS. e and f Groups E and F, respectively, showing moderate to weak positive immune reaction 
in few cells (TNF-α and iNOS scale bar 100 µm). g Immunostaining expression area % of TNF-α and iNOS (data were expressed as mean ± SE, 
different letters (a, b, c) indicating significant differences at p < 0.05. (H&E scale bar 100 µm)
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activity, suggesting that these compounds have antioxi-
dant effects. The decrease in SOD activity may be due to 
free radical removal, while CAT effectively converts H2O2 
to oxygen and water. The decrease in antioxidant enzyme 
activity could be attributed to substrate depletion, tran-
scriptional downregulation, enzyme inactivation by 
MRSA-induced NO production, or a combination of fac-
tors (Ashakumari et al. 1996).

Histopathological examination of the lungs of the S. 
aureus-infected group revealed thickening of the intersti-
tial tissue, liquifactive necrosis areas infiltrated by inflam-
matory cells, the presence of neutrophils, inflammatory 
exudate, and inflammation in the bronchiolar lumen. 
These findings align with previous studies by Hassanen 
and Ragab (2021), who reported S. aureus as a cause of 
bacteraemia and pneumonia, often leading to abscess 
formation. Neutrophils play a crucial role in the host’s 
defense against S. aureus infection (Han et  al. 2009), 
and the inflammatory response commonly manifests as 
abscess formation and is characterized by the presence of 
neutrophils, bacterial colonies, necrotic cell debris, and 
inflammatory exudates (Vinay et al. 2005).

Furthermore, Artemisia-loaded nanoparticles reversed 
the pulmonary effects caused by S. aureus. This effect may 
be attributed to their antioxidant activity, as evidenced 
by the reduction in MDA concentration and increase in 
SOD and catalase activities. These findings are consistent 
with those of Kim et al. (2014), who reported similar anti-
oxidant effects. The antioxidant effect of Artemisia can be 
attributed to the presence of phenolic compounds such 
as coumarin, camphor, retinal O, 2-hydroxy-1,3-pro-
panediyl ester/2,3-dihydroxypropyl elaidate/oleic acid, 
3-hydroxypropyl ester/hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl)ethyl ester/oleic acid, 3-hydroxypropyl 
ester/2 h-1-benzopyran-2-one, 7-hydroxy-6-methoxy, 
and isopropyl linoleate (Bisht et  al.2021). These com-
pounds have antioxidant and anti-inflammatory prop-
erties. Hexadecanoic acid methyl ester, a fatty acid ester 
found in Artemisia, has been shown to inhibit the growth 
of pathogenic bacteria. Furthermore, 2,6-diethenyl-
1,4-benzenediol and 2,3-dimethylhydroquinone are alkyl 
p-hydroquinones that act as chain-breaking antioxidants 
and electron donors for redox intermediates, contribut-
ing to the antioxidant activity of Artemisia. Furthermore, 
Artemisia species also contain flavonoid compounds, 
which are known for their antioxidant properties. Pre-
vious studies have highlighted the presence of phenolics 
and flavonoids in Artemisia, which contribute to its anti-
oxidant activity and have beneficial effects on reducing 
inflammation (Carvalho et al.2011).

In addition to its antioxidant activity, Artemisia also 
exhibits anti-inflammatory effects. This can be attributed 
to its ability to inhibit proinflammatory markers such as 

TNF-α and iNOS. Immunohistochemical findings in this 
study revealed strong expression of TNF-α and iNOS, 
which are considered proinflammatory markers (Madk-
our et al. 2022; Azouz et al. 2023).

Conclusions
In conclusion, the results demonstrated successful isola-
tion and identification of a new MARS strain from the 
local Egyptian community using VITEK2 and Maldi-tof 
assay of the isolate st.8 as Staphylococcus aureus. Green 
AgNPs were successfully synthesized from A. annua 
extract, and their antibacterial and antioxidant activities 
were evaluated. The A. annua /AgNPs were character-
ized using UV‒Vis spectroscopy, HR-FTIR, XRD, TEM, 
SEM, and EDX. The results showed that the AgNPs were 
spherical in shape with a diameter ranging from 9 to 48 
nm. The A. annua / AgNPs also showed significant anti-
bacterial activity against the new MRSA strain, which 
was better than that of the control or chemical AgNPs 
treatment. Additionally, the A. annua /AgNPs exhib-
ited antioxidant properties, which may be beneficial for 
addressing the complications associated with S. aureus-
induced pneumonia. The results confirmed that A. annua 
/AgNPs significantly normalized hematological param-
eters, increased antioxidant biomarkers, reduced inter-
stitial tissue thickening via inflammatory cells. But A. 
annua /AgNPs had a weak positive immune reaction in 
a few cells (TNF-α and iNOS in rats compared to those 
in the infected group). GC-mass analysis confirmed by, 
where A. annua extract was shown to contain a variety of 
compounds, that have anti-inflammatory and antioxidant 
activities. Overall, the study suggested that green AgNPs 
generated from A. annua extract might be a promising 
therapeutic option for combating MRSA infections and 
reducing the reliance on antibiotics.
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