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Green synthesis of trimetallic 
CuO/Ag/ZnO nanocomposite 
using Ziziphus spina‑christi 
plant extract: characterization, 
statistically experimental designs, 
and antimicrobial assessment
Ayman K. El‑Sawaf 1,2, Shahira H. El‑Moslamy 3, Elbadawy A. Kamoun 4* & Kaizar Hossain 5

In this study, Ziziphus spina christi leaves was used to synthesize a trimetallic CuO/Ag/ZnO 
nanocomposite by a simple and green method. Many characterizations e.g. FTIR, UV–vis DRS, SEM–
EDX, TEM, XRD, zeta-size analysis, and DLS, were used to confirm green-synthesized trimetallic CuO/
Ag/ZnO nanocomposite. The green, synthesized trimetallic CuO/Ag/ZnO nanocomposite exhibited a 
spherical dot-like structure, with an average particle size of around 7.11 ± 0.67 nm and a zeta potential 
of 21.5 mV. An extremely homogeneous distribution of signals, including O (79.25%), Cu (13.78%), 
Zn (4.42%), and Ag (2.55%), is evident on the surface of green-synthetic nanocomposite, according 
to EDX data. To the best of our knowledge, this is the first study to effectively use an industrially 
produced green trimetallic CuO/Ag/ZnO nanocomposite as a potent antimicrobial agent by employing 
different statistically experimental designs. The highest yield of green synthetic trimetallic CuO/Ag/
ZnO nanocomposite was (1.65 mg/mL), which was enhanced by 1.85 and 5.7 times; respectively, 
by using the Taguchi approach in comparison to the Plackett–Burman strategy and basal condition. 
A variety of assays techniques were utilized to evaluate the antimicrobial capabilities of the green-
synthesized trimetallic CuO/Ag/ZnO nanocomposite at a 200 µg/mL concentration against multidrug-
resistant human pathogens. After a 36-h period, the tested 200 µg/mL of the green-synthetic 
trimetallic CuO/Ag/ZnO nanocomposite effectively reduced the planktonic viable counts of the studied 
bacteria, Escherichia coli and Staphylococcus aureus, which showed the highest percentage of biofilm 
reduction (98.06 ± 0.93 and 97.47 ± 0.65%; respectively).

Keywords  Ziziphus spina christi leaves, Trimetallic nanocomposite, Green-synthesized ZnO, Antimicrobial 
activities

Nanotechnology is an area of technology that studies, applies, and develops materials at the nanoscopic scale, 
which typically ranges from 1 to 100 nm1. To manufacture nanoparticles, chemical or physical processes are com-
monly employed. Nevertheless, both processes are challenging to scale up and require large amounts of energy, 
in addition to potentially dangerous substances2. These hazardous substances persist at the interface between 
nanomaterials, affecting the biocompatibility of nanomaterials. Biological biosynthesis is therefore a well-known 
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solution for these widely used approaches3. The green synthesis technique has effectively utilized a wide range 
of candidates, including bacteria, fungi, algae, and plants. Metallic nanomaterials can be produced by reducing 
metal ions with the help of the bioactive compounds found in the extracts of these candidates. Because of their 
large surface-to-volume ratio, these nanomaterials are widely used in many different engineering and materials 
science domains, including medical, optical, biotechnological, microbiological, electronics, and environmental4.

Several areas in Egypt are home to the common medicinal plants Mentha spp., Ziziphus spina-christi, and 
Ocimum basilicum, which are highly valued for their anti-inflammatory, antioxidant, antibacterial, and anticancer 
properties1–3. Ziziphus spina-christi, a member of the Rhamnaceae family, is commonly referred to as Sidr. 
Together with a number of recently introduced exotic plants, it is an important cultivated tree and one of the 
few surviving natural tree species in Arabia. The genus Ziziphus is well-known for its therapeutic uses as an 
immune system booster, hypotensive, anti-inflammatory, antimicrobial, antioxidant, and liver-protective agent. 
Furthermore, there have been reports that the Z. spina-christi extract protects against aflatoxicosis. Mentha spp., 
also known as mint (genus Mentha, family Lamiaceae), is widely used as a spice component for many different 
types of food worldwide and is also regularly used to make herbal tea. Because the essential oils of mint include 
antibacterial and antioxidant qualities, it is widely known that the leaves of the plant are still employed in 
traditional medicine to treat digestive problems. According to phytochemical analyses of mentha plants, the 
main components of the leaf extracts that reduced and stabilized nanoparticles were phenolic, flavonoid, steroid, 
and terpenoid8–10. The herb sweet basil (Ocimum basilicum) has small, pink-tinged, or white blooms and elliptic, 
bright green leaves, it also has a strong scent.

Many bioactive molecules, including flavonoids, alkaloids, phenolic compounds, sterols, saponins, tannins, 
and fatty acids, are rich in different plant-based extracts11. In the green synthesis of nanoparticles, these molecules 
act as reductants, capping agents, and stabilizing agents, keeping the resultant nanoparticles stable and preventing 
them from aggregating completely12. According to a previously published study, the crude extract of Ziziphus-
Spina Christi leaves (Sider) was utilized in the green production of zinc oxide nanoparticles (38.177 nm) at 
the hexagonal wurtzite phase6. Graphene oxide was phyto-reduced in the other study employing various doses 
of Ziziphus spina-christi aqueous extract13. Furthermore, other prior investigations reported a fast and safe 
synthesis of selenium-doped zinc oxide nanoparticles (50 nm) in spherical shape utilizing aqueous leaf extract 
(Mangifera indica), which showed strong antimicrobial properties14. The green synthesis of a safe, stable, and 
trimetallic nanocomposite containing Cu, Ag, and Zn was achieved previously using an aqueous leaf extract of 
Catharanthus roseus15. Previously, Ocimum basilicum L. seed extract was used to generate an Ag-doped ZnO-
MgO-CaO nanocomposite in a manner that is environmentally friendly16. Furthermore, MgO and CuO/MgO 
nanoparticles were produced via a green approach using an extract from the Opuntia monacantha plant17. 
Moreover, a content-based extract from the plant powder (Ocimum basilicum) was used in a green method for the 
biological synthesis of MnO2 nanoparticles and MnO2@eggshell nanocomposite18. Also, Calotropis gigantea leaf 
extract was used to generate the green-manufactured binary ZnO-CuO nanocomposites, which show promising 
antimicrobial properties against skin-related infections11. Meanwhile, silver nanoparticles (Ag NPs) that are cost-
effective and environmentally friendly were produced using the aqueous extract of Ziziphus spina-christi leaves 
for treating Fusarium wilt disease19. Besides, Poly(HEMA-co-FAOEME)/ZnO nanocomposites were generated 
as an antimicrobial agent by biosynthesizing ZnO nanoparticles using Mentha plegium L. extract20. ZnO, MgO, 
CuO, and their composite mixed oxide nanoparticles were previously manufactured utilizing a green approach 
and leaf extracts of medicinal plants e.g. Pisonia grandis R.Br.21. The antimicrobial and pro-healing abilities of 
silver, copper, and zinc oxide nanoparticles are widely recognized. Because of their photo-oxidizing and photo-
catalytic effects on biological species, these nanoparticles are safe and biocompatible nanomaterials22.

To prove their antimicrobial properties, these nanoparticles may interact chemically as well as physically. As 
a result of these nanomaterials’ interactions with microbial cells, reactive oxygen species (ROS), H2O2, and ions 
are released under photoinduced conditions23. Conversely, depending on the examined nanomaterials, physical 
interaction may exhibit biocidal impacts through cellular internalization, breakdown of the cell membrane, or 
forceful damage24. Furthermore, it has been suggested that ZnO-Ag NCs have the strongest capacity to break 
down microbial cell membranes and interact with vital DNA elements such as phosphorus and sulfur, inhibiting 
DNA replication23,25,26. The higher specific surface area to volume ratio of the nanoparticles led to the formation 
of more ROS, which is dependent on binding and interacting with the cell membrane and aggregating in the lipid 
layer23. The negative charge of super oxides and hydroxide ions allows them to enter microbial cells. Eventually, 
this may result in the cell wall breaking down, releasing its contents, and finally causing cell death27. Damaged 
electrostatic interactions lead to the mortality of pathogens when the negative charge on the surface of the cell 
membrane catches the positive charge on emitted ions from nanomaterials26,28. Our results can be explained by 
the green, synthesized trimetallic CuO/Ag/ZnO nanocomposite’s high infusibility and ability to generate more 
released ions e.g. (Ag+1, Zn+2, and Cu+2 ions)23. Additionally, the released ions penetrated the host cell by binding 
to surface proteins on the cell wall. Afterward, the microbe’s cells died as a result of the altered metabolism29.

As environmental problems throughout the world become more urgent, scientists are looking into the 
possibility of using nanomaterials to address these problems. Scientists have recently focused their attention on 
nanomaterials and nanocomposites developed from plant extracts. Our group was drawn to the trend of using 
plant extracts to produce nanocomposites on a large scale. When compared to alternative fabrication methods, 
biosynthesized nanoparticles are less costly, non-toxic, and very stable. Biomolecules produced by plants are 
extensive and can be used to generate nanomaterials for a variety of biological applications.

To the best of our knowledge, no previous reports of a trimetallic CuO/Ag/ZnO nanocomposite that was 
produced environmentally employing a Ziziphus spina christi leaf extract, have been published to date. Thus, 
different experimental designs, such as the Plackett–Burman and Genichi Taguchi procedures, were also targeted 
in this work to commercially optimize green-synthesized trimetallic CuO/Ag/ZnO nanocomposite as a strong 
antimicrobial ingredient.
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Materials and methods
Materials
A variety of human pathogens, such as Escherichia coli (ATCC 10536), Klebsiella pneumoniae (ATCC 10031), 
Staphylococcus aureus (ATCC 25923), Bacillus subtilis (ATCC 11774), Candida albicans (ATCC 10231), 
and Candida krusei (ATCC 6258), were used to assess the antimicrobial efficacy of the green synesthetic 
nanocomposites. All human pathogens were received from GEBRI, SRTA-City, Alexandria, Egypt. Fresh leaves 
of Mentha, Ocimum basilicum, and Ziziphus spina hristi were collected from the New Borg Al-Arab City farms 
in Alexandria, Egypt.

Preparation of Ziziphus spina‑christi plant extract
Three well-known herbal plants i.e. (Mentha, Ziziphus spina-christi), and (Ocimum basilicum) were gathered 
locally for this study. Greenish-yellow leaves were collected from these plants and washed twice under running 
water before being thoroughly cleansed with distilled water to remove any extra remaining dirt. After carefully 
cleaning every leaf with a white cloth, the leaves were allowed to air dry for three hours. It was ground into a 
fine powder after dried for 72 h at 60 °C. Finally, 10 g of dry powder and 100 mL of double-distilled water were 
added to a 250-mL Erlenmeyer flask and shaken at 200 rpm at 70 °C for 30 min to extract the components. To 
eliminate any last bits of tiny plant debris from the recovered material, centrifugation at 6000 rpm revolutions 
per minute was performed using Whatman No. 1 filter paper. The filtered extract was stored at 4 °C for future 
experimental use16,30,31.

Quantification of main leaf extract constituents
With a minor modification, the Folin-Ciocalteu method was utilized to determine the total phenolic content32. In 
brief, 40 μL of plant extract was mixed with 1.8 mL of 2N Folin-Ciocalteu for 5 min at room temperature (25 °C). 
The resulting mixture was subsequently mixed with 1.2 mL of a 7.5% sodium carbonate solution and allowed to 
react for one hour in the dark at ambient temperature, where the absorbance at 765 nm was finally measured. The 
standard component was gallic acid (y = 0.6812x + 0.0314, R2 = 0.9975), and the sample’s total phenolic content 
was expressed in milligrams of gallic acid equivalents (mg GAE/g). Rutin, a slightly modified standard substance, 
was utilized with the aluminum chloride method to evaluate the total flavonoid concentration33. Overall, 1 mL of 
extracts and blank (H2O) were mixed with 3 mL of potassium acetate (0.1 mol/L) and 2 mL of aluminum chloride 
solution (0.1 mol/L). After allowing the mixture to react for 20 min, 70% aqueous ethanol (v/v) was added to 
dilute it to a final volume of 10 mL. The standard curve was (y = 1.4715x + 0.0364) (R2 = 0.9998). The absorbance 
was finally measured at 510 nm, and the results were reported as rutin equivalents (mg RE/g). The total protein 
content was calculated using Bradford’s (1976) method and expressed as mg/g fresh weight (FW). To prepare 
one gram of fresh plant tissues for protein and enzyme extractions, three milliliters of 25 mM Tris–HCl buffer 
(pH 6.8) and 3% polyvinylpolypyrrolidone were homogenized at 4 °C. Protein analysis was completed using the 
supernatant after the resulting mixture was centrifuged for an hour at 13,000 rpm at 4 °C. The concentrations 
in mg/g FW were determined using standard curves for each reducing sugar34. The extract was centrifuged at 
12,000 rpm, and the supernatant was kept in the dark for a whole day to determine anthocyanins35. After that, 
an absorbance measurement at 550 nm was taken for all the samples. After computing the total anthocyanin 
content using a coefficient of attrition of 33,000 mM/cm, the result was expressed as µg/g final weight.

Green synthesis of trimetallic CuO/Ag/ZnO nanocomposite
A 250-mL Erlenmeyer flask was filled with 50 mL of each diluted plant extract (50%) and was agitated for 30 
min, while 0.1M AgNO3, 0.1M Cu (NO3)2.3H2O, and 0.1M Zn (CH3COO)2.2H2O were titrated gradually at a 
time. The solution was then continually stirred at 80 °C, while the pH was adjusted to (5.5, 7.0, 14) using 2M 
NaOH solution. A precipitate that was dark brown developed after this reaction, was stirred for two hours. The 
precipitate that was produced was centrifuged for 15 min at 12,000 rpm, and after being repeatedly cleaned to 
remove contaminants with distilled water and ethanol, the pelt was dried for two hours at 80°C. A mortar and 
pestle were used to grind the dried pelt into a powder, and dry weights were estimated for each plant extract. 
UV–visible spectroscopy (Shimadzu, Japan) was also used to identify the absorbance bands and band gaps to 
confirm that the nanocomposite was synthesized utilizing each of the extracted plants.

Bioassay survey
An agar-well diffusion method was used to determine the green synthesized nanocomposite’s antimicrobial 
sensitivity in vitro, against a range of multi-drug-resistant human pathogens. The investigated pathogens were 
cultured in individual culture inoculated in sterile nutrient broth containing (0.5% peptone, 0.5% NaCl, and 
0.3% yeast extract). The inocula was then incubated for 24 h at 37 °C. After incubation, the individual culture 
suspension was utilized for the bioassay survey. A sterile well cutter was used to cut 5-mm-diameter wells on 
Muller Hinton agar medium (0.2% beef extract, 0.15% starch, 1.75% casein, and 1.7% agar). Subsequently, 0.1 
mL of every pathogen was spread out on the agar plates, and 50 μL of the nanocomposites that synthesized at 
distinct pH levels (pH 5, 7.0, and 14) were added to the hollows. 20 μL of Ziziphus spina-christi extract was used 
as a control. The inoculation culture plates were held at 4 °C for 5 h before incubation for 48 h at 37 °C. After 
incubation, the inhibitory zones that formed were measured in millimeters.

Characterization of green synthesized nanocomposite
FTIR spectra were investigated using a JASCO-410 spectrometer (JASCO, Easton, MD). To further explore the 
surface morphology of the green synthetic nanocomposite, a SEM (Qattro, Thermo-Scientific, USA) JSM-6510LV, 
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USA was utilized. The transmission electron microscope was additionally utilized for analyzing the nano struc-
tural features (TEM, JEM-2100F, JEOL: Japan). Thermal stability of synthesized nanocomposites was assessed 
using (TGA, DTA, and DSC) was estimated at 29–1000 °C utilizing a DSC-TGA device model (SDTQ 600, USA) 
under a N2 atmosphere (flow rate of 100 mL/min and a heating rate of 10°C/min). Furthermore, (Horiba, SZ-100, 
Kyoto, Japan) specimen was used to investigate the green synthetic nanocomposite’s zeta potential using dynamic 
light scattering (DLS). A temperature of 25 °C was maintained during a 20-min dilution and dispersion process 
in an ultrasonic bath for examining the green synthetic nanocomposite in a DLS machine.

Statistical optimization to maximize the yield of green‑synthesized nanocomposite
Two successive experimental designs were used in this work to maximize the yield of nanocomposite’s green-
synthetic reaction. The factors affecting the green synesthetic reaction were assessed using the Plackett–Burman 
and Taguchi designs, such as concentrations of plant extract (F1), concentrations of precursors (F2), ratio of 
precursors (F3), reaction agitation (F4), reaction temperature (F5), reaction pH (F6), and incubation period (F7).

Plackett–Burman design (PBD)
In several investigations, this design was utilized to evaluate the rate of green synesthetic reaction and the 
overall yield of dry-weight nanocomposite36–38. Green-synthetic reaction variables are used in these qualitative 
and quantitative screening procedures to identify the ideal parameters for maximizing the dry weight of 
nanocomposite products. The yield weight of green synthetic trimetallic CuO/Ag/ZnO nanocomposite was found 
to be affected by seven factors, which included concentrations of plant extract, concentrations of precursors, 
ratios of precursors, reaction agitation, temperature, reaction pH, and incubation time. These factors were 
selected based on previous experiments (data not shown). As indicated in Table 1, these factors were examined 
at two different levels: the highest (1) and the lowest (− 1).

The response was calculated using the average green synthesized nanocomposite dry weight, and each 
experiment was conducted twice. A first-order polynomial model serves as the foundation for mathematical 
modeling of PBD, as shown in Eq. (1). In this case, Y is the dry weight of nanocomposite that were biosynthesized 
(response), β0 denotes the model intercept, βi is the linear coefficient, and Xi is the number of independent 
variables.

Furthermore, Eq. (2) was used to calculate the efficiency of each variable. In this equation, Mv represents the 
variable main effect, Mv + and Mv− are the cell dry weights in trials where the independent variable was present 
at high and low levels; respectively, and N is the number of trials divided by two.

Minitab® 18.1 software was utilized to generate a set of 12 trails for statistical analysis and graph charting. All 
independent variables were evaluated for their impact on the response using analysis of variance (ANOVA), with 
a significance level of P < 0.05. The fitness of the equation was assessed using the multiple correlation coefficient 
(R2) and adjusted R2.

Taguchi technique: To generate a valid result, the Taguchi technique was built up in several steps: choosing 
important components, creating an accurate matrix, analyzing statistical data, and finally validating using the 
best values. The goal of this work is to use several criteria to determine the maximum cell dry weight of the 
overall dry-weight nanocomposite yield (Table 2). The L27(3^7) Taguchi orthogonal array design was used for 
this optimization technique (7 factors, 3 levels, and 27 runs). An orthogonal array (signal-to-noise ratio, or "S/N") 
is created by first identifying the factor levels (inner array) using numbers like 1, 2, 3 etc. These levels are then 
compared to different combinations of noise factors in the outer array. The S/N ratio is expressed in decibels (dB).

Once the average of produced cell dry weights and the signal-to-noise (S/N) ratio (the larger the better 
group) are determined for each process condition as designed, the F test and ANOVA are used to examine the 
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Table 1.   Factors employed in Plackett–Burman and their corresponding values for optimizing the yield of 
green synesthetic nanocomposite. a Ziziphus spina-christi is the plant extract that was tested. b AgNO3, Cu 
(NO3)2.3H2O, and Zn (CH3COO)2.2H2O were the used precursors. c Ratio of the tested precursors (AgNO3: Cu 
(NO3)2.3H2O: Zn (CH3COO)2.2H2O).

Factors Codes Units Low (− 1) High (+ 1)

Concentrations of plant extracta F1 % 10 100

Concentrations of precursorsb F2 M 0.5 2

Ratio of precursorsc F3 v/v/v 1:01:01 1:01:04

Reaction agitation F4 RPM 10 250

Reaction temperature F5 °C 80 100

Reaction pH F6 – 4 8

Incubation time F7 h 0 6
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significance of all factors and their relationships at levels using the MINITAB 18 software. At the end of the 
process, a confirmation test was conducted to compare the experimental value with the results that were achieved 
using Taguchi’s method. The S/N ratio is expressed in decibels [dB] and calculated using Eq. (3), where n is the 
number of observations and Y is the observed data (dry-weight nanocomposite yield).

Moreover, the predicted S/N ratio was estimated, where n is the number of parameters, S/Nm is the total 
mean S/N ratio, and S/Ni is the mean S/N ratio at the optimum level using Eq. (4).

Antimicrobial efficiency bioassays
The CLSI standard39, was followed in the agar well-diffusion method, biofilm inhibition assay, and time-kill 
experiment employed to evaluate the antimicrobial efficiency of green synthesized CuO/Ag/ZnO nanocomposite.

Agar well‑diffusion technique
The studied human pathogens were cultured in a nutrient broth medium (0.5% peptone, 0.3% yeast extract, 
0.2% beef extract, and 0.5 NaCl) to achieve the 0.5 McFarland turbidity standards. On nutrient agar plates, 100 
µL of microbial cultures were spread out using sterile cotton swabs. For this experiment, three different dosages 
of the selected green synesthetic nanocomposite designated as (A): 50 µg/mL, (B): 100 µg/mL, and (C): 150 µg/
mL were prepared. Immediately after using a sterile 6-mm cork-borer to drill each well, 50 µL of the evaluated 
green synesthetic nanocomposite dosage was added. After that, the agar plates were incubated for 24 h at 37°C. 
A ruler was used to measure the inhibitory zone, or the clean zone, in millimeters (mm) around each well40.

Biofilm inhibition assay
The broth microdilution method was used to estimate the minimum inhibitory concentration of the examined 
green synesthetic nanocomposite by calculating the lowest concentration at which no discernible growth 
appeared41. To measure MIC, multiple dosages of the selected green synesthetic nanocomposite, ranging from 
50 to 250 µg/mL were generated. The tested pathogens were cultured individually in nutrient broth medium at 
37 °C and 150 rpm to generate the pre-inoculums. To obtain (2 × 105) CFU/mL, each pathogen was separately 
inoculated into a fresh nutrient broth, which was then incubated at 37 °C and 150 rpm. The optical density (OD) 
at 600 nm was measured over a 6-h incubation period to determine a microbe’s exponential phase. Aseptically, 
100 µL of each dosage of the tested green nanocomposite was put into 900 µL of these planktonic cultures to 
generate treated cultures. Moreover, green synesthetic nanocomposite-free cultures were employed for developing 
untreated (control) cultures. The microbiological turbidity was measured spectrophotometrically to evaluate 
the inhibitory effects of the tested chemical compounds. The percentage of anti-biofilm in each sample was 
determined by using Eq. (5) to compare OD of the treated culture (T) to the corresponding untreated culture (U).

Time kill‑kinetics assay
Macro-broth dilution method was employed, to reach the early logarithmic stage; every one of such pathogens 
was inoculated separately into nutrient broth medium and incubated for 6 h at 37 °C while being agitated at 150 
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Table 2.   Factors employed in the Taguchi design and the associated probabilities for maximizing the 
production efficiency of green synesthetic nanocomposites. a Ziziphus spina-christi is the plant extract that 
was tested. b AgNO3, Cu(NO3)2.3H2O, and Zn (CH3COO)2.2H2O were the used precursors. c Ratio of the tested 
precursors (AgNO3: Cu (NO3)2.3H2O: Zn (CH3COO)2.2H2O).

Factors Codes Units

Levels of parameters

1 2 3

Concentrations of plant extracta F1 % 25 50 75

Concentrations of precursorsb F2 M 0.25 0.5 0.75

Ratio of precursorsc F3 v/v/v 1:1:1 2:1:1 1:2:1

Reaction agitation F4 RPM 50 150 200

Reaction temperature F5 °C 30 40 50

Reaction pH F6 – 5 6 7

Incubation time F7 h 1 2 3
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rpm. The inoculum from each microbial culture (5 × 108 CFU/mL) was then transferred to 9 mL of freshly made 
nutrient broth medium. The green synesthetic nanocomposite (1 mL) was then added at a concentration of 200 
µg/mL. A control growth system was prepared for each pathogen, omitting the tested formulation. After that, 
these tubes were shaken constantly at 150 rpm and 37 °C for the rest of the period of incubation. Under aseptic 
conditions, the samples were routinely taken at many time intervals (0, 6, 12, 18, 24, 30, 36, 42, and 48 h). After 
diluting the samples with sterile saline, 100 µL of the mixture was swabbed onto nutrient agar plates. During 
the incubation periods, the number of visible colonies was counted and reported as CFU/mL. The percentage of 
the pathogen’s cells’ biofilm reduction exposed to the tested green synesthetic nanocomposite with each control 
was determined using the logarithm of the counted colonies (Log10CFU/ml) for each time interval (Eq. 6). 
Furthermore, by determining the lowest dose that eliminated at least 99.9% of the initial microbial cells, the 
minimum bactericidal concentration (MBC) was determined.

Statistical analyses
The results of antimicrobial efficacy tests were performed in triplicate, and the mean ± standard deviation 
(M ± SD) was utilized to describe the results. Tukey’s multiple comparison post hoc test was utilized in the 
Minitab 19 program (MINITAB version 19.1) to compute a one-way analysis of variance (ANOVA) and confirm 
statistical significance. A 95% confidence interval was used for statistical significance (p < 0.05).

Results and discussion
Biosynthetic of green‑synthesized trimetallic nanocomposite
Basically, nanostructures can be synthesized using sol–gel processing, hydrolysis/condensation, and wet chemical 
processing. These techniques are mostly costly, require exact experimental parameters (temperature, pressure, 
energy, and timeframe), and require toxic traditional chemicals. However, green synthesis of nanostructures is 
attracting a lot of interest currently, due to many significant advantages including simpler, cheaper, and more 
eco-friendly technique. The most promising method of synthesis is "green synthesis," which is achieved by 
employing either plant extracts or specific microbes (bacteria, fungi, algae, etc.). Many studies on the synthesis 
of various metals nanoparticles including Zn, Mn, Cu, Au, and Ag, which have been carried out in recent 
years with a focus on different types of biological systems42. In pharmaceutical formulations, medicinal plant 
extracts are utilized for their bioactive ingredients, helping in the reduction and capping of metal ions through 
the synthesis of nanostructures43. For instance, zinc nitrate ionization in an aqueous solution produced Zn2+, 
which was subsequently reduced to Zn+ by a phytochemical present in the extract (functional as reducing, 
capping, and stabilizing agents). Chemicals containing phenolic groups and hydroxyl groups may hydrolyze 
and generate nanostructures. Among the several kinds of metallic nanoparticles, Ag, CuO, and ZnO have 
attracted the attention of many scientists, due to their many applications in different scientific sectors44–46. These 
nanoparticles have been extensively employed in antimicrobial, antioxidant, and photocatalytic applications44. 
On the connections between these metals in plant extract-based nanocomposites, however, there is currently 
no information available. Due to the synergistic effect of their respective qualities, this combination usually 
improves the material’s properties47.

Thus, our work contributes to the effort to find a novel material with remarkable physiological characteristics 
that has been produced using green techniques. Polyphenols (including flavonoids and saponins), alkaloids, pro-
teins, phenolic acids, sugars, and terpenoids all of which are found in various plant parts—help reduce and stabi-
lize metal ions to produce nanostructures48. Thus, the use of plant extracts not only saves energy, time, and steps 
while reducing the use of toxic chemicals, which protects the environment and human health, but also enhances 
the efficacy and properties of nanoparticles in the pharmaceutical and medical fields by retaining active chemical 
molecules on their surfaces49. The green synthesis of nanocomposites in aqueous plant extracts is suggested to 
be influenced by a variety of bioactive molecules, including proteins, polyphenols, and polysaccharides50. So, 
the examined plant extracts were evaluated by determining their constituents. A set of methods was used to 
test specific components of the various leaf materials of Mentha, Ocimum basilicum, and Ziziphus spina christi 
before the green synthesis of CuO/Ag/ZnO nanocomposites, were developed. Table 3 initially reports the results 
of the determinations for total protein, reducing sugar, anthocyanin, phenol, and flavonoids. According to phy-
tochemical investigations, the main constituents of the tested leaf extracts that contributed to the stabilization 
and reduction of nanoparticles were protein content, reducing sugar, flavonoids, phenolics, and anthocyanin. 
The results showed that these constituents were richest in Ziziphus spina-christi, Ocimum basilicum, followed 

(6)Biofilminhibitionrate(%) =

[

(

log10
CFU
ml Untreated

− log10
CFU
ml Treated

)

log10
CFU
ml Untreated

]

× 100.

Table 3.   Estimated main elements of the tested plant extracts.

Plant extract Total protein (mg/g FW) Reducing sugar (mg/g FW) Anthocyanin (mg/g FW) Phenol (mg/g FW)
Flavonoids (mg/g 
FW)

Mentha spp. 0.39 ± 0.36 1.98 ± 0.06 0.98 ± 0.87 25.54 ± 2.58 14.22 ± 1.87

Ziziphus spina-christi 2.96 ± 0.27 2.84 ± 0.22 5.92 ± 0.05 35.69 ± 5.38 26.60 ± 2.25

Ocimum basilicum 1.22 ± 0.09 2.09 ± 0.58 3.68 ± 1.03 29.58 ± 0.07 19.55 ± 2.54
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by Mentha spp. The results showed that the Ziziphus spina christi extract consisted of high levels of flavonoids 
(26.60 ± 2.25), total phenolic compounds (35.69 ± 5.38), reducing sugar (2.84 ± 0.22), anthocyanin (5.92 ± 0.05), 
and total protein (2.96 ± 0.27).

These aromatic plant extracts (reductants) were then titrated under shaking conditions with the precursors 
composed of (0.1M AgNO3, 0.1M Cu(NO3)2.3H2O, and 0.1M Zn(CH3COO)2.2H2O) together to generate a green 
synesthetic trimetallic nanocomposite. The reaction color changed from reddish yellow (aromatic plant extracts) 
to dark turbid brown, indicating that the extracts of Mentha spp. (Fig. 1IC), Ziziphus spina-christi (Fig. 1IIC), 
and Ocimum basilicum (Fig. 1IIIC) generated a green synthetic nanocomposite (Fig. 1I,II, and IIIN). An essen-
tial technique for figuring out the electronic structure, optical activities, and physico-chemical characteristics 
of nanoparticles is UV–visible (UV–vis) spectroscopy51. The classification of nanoparticles in the size range of 
2–100 nm was found to be adequate for absorption of wavelengths 200–80052. The absorption edge of our green 
synthetic nanocomposite was estimated using a spectrophotometer scanning a range of 200–500 nm, and the 
results were compared with the extracts employed in each case. The real absorbance was graphed from 0 to 4.0 
au. using the Origin Pro software (v. 8.0, OriginLab Co., Northampton, MA, USA) to generate fitted curves.

The real green synthetic nanocomposite consistently displays distinct absorption peaks at 220 nm (Fig. 1I), 
240 nm (Fig. 1II), and 260 nm (Fig. 1III), in addition to 320 nm when its wavelength is compared to the extract’s 
peaks. A green-generated trimetallic Cu, Zn, and Ag nanocomposite utilizing Catharanthus roseus leaf extract has 
shown similar results elsewhere53. According to reports, the absorption bands for Cu, Zn, and Ag nanocomposites 
have been identified at 220, 270, and 370 nm; respectively15. In addition, an experiment revealed the existence of 
zinc ions in the crystal lattices, which caused the lattices to shift, especially in consideration of their extension. 
The absorbance peak’s strength increases as a result of this alteration after ZnO doping with Cu54. Furthermore, 
a rise in the absorbance band at 220 nm confirms the presence of copper oxide (CuO)54. This peak is found in a 
similar range by numerous other investigations that demonstrated the generation of CuO NPs. Zinc oxide (ZnO) 
has a further separate peak at 270 nm. Other investigations have shown that absorbance peaks at 230 and 270 
nm in copper-doped ZnO nanoparticles suggest the presence of ZnO40,48–50. The production of Ag nanoparticles 
is shown by the absorbance band at 370 nm15. The aqueous extract of Berberis vulgaris leaf and root was used 
to generate nanoparticles of silver, which showed a broad peak in 380–400 nm area53. The results of the current 
study are fully consistent with all the outcomes.

Different parameters, including pH, temperature, reaction duration, and reactant concentration, can be 
used to optimize the green synthesis of nanoparticle morphological characterization33,51–53. Most of these 
environmental elements that influence nanoparticle synthesis should be identified. Consequently, these aspects 
can be efficiently addressed to maximize the yield of industrial fabrication of metallic nanoparticles53. The 

Figure 1.   Findings of green synthesized nanocomposite generated from various aromatic plant extracts. UV–
vis plots for the prepared nanocomposite, compared to the examined plant extracts: Mentha spp. (I), Ziziphus 
spina-christi (II), and Ocimum basilicum (III). Photos of the extract plants (C) and the yield nanocomposite (N). 
The chart depicts the dry weights of nanocomposites generated from various aromatic plant extracts at different 
pH levels (IV). The color of the resulting green nanocomposite synthesized with Ziziphus spina-christi at various 
pH levels (V).
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reaction’s pH has significant effects on the nanoparticles’ structure61. To be more precise, temperature and pH 
have an impact on how nucleation centers develop. In order to maximize the synthesis of metal nanoparticles, it 
is crucial to adjust the pH level since this results in the automatic growth of nucleation centers62. Moreover, the 
size and structural composition of the nanoparticles have been found to be significantly impacted by the pH of the 
solution53. Therefore, the green synthetic nanocomposite was generated at different pHs to determine which plant 
extract produced the heaviest dry weight of nanocomposite. To generate a green synesthetic nanocomposite of a 
trimetallic nanocomposite, these aromatic plant extracts (reductants) are separately adjusted at different pHs (5.5, 
7, and 14). Then, the precursors that were used are added gradually and equally. For all studied aromatic plant 
extracts, the optimum response was seen at a pH between 5.5 and 7, as Fig. 1IV illustrates. Moreover, the heaviest 
dry weight of the generated nanocomposite was obtained using the Ziziphus spina-christi extract at all applicable 
pHs (Fig. 1V). In brief, the largest dry weight of green synthetic nanocomposite was measured at pH-5.5 (0.29 
mg/mL), followed by pH-7 (0.25 mg/mL), and pH-14 (0.05 mg/mL) was the lowest. With the exception of other 
extracts in all applicable screening analyses, the Ziziphus spina-christi extract produced the heaviest dry weight 
of the formed nanocomposite. Therefore, in all additional investigations, the Ziziphus spina-christi extract was 
selected for the green-generated nanocomposite.

An antimicrobial survey is carried out utilizing the green synthetic nanocomposite, which is prepared using 
Ziziphus spina-christi extract at all applicable pHs. When compared to the free extract (Co), the growth of the 
evaluated human pathogens was impacted by every nanocomposite created, as demonstrated by the plate photo-
graphs (Fig. 2). In brief, the widest inhibitory zone widths (Fig. 2D) were detected at pH 7 against Bacillus subtilis 
(14.21 ± 1.56 mm) and Staphylococcus aureus (13.96 ± 2.33 mm). ANOVA and Tukey post-hoc tests were used 
to assess the mean values of the computed inhibitory zones to statistically identify the more effective versions. 
To find significant mean differences, Fig. 2E then displays Tukey’s test means for each paired comparison. The 
adjusted confidence intervals are computed using the Tukey simultaneous tests on a 95% scale. At pH 7 intervals, 
the green synthesized nanocomposite is devoid of the zero line. This indicates that there are statistically significant 
differences between the green synthetic nanocomposite at pH 7 and the control group and other tested pHs. The 
results show statistically significant antimicrobial properties for the tested green synthetic nanocomposite at pH 7.

Characterization of green synthesized CuO/Ag/ZnO nanocomposite
TEM imaging of green synthesized nanocomposite is observed with an accelerating voltage of 100 kV. Figure 3I 
shows the dense, spherical dot-like structure of the green, synthetic trimetallic CuO/Ag/ZnO nanocomposite. 
This proves the effective development of trimetallic CuO/Ag/ZnO nanocomposite, which is produced in an 
environmentally friendly manner. The particle size measured on TEM images is used to visualize the real size of 
nanoparticles, and the result is an average particle size of 7.11 ± 0.67 nm with a narrow particle size dispersion. 

Figure 2.   Antimicrobial effects of green synthesized nanocomposite utilizing Ziziphus spina-christi extract at 
all applicable pHs (A): pH-5, (B) pH-7, and (C) pH-14, in comparison to (Co): control against (i) Escherichia 
coli, (ii) Klebsiella pneumoniae, (iii) Staphylococcus aureus, (iv) Bacillus subtilis, (v) Candida albicans, and (vi) 
Candida krusei using agar-well diffusion analysis. Photos of antimicrobial plates are shown, as well as a chart 
of the computed inhibition zones (D) and simultaneous Tukey tests for mean difference using Tukey–Kramer 
post-hoc analysis (E).
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SEM investigation shows the film surface morphology, which can be characterized as a porosity-free, soft, smooth 
planar structure (Fig. 3II). Previous studies also used the green chemistry method using extract of Ocimum 
basilicum L., to generate Ag/doped ZnO-MgO-CaO nanocomposite (59 nm) and spherical and triangular-
shaped Ag/doped MgO-NiO-ZnO nanocomposite (30–44 nm); respectively12,56. Furthermore, the spherical-
shaped of ZnO-Ag nanocomposites (26.02 ± 1 nm) were formed by utilizing a novel, simple, cost-effective, and 
safe method that involved the utilization of Stenotaphrum secundatum extract13. Likely, a green technique is 
employed in a prior study to prepare Ag-doped ZnO nanoparticles (60 nm) utilizing Tridax procumbens leaf 
extract. These nanoparticles show synergistic antimicrobial properties against a variety of human pathogens8. 
As seen in Fig. 3III, EDX mapping verification at multiple sites demonstrates the presence of signals with a 
highly homogenous distribution on the surface of green synthesized nanocomposite, including O (79.25%), Cu 
(13.78%), Zn (4.42%), and Ag (2.55%). The study’s findings verify that CuO, Ag, and ZnO nanocomposite are 
effectively synthesized using green techniques. Prior to this, the normal stoichiometric ratio that was employed to 
generate the trimetallic nanoparticles was not followed, resulting in a compositional atomic ratio of (1:1.46:1.05) 
of (Cu:Ag:Zn). This could have been brought about by differences in the surface energy of the nanoparticles 
or by the specific crystallographic orientation of the metal atoms15. A further vital characteristic is the ability 
to measure charge on a surface. The molecular weight of large molecules dissolved in water can be determined 
using Zeta-potential analyzer. Zeta potential levels rely on a number of factors, including chemical composi-
tion and roughness64. Zeta potential is a measure of the strength of charge on the surface of particles64,65. The 
stability of an emulsion or nanosuspension can be predicted based on the absolute value of the zeta potential. 
In order to stabilize the nanocrystal formation (electrostatic repulsion), a high absolute value of zeta potential 
needs to be achieved. Higher zeta potentials of the nanomaterial suspension predicted the formation of a more 
stable, non-aggregating particle dispersion. Previous studies found that a suspended particle is deemed stable if 
its zeta potential is either higher than + 30 mV or lower than − 30 mV65,66. According to earlier studies, particles 
will agglomerate when zeta potential values get closer to 0 mV67; nevertheless, for values larger than ± 20 mV, 
the particles will remain stable and suspended65. The green synthetic trimetallic CuO/Ag/ZnO nanocomposite 
has a zeta-potential of 21.5 ± 5.53 mV, as shown in Fig. 3IV. The large absolute zeta potentials (> 20 mV) of our 
developed green synthetic nanocomposite suggested long-term stability by reducing vesicle aggregation, indicat-
ing that it was stable in a liquid state.

Furthermore, the thermal analysis of green synthesized trimetallic CuO/Ag/ZnO nanocomposite is character-
ized using TGA, DTA, DSC profiles (Fig. 4). DSC data provides a detailed description of the phase transition of 
tested nanocomposite. The Tg value is a crucial parameter to describe the stability of the lyophilized nanocom-
posite. The transition temperature and associated enthalpy drop have an impact on the stability of drug pharma-
cokinetics. A more tightly constructed nanocomposite is suggested by a greater transient enthalpy. DSC panel 
indicates that green synthetic trimetallic CuO/Ag/ZnO nanocomposite’s transition temperature varied between 
100 and 200 °C (Fig. 4I). The characteristic endothermic peaks appear at approximately 118.84 °C, 138.44 °C, 
and 200.41 °C. These are caused by the release of absorbed water, the breakdown of organic molecule function 

Figure 3.   TEM image (I), SEM image (II), TEM–EDX analysis (III), and Zeta potential pattern (IV) of green 
synthesized trimetallic CuO/Ag/ZnO nanocomposite.
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groups, depolymerization, and decomposition, as well as the dehydration, phase conversion, and full combustion 
of the organic residue68,69. The green synthetic trimetallic CuO/Ag/ZnO nanocomposite’s DTA curve (Fig. 4II) 
displays three exothermic peaks at 112.75, 130.13, and 194.78°C and three endothermic peaks at 118.15, 137.89, 
and 201.31°C. The heat degradation process is shown in seven phases on the TGA curve in a smooth, stepwise 
manner (Fig. 4III). While weight losses of 11.03, 4.12, 2.37, 4.404, 1.89, 2.404, and 6.288% accompanied the 
breakdown of green synthetic trimetallic CuO/Ag/ZnO nanocomposite, are detected at 79.67, 121.41, 141.83, 
211.09, 259.49, 405.12, and 493.92°C. The green synthetic trimetallic CuO/Ag/ZnO nanocomposite loses weight 
in the initial stages due to the evaporation of adsorbed water molecules and humidity. Because of the breakdown 
of green synthetic trimetallic CuO/Ag/ZnO nanocomposite matrix, the largest weight losses (> 85.92%) occur 
at temperatures between 0 and 250 °C, because of CuO/Ag/ZnO is crystallinity-related, the final breakdown 
(10.57%) takes place between 260 and 500°C.

FTIR spectra of Ziziphus spina christi extract and CuO/Ag/ZnO nanocomposite specimens are shown in 
Fig. 4IV. The spectrum of CuO/Ag/ZnO nanocomposite exhibits peaks at around ν 700–400 cm−1; in contrast to 
the extract bonds of Ziziphus spina christi spectrum. This can be attributed to the interactions that Ag has with 
metal oxides like ZnO or CuO. The green synthesized spectrum of CuO/Ag/ZnO nanocomposite shows distinct 
peaks at ν 630 cm−1 and peaks at approximately ν 500–420 cm−1, which are related to the stretching vibrations of 
CuO and Zn–O, respectively37–39. Air humidity most likely influenced the sample measurement. A spectra band 
of ν 3600–3500 cm−1 is where O–H bond occurs70. Consequently, the signal at ν 3478 cm−1 is associated with 
inter-hydrogen bonding that is present in both the plant extract and nanocomposite spectra represents –OH 
groups and water molecules. The stretching frequency of the extract’s phenolic O–H, which serves as a reducing 
and capping ligand, is responsible for the broad peak at ν 3354–1606 cm−1. The stretching of carbon dioxide 
O=C=O bonds is also responsible for the peak at ν 2351 cm−1. The additional clear peak is especially visible at ν 
1520 cm−1 which is the vibrational frequency of a C=O bond and may indicate the presence of organic residues. 
Furthermore, there is a peak at ν 1427 cm−1, which could be related to the O–H bonds in carboxylic acid bending. 
The stretching vibration of C=O polyphenols may be explained by strong peak at ν 1392 cm−1. Aromatic C–O 
and N–H stretching vibrations from phenolic groups were responsible for the strong peaks at 1268 and ν 1076 
cm−1; respectively. The stretching of C–O bonds in primary alcohols is connected to the peak detected at ν 1113 
cm−1. Overall, FT-IR spectrum of CuO/Ag/ZnO exhibits that; it is coated with active phytoconstituents, mainly 
O–H, C=O, and C–N residues of alkaloids and phenolic derivatives. To stabilize the resulting CuO/Ag/ZnO 
nanocomposite, O–H, C=O, and C–N residues might form bonds with metals by covering their surfaces and 
decreasing agglomeration69,71. Many studies have reported that a variety of biomolecules found in the Ziziphus 
spina christi extract are responsible for the stabilization and reduction of the green synthesized nanocomposite. 
The existence of several functional groups linked to active phytochemicals such as phenolic acids, flavonoids, 
aromatic compounds, etc. is shown by FTIR analysis of trimetallic Zn/Cu/Ag NCs that are synthesized from 
the leaf extract72. These groups have been suggested to be responsible for the generation of the trimetallic 
nanocomposite as well as the reduction of metal precursors and subsequent stabilization61. The phytochemicals 

Figure 4.   Characterization of green synthesized trimetallic CuO/Ag/ZnO nanocomposite’s DSC (I), DTA (II), 
and TGA (III) curves with FTIR (IV) spectrum of green synthesized nanocomposite (black spectrum), and the 
extract of Ziziphus spina christi (red spectrum).
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in the extract, primarily flavonoids and phenolic acids, may decrease metal ions by donating electrons, resulting 
in the generation of metal nanoparticles. Furthermore, this may prevent the particles from aggregating by binding 
to the surface of the nanoparticle, forming a barrier that reduces surface energy and stabilizes the particles. 
Further oxidation of the nanoparticles could be inhibited by the carboxyl and hydroxyl groups binding to the 
metal ions on their surface, protecting the structural integrity of the particles11,51. Our FTIR results clearly show 
the presence of flavonoids and phenolic acids, which are responsible for the development of the green synthetic 
trimetallic CuO/Ag/ZnO nanocomposite.

Statistical optimization of the yield of green synthesized nanocomposite
In general, green synthesized nanocomposites show promise as antibacterial and anticancer agents for safer, more 
effective, and inexpensive medications or drug delivery systems. The various sizes, forms, dispersions, and stability 
of the generated nanocomposites are associated with the presented metabolites40. Green synthesized procedures 
for nanocomposite, in particular, have a number of delicate factors63,64. Several factors that influence the yield 
shape and size control include the concentrations of plant extract and precursors, as well as the ratio of precursors 
to other reaction parameters, including temperature, pH, agitation, and incubation time54,65. Worldwide, scientific 
investigations are being carried out to find out more about how temperature affects nanoparticles33,54. The main 
element that alters the size, shape, and degree of synthesis of the nanoparticles is the temperature36. Temperature-
dependent modifications can be made to the synthesized nanoparticles’ rod, spherical, octahedral platelet, 
triangular, and spherical shaped structure. Additionally, when the temperature improves, the reaction response 
rate increases the nucleation center development54,65. Conversely, the most important variable influencing the 
yield, size, and shape of nanoparticles generated during the synthesis of green nanoparticles is the reaction 
time3,62. According to EL-Moslamy et al., reported that reaction time is critical to produce various nanoparticles 
and nanocomposites. Therefore, three primary parameters that influence a nanoparticle’s shape and structure are 
temperature, pH, and reaction time53,54. Until now the utilization of Ziziphus spina christi extract to optimize the 
conditions of green synthesized trimetallic (CuO/Ag/ZnO) nanocomposite statistically according to regulated 
conditions remains unexplored. In this study, a two-step experimental strategy known as Plackett–Burman and 
Taguchi designs is utilized to analyze the parameters influencing the green synthesized reaction to maximize the 
nanocomposite’s green synthesized yield.

Plackett–Burman design
The best parameters for maximizing the dry weight of nanocomposite solutions are identified by using this quali-
tative and quantitative screening method employing green-synthesized reaction variables. The chosen experi-
ments are utilized to identify the essential elements for the green synesthetic nanocomposites, determine the 
appropriate ratio, and create a mathematical model, that could be applied to the prediction procedure. The 12 
experiments involved screening several components of green-synthetic reaction and exploring each one at two 
different levels: high (+ 1) and low (− 1), together with a dummy factor used to assess the experiment’s standard 
error. The experiments are completed, and green synthesized nanocomposite’s dry weights are recorded (Table 4). 
Excel 2016 and Minitab 18 are the tools utilized for statistical analysis and graph plotting. As indicated by Table 4 
the nanocomposite’s highest dry weight was 0.78 mg/mL (run 12) and 0.65 mg/mL (run 8); in contrast, the lowest 
dry weight is 0 mg/mL that recorded at runs 5 and 7.

The effect of each independent variable on the response is ascertained by analysis of variance (ANOVA), where 
P < 0.05 was deemed statistically significant. Table 4 shows the results of equation’s fitness evaluation using the 
multiple correlation coefficient (R2) and adjusted R2. In the overall design, the p value indicates the significance 
of each independent variable. Larger t-values and smaller p-values (prob > F < 0.05) are associated with greater 

Table 4.   Seven distinct factors (F1: plant extract concentrations, F2: precursor concentrations, F3: precursor 
ratio, F4: reaction agitation, F5: reaction temperature, F6: reaction pH, and F7: incubation period) and their 
impact on the dry weight production efficiency of green synthesized nanocomposites employing the Plackett–
Burman design.

Std order Run order Pt type Blocks F1 F2 F3 F4 F5 F6 F7 Dry weight (mg/mL) Predicted results (mg/mL)

6 1 1 1 1 1 1 − 1 1 1 − 1 0.31 0.33

2 2 1 1 1 1 − 1 1 − 1 − 1 − 1 0.09 0.10

7 3 1 1 − 1 1 1 1 − 1 1 1 0.07 0.12

12 4 1 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 0.41 0.44

8 5 1 1 − 1 − 1 1 1 1 − 1 1 0 − 0.02

1 6 1 1 1 − 1 1 − 1 − 1 − 1 1 0.47 0.48

3 7 1 1 − 1 1 1 − 1 1 − 1 − 1 0 − 0.02

11 8 1 1 − 1 1 − 1 − 1 − 1 1 1 0.65 0.60

4 9 1 1 1 − 1 1 1 − 1 1 − 1 0.35 0.31

5 10 1 1 1 1 − 1 1 1 − 1 1 0.13 0.12

9 11 1 1 − 1 − 1 − 1 1 1 1 − 1 0.27 0.28

10 12 1 1 1 − 1 − 1 − 1 1 1 1 0.78 0.80
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coefficient influence on the response. The model’s overall performance is also estimated using the coefficient of 
determination (R2) and the adjusted-R2 (adj-R2) value, which ideally should agree with R2 value (less than 2%). 
A stronger model with better response prediction is indicated by R2 value closer to 175,76. The presented data 
shows model R2 and adj-R2 values for the bio-fabrication reaction of the green synthesized nanocomposite, which 
are 98.58%, and 96.10%; respectively (Table 5). According to these findings, the model can account for 98.58% 
of response data variability, with a 1.42% chance that noise is to blame for the variation. Additionally, a high 
adj-R2 value showed that the model was precise and that there is a strong correlation between the experimental 
and anticipated findings. ANOVA summary typical of experimental Plackett–Burman tests indicated that the 
model was highly significant, due to the low probability value (p value ~ 0.05). Regarding the green synesthetic 
nanocomposite’s dry weight (mg/mL), each of these components showed an acceptable adjustment (Table 5).

As shown in Fig. 5I, II,  and IV nanocomposite’s yield is affected by the minimized values of precursor 
concentrations (F2), precursor ratio (F3), reaction agitation (F4), and reaction temperature (F5) factors, alongside 
the maximized values of plant extract concentrations (F1), reaction pH (F6), and incubation period (F7). The 
production efficiency of green synthesized nanocomposites is statistically significantly impacted by all evaluated 
parameters. As illustrated in Fig. 5V concentrations of plant extract (F1), concentrations of precursors (F2), ratio 
of precursors (F3), reaction agitation (F4), reaction pH (F6), and incubation time (F7); are the main factors that 
influence the production efficiency of green synthesized nanocomposites, more so than reaction temperature 
(F5). Figure 5I illustrates the principal impacts of every variable under investigation on the nanocomposite’s dry 
weight. These main effects describe the average differences for each variable between its low and high values. 
Except for F2, F3, F4, and F5 factors, which vary dramatically between high and low levels, suggesting their 
impact on amplifying the response at low levels. As a factor rises from a low to a high level, the response always 
increases when the major effect of the factor is positive (F1, F6, and F7). Because it predicts the maximum dry 
weight of the nanocomposite using optimal parameters (Fig. 5III) to determine individual effectiveness, the 
optimizer tool in MINITAB 18.0 was utilized to solve Eq. (7). Equation (7) indicates that a first-order polynomial 
model that serves as the starting point for the mathematical modeling of the PBD is used to verify the reaction by 
calculating the average dry weight of green synthesized nanocomposite. The green synthesized nanocomposites 
are verified by means of the ideal conditions expected for the green reaction, and the results are compared with 
those recorded under the baseline settings. By using this optimization process, the nanocomposite’s dry weight 
increases from 0.29 to 0.89 mg/mL, i.e. a 3.06-fold increase.

Taguchi statistical method
A cost-efficient and attractive tool for optimizing and generating excellent industrial production processes has 
been developed by Genichi Taguchi model. According to the requirements of the experiment, several arrays 
included in Taguchi’s model can be employed. Orthogonal arrays (OAs) have designs indicated by Ln (mP), where 
n signifies the total number of sections, m denotes the number of parameter levels, and P is the total number 
of parameters69,70. This work is the first to employ the Taguchi experimental design to statistically optimize the 
conditions of green synthesized trimetallic CuO/Ag/ZnO nanocomposite qualities using Ziziphus spina christi 
extract. Taguchi’s L27 (3^7) orthogonal array design is utilized to optimize the yield of a green trimetallic CuO/
Ag/ZnO nanocomposite. The yield and S/N ratio values of green trimetallic CuO/Ag/ZnO nanocomposite are 
determined by conducting 27 trials with seven parameters classified according to L27 (3^7) OA design, as indi-
cated in Table 6. The ideal combination of the responses of green trimetallic CuO/Ag/ZnO nanocomposite is 
designed by experimentation using Taguchi model. To identify the best combination of the evaluated factors, the 

(7)
Dry weightof green synthesized nanocomposite

(

mg/mL
)

= 0.2942+ 0.0608 F1 − 0.0858 F2

− 0.0942 F3 − 0.1425 F4 − 0.0458 F5

+ 0.1108 F6 + 0.0558 F7.

Table 5.   Plackett-Berman statistical analysis used to optimize factors to increase the production efficiency of 
green nanocomposites. R-sq = 98.58%, R-sq(adj) = 96.10%, and R-sq(pred) = 87.24%.

Source DF Adj SS Adj MS F-value P-value

Model 7 0.692925 0.098989 39.73 0.002

Linear 7 0.692925 0.098989 39.73 0.002

Concentrations of plant extract 1 0.044408 0.044408 17.82 0.013

Concentrations of precursor 1 0.088408 0.088408 35.48 0.004

Ratio of precursors 1 0.106408 0.106408 42.71 0.003

Reaction agitation 1 0.243675 0.243675 97.80 0.001

Reaction temperature 1 0.025208 0.025208 10.12 0.034

Reaction pH 1 0.147408 0.147408 59.16 0.002

Incubation time 1 0.037408 0.037408 15.01 0.018

Error 4 0.009967 0.002492 –

Total 11 0.702892 – – –
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data is examined using statistical techniques, including regression analysis and ANOVA. The biggest and small-
est yields of green trimetallic CuO/Ag/ZnO nanocomposite values (0.04 and 1.42 mg/mL) are demonstrated in 
experimental No. 25 and No. 12; respectively. Table 6 displays the structure of Taguchi’s orthogonal robust struc-
ture, as well as the measurement outcomes. The quality feature that deviates from the intended value is measured 
using S/N ratio data obtained from Taguchi method. S/N ratios vary based on the green trimetallic CuO/Ag/
ZnO nanocomposite yield values (Table 6). The S/N ratio and green trimetallic CuO/Ag/ZnO nanocomposite 
yield values determined by Taguchi’s equation (Eq. 3) are displayed in Table 6.

The mean S/N ratio for each parameter level is reported, and Table 6 displays the S/N response table for yield 
of the green trimetallic CuO/Ag/ZnO nanocomposite. Both an ANOVA and an F-test can be used to assess the 
experimental data (Table 7). Our chosen model suits the experimental data well, as evidenced by its R2 of 97.36%. 
So, both the model and its parameters were highly significant (P < 0.0001). The model’s F-value stands at 100.33, 
and the significance F-value is 1.19 E−13 (Table 7).

It is shown that, the suggested model is adequate by the residuals found above and below zero line of the 
residual plot. A straight-line distribution is seen in the residual plots, which suggests the model fits the results 
effectively (Fig. 6). The end confidence level (%) and P-values of each factor indicated that F4, F5, and F6 
are significant factors, followed by F7, F2, F1, and F3 (Fig. 6III). This orthogonal array model is represented 
by equation No. 8, which also explains the yields of green trimetallic CuO/Ag/ZnO nanocomposite and the 
relationships between each of the seven elements. As illustrated in Fig. 6I, the final rankings have the largest 
S/N ratio value (bigger is better) based on the ANOVA analysis of S/N ratio value and the factor level calculation 
of the main impact for this dry weight (Table 7). For the key effects obtained all through the optimization trial 
runs, a primary impact graphic was drawn (Fig. 6II).

To get the highest yield of the green synthesized trimetallic CuO/Ag/ZnO NCs, this approach recommends 
the optimal combination of the investigated parameters. For green trimetallic CuO/Ag/ZnO nanocomposite, S/N 
ratio indicates that the following are the ideal conditions: F1 at level 1, F2 at level 1, F3 at level 1, F4 at level 3, F5 
at level 3, F6 at level 1, and F7 at level 3. The last stage is to predict and confirm the improvement of quality pro-
file using the ideal level of design parameters after the optimal level has been determined. According to Eq. (4), 
it is possible to compute the predicted S/N ratio using design parameters at their optimal level. The pH of 25% 

(8)

Dry weightof the green synesthetic nanocomposite
(

mg/mL
)

= 0.15+ 0.045F1− 0.049F2− 0.041F3

+ 0.28F4 + 0.203F5− 0.195F6+ 0.05F7.

Figure 5.   Model summary of the factorial regression for the green synthetic nanocomposite (g/ml) for the 
investigated variables: plant extract concentrations (F1), precursor concentrations (F2), precursor ratio (F3), 
reaction agitation (F4), reaction temperature (F5), reaction pH (F6), and incubation period (F7) via the 
following parameters: the main effect plot (I and II), the standardized effect using normal plot (IV), Pareto chart 
of the standardized effects (V), and a response optimizer with a maximum outcome and optimal values for these 
variables (III) of each variable.
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Table 6.   Experimental setup that uses Taguchi’s L27 (3^7) orthogonal array design to maximize the 
manufacturing efficiency of green trimetallic CuO/Ag/ZnO nanocomposite. The investigated variables coded 
as; plant extract concentrations (F1), precursor concentrations (F2), precursor ratio (F3), reaction agitation 
(F4), reaction temperature (F5), reaction pH (F6), and incubation period (F7).

Experimental runs F1 F2 F3 F4 F5 F6 F7 Dry weight (mg/ml) S/N ratio (dB)

L1 1 1 1 1 1 1 1 0.49 − 6.19608

L2 1 1 1 1 2 2 2 0.48 − 6.37518

L3 1 1 1 1 3 3 3 0.64 − 3.8764

L4 1 2 2 2 1 1 1 0.59 − 4.58296

L5 1 2 2 2 2 2 2 0.67 − 3.4785

L6 1 2 2 2 3 3 3 0.74 − 2.61537

L7 1 3 3 3 1 1 1 0.91 − 0.81917

L8 1 3 3 3 2 2 2 0.89 − 1.0122

L9 1 3 3 3 3 3 3 0.96 − 0.35458

L10 2 1 2 3 1 2 3 0.89 − 1.0122

L11 2 1 2 3 2 3 1 0.76 − 2.38373

L12 2 1 2 3 3 1 2 1.42 3.045767

L13 2 2 3 1 1 2 3 0.29 − 10.752

L14 2 2 3 1 2 3 1 0.16 − 15.9176

L15 2 2 3 1 3 1 2 0.81 − 1.8303

L16 2 3 1 2 1 2 3 0.54 − 5.35212

L17 2 3 1 2 2 3 1 0.42 − 7.53501

L18 2 3 1 2 3 1 2 1.26 2.007411

L19 3 1 3 2 1 3 2 0.42 − 7.53501

L20 3 1 3 2 2 1 3 1.04 0.340667

L21 3 1 3 2 3 2 1 1.02 0.172003

L22 3 2 1 3 1 3 2 0.85 − 1.41162

L23 3 2 1 3 2 1 3 1.29 2.211794

L24 3 2 1 3 3 2 1 1.27 2.076074

L25 3 3 2 1 1 3 2 0.04 − 27.9588

L26 3 3 2 1 2 1 3 0.69 − 3.22302

L27 3 3 2 1 3 2 1 0.56 − 5.03624

Table 7.   Results of Taguchi design experimental design analysis, which is utilized to optimize the production 
efficiency of green synesthetic nanocomposite. Multiple R = 0.98, R2 = 0.97, adjusted R2 = 0.96, and standard 
error = 0.065.

Coefficients Standard error t Stat P-value

Intercept 0.154444 0.082728 1.86689 0.077426

Concentrations of plant extract 0.045 0.015451 2.912376 0.008932

Concentrations of precursor − 0.04944 0.015451 − 3.20002 0.004714

Ratio of precursors − 0.04111 0.015451 − 2.66069 0.015442

Reaction agitation 0.282222 0.015451 18.26527 1.65E−13

Reaction temperature 0.203333 0.015451 13.15963 5.37E−11

Reaction pH − 0.195 0.015451 − 12.6203 1.1E−10

Incubation time 0.05 0.015451 3.235974 0.004349

df SS MS F Significance F

ANOVA

 Regression 7 3.018217 0.431174 100.3344 1.18595E−13

 Residual 19 0.08165 0.004297 – –

 Total 26 3.099867 – – –
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diluted Ziziphus spina-christi extract is adjusted to 5 to achieve the highest dry weight possible for green trime-
tallic CuO/Ag/ZnO nanocomposite. This extract is then titrated slowly using (0.25M AgNO3, Cu(NO3)2.3H2O, 
and Zn(CH3COO)2.2H2O), which are prepared at 1:1:1 ratio. This reaction is incubated at 50 °C and agitated 
for 3h at 200 rpm, after this titration phase (Fig. 6IV). The green trimetallic CuO/Ag/ZnO nanocomposite is 
optimized statistically under controlled conditions using Ziziphus spina christi extract, resulting in an estimated 
yield of 1.65 mg/ml and a predicted S/N ratio of roughly 7.79 dB. Lastly, the comparison of data using Placket 
Burman strategy and Taguchi approach shown that it is feasible to efficiently raise and enhance the yield of green 
synthetic trimetallic CuO/Ag/ZnO nanocomposite. Compared to Plackett Burman strategy and basal condition, 
the maximum green synthetic trimetallic CuO/Ag/ZnO nanocomposite yield (1.65 mg/mL) may be increased 
by 1.85 and 5.7 times; respectively by applying Taguchi strategy.

Antimicrobial potency of green trimetallic CuO/Ag/ZnO nanocomposite
Human infections with antibiotic-resistant microbes are a major cause of death worldwide79. Accordingly, a num-
ber of antimicrobial nanostructures have been generated recently80. So, our study investigated the antimicrobial 
qualities of different doses of optimized yield of green synthesized trimetallic CuO/Ag/ZnO nanocomposite. Ini-
tially, the antimicrobial activity of evaluated doses (50, 100, and 150 µg/mL) is evaluated using agar-well-diffusion 
method (Fig. 7). The inhibitory zone widths of tested doses of green trimetallic CuO/Ag/ZnO nanocomposite 
against multidrug-resistant human pathogens are determined. Generally, the largest inhibitory zone widths are 
recorded by using different doses of the green trimetallic CuO/Ag/ZnO nanocomposite against Gram-negative 
bacteria (Fig. 7i,ii), and Gram-positive bacteria (Figs. 7iii, and 8iv), followed by yeast cells (Fig. 7v,vi). There are 
differences in the affected doses for each human pathogen that has been studied, as seen in Fig. 7I. The results 
of Table 8 demonstrate that Escherichia coli that are treated with 150 µg/mL of green trimetallic CuO/Ag/ZnO 
nanocomposite shows the largest inhibitory zone widths (20.68 ± 3.54 mm), followed by Klebsiella pneumoniae 
(19.22 ± 1.41 mm), and Staphylococcus aureus (17.14 ± 1.98 mm). Additionally, Bacillus subtilis (15.39 ± 3.52 mm), 
Candida albicans (14.32 ± 2.54 mm), and Candida krusei (13.29 ± 4.22 mm) show the narrowest inhibitory zones, 
when exposed to 150 µg/mL of green trimetallic CuO/Ag/ZnO NC. Ag-ZnO nanocomposites (75 nm) generated 
from fenugreek leaf extract at a dosage of 20 mg/mL are found to have antimicrobial properties against several 
human diseases in a previous study. In the agar diffusion method, the inhibition zone diameter for Escherichia coli 
is 12.5 ± 0.707 mm, for Staphylococcus aureus is 13.5 ± 0.707 mm, and for Candida albicans is 10.5 ± 0.707 mm81. 
But herein, Escherichia coli treated with 150 µg/mL of green trimetallic CuO/Ag/ZnO nanocomposite demon-
strate the highest inhibitory zone widths (20.68 ± 3.54 mm), followed by Staphylococcus aureus (17.14 ± 1.98 mm) 
and Candida albicans (14.32 ± 2.54 mm). Our results show that Ag-ZnO nanocomposites have less impact on 

Figure 6.   Characteristics of Taguchi’s experimental results: (I) the larger-the-better main effects plot for S/N 
ratios; (II) the main effects plot for means of the production efficacy of green synesthetic nanocomposite; (III) 
the p-values and confidence level (%) of each factor in the yield of green synesthetic nanocomposite, and (IV) 
Schematic diagram of the green synthetic trimetallic CuO/Ag/ZnO nanocomposite employing 25% diluted 
Ziziphus spina-christi extract (pH = 5) as reducing/capping agent and 0.25 M AgNO, Cu(NO3)2.3H2O, and 
Zn(CH3COO)2.2H2O as precursors. The green synthesized trimetallic CuO/Ag/ZnO nanocomposite coated 
with active phytoconstituents, mainly O–H, C=O, and C–N residues of alkaloids and phenolic derivatives.
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Figure 7.   Antimicrobial efficacy results for tested doses of green trimetallic CuO/Ag/ZnO nanocomposite 
labeled (A: 50 µg/mL, B: 100 µg/mL, C: 150 µg/mL) against various multidrug-resistant human pathogens (i: 
Escherichia coli, ii: Klebsiella pneumoniae, iii: Staphylococcus aureus, iv: Bacillus subtilis, v: Candida albicans, 
and vi: Candida krusei). Photographs depict an Agar-well diffusion investigation. Chart displays the computed 
inhibition zones (I), box-plot graph (II) displays the inhibitory value distributions corresponding to the tested 
doses; and simultaneous results for analyzing the overall group’s difference (III) via Tukey–Kramer post-hoc 
analysis. Means that don’t have the same letter differ greatly.

Figure 8.   Reduction in biofilm generation of the tested human pathogens using a biofilm inhibition assay. 
Chart shows the percentage of biofilm reduction (I), box-plot graph shows biofilm reduction value distributions 
corresponding to drug dosages via Tukey–Kramer post-hoc analysis (II), and simultaneous Tukey results 
appearing the overall group’s difference (III).
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S. aureus and E. coli. Other reports on the antimicrobial abilities of Ag, ZnO, and CuO nanoparticles generated 
from various plant extracts have also been reported previously11,74–76. Numerous nanoparticles with antibacterial 
qualities have also been demonstrated in other studies, which include silica, iron oxide, copper oxide, magnesium 
oxide, titanium dioxide, silver, zinc oxide, and cerium dioxide. The capacity of nanomaterials to limit microbial 
development depends on the layers of the pathogen’s cell wall or membrane structure. The synthesized nano-
structure’s size, shape, and core–shell morphology, which provide a high surface-area-to-volume ratio, also have 
an impact on the proliferation of microbes17,82,85.

The ANOVA, and Tukey–Kramer post-hoc analysis is employed to demonstrate the inhibitory value 
distributions that correspond to tested doses. Furthermore, data about the correlation between tested products 
and antimicrobial effectiveness is grouped using statistical clustering. So, the inhibitory effect distributions 
that match tested treatments are displayed on comparable interval and box plot graphs (Fig. 7II, III). The 
Tukey–Kramer post-hoc results show that, out of all the treatments that are assessed, 150 µg/mL of green 
trimetallic CuO/Ag/ZnO nanocomposite have the highest anti-biofilm value. A boxplot that displays the 
significant mean differences is produced for each paired comparison using the means of Tukey’s test. As can 
be seen in the box-plot graph (Fig. 7II), there are significant antimicrobial variations among all tested doses 
of green trimetallic CuO/Ag/ZnO nanocomposite. Especially, 150 µg/mL of green trimetallic CuO/Ag/ZnO 
nanocomposite have the highest inhibitory values based on Tukey–Kramer post-hoc results. On 95% scale, the 
modified confidence intervals are computed using Tukey simultaneous tests. Due to the absence of zero line in the 
intervals for formulation with the highest efficacy, 150 µg/mL of green trimetallic CuO/Ag/ZnO nanocomposite, 
whose mean values are shown in Fig. 7III, shows significant differences. All these results indicate that 150 µg/
mL of green trimetallic CuO/Ag/ZnO nanocomposite have the strongest antimicrobial properties, compared 
to all doses that are tested.

Spectrophotometric antibiofilm assay is used to assess the antimicrobial efficacy of green trimetallic CuO/
Ag/ZnO nanocomposite with several doses ranging from 50 to 250 µg/mL, against all tested human pathogens. 
The percentage of biofilm reduction is utilized to determine doses’ in vitro efficacy to prevent pathogen growth 
(Fig. 8). The antimicrobial chart depicts 200 µg/mL dose’s strong antagonistic antimicrobial effects against all 
pathogens tested (Fig. 8I). Additionally, tested Gram-positive have the highest antimicrobial effect more than 
tested Gram-negative, and yeast cells. The highest percentage of antibiofilm after treatment with 200 µg/mL of 
green trimetallic CuO/Ag/ZnO nanocomposite are of 98.31 ± 0.98, and 97.68 ± 1.11% that are recorded against 
tested Gram-positive pathogens e.g. Bacillus subtilis, and Staphylococcus aureus; respectively (Table 9). Addi-
tionally, the modest percentage of antibiofilm are recorded against Escherichia coli (92.45 ± 1.41%), Klebsiella 

Table 8.   Antimicrobial efficacy results for the tested doses of green trimetallic CuO/Ag/ZnO nanocomposite 
labeled A: 50 µg/mL, B: 100 µg/mL, and C: 150 µg/mL) measured against various multidrug-resistant human 
pathogens using an agar-well diffusion. R-sq = 89.60%, R-sq(adj) = 88.22%, and R-sq(pred) = 85.03%. The data is 
represented as the mean of inhibition zone diameters (millimeters) ± standard deviation (mm ± SD). Statistical 
significance is reached at p ≤ 0.05 for the differences. Means that don’t have the same letter differ greatly.

Multidrug-resistant human pathogens

Inhibition zone diameters (mm ± SD)

50 µg/ml 100 µg/ml 150 µg/ml

Escherichia coli 5.69 ± 1.25c 15.29 ± 2.87b 20.68 ± 3.54a

Klebsiella pneumoniae 3.65 ± 0.33c 14.26 ± 2.58b 19.22 ± 1.41a

Staphylococcus aureus 2.33 ± 0.98c 12.25 ± 4.25b 17.14 ± 1.98a

Bacillus subtilis 1.98 ± 0.99c 10.58 ± 2.47b 15.39 ± 3.52a

Candida albicans 2.45 ± 1.07c 11.72 ± 0.98b 14.32 ± 2.54a

Candida krusei 1.98 ± 0.14c 11.35 ± 2.57b 13.29 ± 4.22a

Table 9.   Reduction in biofilm generation of tested human pathogens that are treated with green trimetallic 
CuO/Ag/ZnO nanocomposite with several doses ranging from 50 to 250 µg/mL using a biofilm inhibition 
assay via micro-dilution technique. R-sq = 86.98%, R-sq(adj) = 84.90%, and R-sq(pred) = 81.25%. The data 
is shown as the mean (percentage) ± standard deviation (% ± SD). Differences in the superscript letters are 
statistically significant at p ≤ 0.05.

Multidrug-resistant human pathogens

Reduction in biofilm generation (% ± SD)

MICs (µg/mL)50 µg/mL 100 µg/mL 150 µg/mL 200 µg/mL 250 µg/mL

Escherichia coli 63.45 ± 3.98d 71.55 ± 0.98c 82.36 ± 2.22ab 92.45 ± 1.41a 80.29 ± 1.85b 200

Klebsiella pneumoniae 67.68 ± 2.14d 73.62 ± 3.98c 89.45 ± 3.54ab 91.07 ± 1.09a 82.55 ± 0.93b 200

Staphylococcus aureus 68.18 ± 3.65d 75.36 ± 1.74c 95.98 ± 1.14ab 97.68 ± 1.11a 85.74 ± 3.41b 150

Bacillus subtilis 69.31 ± 1.98d 79.35 ± 5.54c 94.54 ± 3.54ab 98.31 ± 0.98a 82.39 ± 1.25b 150

Candida albicans 60.31 ± 3.54d 72.35 ± 1.09c 80.32 ± 1.12ab 90.99 ± 0.87a 82.41 ± 3.54b 200

Candida krusei 62.59 ± 4.58d 76.98 ± 2.33c 81.58 ± 4.56ab 89.59 ± 0.15a 83.59 ± 0.15b 200
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pneumoniae (91.07 ± 1.09%), Candida albicans (90.99 ± 0.87%), Candida krusei and (89.59 ± 0.15%), as seen in 
Table 9. To statistically ascertain whether doses are more effective, the mean values of computed antibiofilm 
percentages are assessed using ANOVA and Tukey post-hoc test, Fig. 8II, III. Furthermore, the correlation data 
between tested doses and antimicrobial effectiveness is grouped using statistical clustering. So, the inhibitory 
effect distributions that match the tested treatments are displayed on comparable interval and box plot graphs. 
A boxplot displays the significant mean differences and is produced for each paired comparison using the means 
of Tukey’s test. Additionally, out of all doses that are assessed, 200 µg/mL of green trimetallic CuO/Ag/ZnO 
nanocomposite have the highest anti-biofilm value (Fig. 8II). On a 95% scale, the modified confidence intervals 
are computed using Tukey simultaneous tests. There are narrow statistical differences between the recorded 
antibiofilm percentages intervals of 150–200, and 150–250 µg/mL doses of green trimetallic CuO/Ag/ZnO 
nanocomposite (pass through the zero line), as seen in Fig. 8III. Due to the absence of zero line in the intervals 
for 200–250 µg/mL dose shows significant differences. So, the recorded MICs for all tested human pathogens 
range from 150 to 200 µg/mL (Table 9). An additional investigation16, examined the antimicrobial potential 
of green binary ZnO/CuO nanocomposites (irregular rod-shaped particles 7.52 nm in size) produced from 
Calotropis gigantea against drug-sensitive human pathogens (Staphylococcus aureus and Escherichia coli), multi-
drug-resistant human pathogens (Klebsiella pneumoniae, Pseudomonas aeruginosa, and methicillin-resistant 
S. aureus). For S. aureus, its MICs varied between 5 and 2.5 mg/mL. Furthermore, for E. coli, P. aeruginosa, K. 
pneumoniae, and MRSA, the MIC values were 0.625, 0.15625, 0.625, and 0.15625 mg/mL, respectively. Therefore, 
our outcomes are extremely proficient, compared to earlier studies.

The 200 µg/mL of green trimetallic CuO/Ag/ZnO nanocomposite that demonstrates the highest degree of 
anti-microbial activity, is further focused for more antimicrobial exploration. The 200 µg/mL’s time-kill kinetics 
are studied for every pathogen as part of time-kill analysis. Additionally, the log10 CFU/mL levels and quan-
titative reduction of biofilm for each examined pathogens (treated, and untreated cells) are listed in Table 10. 
The comparability of all studied human pathogens treated with 200 µg/mL of green trimetallic CuO/Ag/ZnO 
nanocomposite with the corresponding untreated cells are shown in Fig. 9. As seen, there are differences in log10 
CFU/mL measurements within all tested human pathogens. Gram-positive bacteria show a significant decline 
in planktonic viable counts after 18 h (Fig. 9iii, iv), however Gram-negative bacteria (Fig. 9i, ii) and yeast cells 
(Fig. 9v, vi) show a similar decline after 24 h. Among the studied bacteria, Escherichia coli, and Staphylococcus 
aureus show the highest percentage of biofilm reduction (98.06 ± 0.93, and 97.47 ± 0.65%; respectively), and its 
planktonic viable counts are effectively diminished by the tested 200 µg/mL of green trimetallic CuO/Ag/ZnO 
nanocomposite after 36-h period. However, the planktonic viable counts of Candida albicans (95.42 ± 1.78%) is 
subsequently successfully reduced after a 36-h interval (Table 10). The time-kill assay is also utilized to ascer-
tain the length of 200 µg/mL of green trimetallic CuO/Ag/ZnO nanocomposite that is necessary to completely 
eradicate the pathogens’ biofilm. The biofilms of treated Gram-positive bacteria reveal 0% CFU/ml after 52 h; 
however, the biofilms are destroyed by the treated yeast cells and Gram-negative bacteria after 72 and 96 h; 
respectively. Lastly, a promising green trimetallic CuO/Ag/ZnO nanocomposite has the potential to be used as 
an antimicrobial substance to suppress different human pathogens that are resistant to antibiotics.

The main mechanism causing the antimicrobial effect is an interaction between the pathogenic microbes’ 
cell wall receptors and the surface of the generated nanomaterials33,54. The green trimetallic CuO/Ag/ZnO nano-
composite might have direct contact with the negatively charged microbial membrane through ions released, 
due to surface oxidation, complicated porosity, or electrostatic interaction. According to Noohpisheh et al., 
there is a strong interaction between metallic silver and semiconductor zinc oxide that splits the cell membrane 
and increases antimicrobial activity73. Numerous investigations have indicated nanocomposites have superior 
antimicrobial properties, compared to their individual nanoparticle counterparts81. Based on previous studies, 
the green synthesized trimetallic CuO/Ag/ZnO nanocomposite damages the microbial wall, penetrates the cyto-
plasm, and causes cell death; because it generates superoxide and hydroxy, which alter membrane protein as well 
as enzyme activity53,54,66,73. This green synthesized trimetallic CuO/Ag/ZnO nanocomposite should therefore be 
used in food packaging and surgical tool coatings to prevent microbial infection and strongly inhibit the growth.

Conclusions
In conclusion, the industrial green-synthesis of trimetallic CuO/Ag/ZnO nanocomposite was achieved by the 
utilization of an eco-friendly, straightforward approach that involved the extraction of sustainable resources 
of leaves from Ziziphus spina christi. Results of FTIR and phytochemical analysis showed that this extract 
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included large concentrations of proteins, reducing sugar, anthocyanin, flavonoids, and phenolic compounds. 
Subsequently, the highest feasible dry weight for the green synthetic trimetallic CuO/Ag/ZnO nanocomposite 
was obtained by adjusting the pH of 25% diluted Ziziphus spina-christi extract (reductants) to 5. The precursors 
composed of (0.25M AgNO3, Cu (NO3)2.3H2O, and Zn (CH3COO)2.2H2O) were subsequently prepared at 
a (1:1:1) ratio and gradually titrated into this plant extract. Furthermore, distinct statistically experimental 
designs (Plackett Burman and Taguchi methods) were used to scaling-up the yield of green-produced trimetallic 
CuO/Ag/ZnO nanocomposite. Finally, the highest green synthesized trimetallic CuO/Ag/ZnO nanocomposite 
yield (1.65 mg/mL) might be enhanced by 1.85 and 5.7 times; respectively, by using the Taguchi approach 
in comparison to Plackett–Burman strategy and basal condition. In vitro, trimetallic nanocomposites have 
been applied to eliminate multi-drug-resistant human pathogens to determine their antimicrobial capabilities. 
All examined human pathogens were found to have MICs ranging from 150 to 200 µg/mL. The biofilms of 
treated Gram-positive bacteria showed 0% CFU/mL after 52 h. However, the treated Gram-negative bacteria 
and yeast cells totally eradicated the formation of biofilms after 72 and 96 h; respectively. Overall, the green 
synthesized trimetallic CuO/Ag/ZnO nanocomposite on a large scale has novel opportunities for the generation 

Table 10.   Time-kill kinetics for all multidrug-resistant human pathogens treated with the 200 µg/mL of green 
trimetallic CuO/Ag/ZnO nanocomposite, as well as untreated cells during the incubation period.

Incubation period (h)

Multidrug-resistant human pathogens treated with 200 µg/ml of trimetallic nanocomposite (CuO/Ag/ZnO)

Gram-negative microbes

Escherichia coli Klebsiella pneumoniae

Cell viability (log10CFU/ml ± SD)

Biofilm reduction (% ± SD)

Cell viability (log10CFU/ml ± SD)

Biofilm reduction (% ± SD)Untreated Treated Untreated Treated

0 2.94 ± 0.93 2.93 ± 0.95 0.33 ± 0.46 1.96 ± 0.93 1.93 ± 0.95 1.51 ± 0.67

6 3.17 ± 0.91 1.84 ± 0.98 41.90 ± 0.66 2.56 ± 0.91 1.45 ± 0.98 43.34 ± 0.12

12 4.22 ± 0.78 1.62 ± 0.56 62.10 ± 0.73 3.54 ± 0.78 1.02 ± 0.51 71.23 ± 0.35

18 5.23 ± 0.44 1.32 ± 0.19 74.72 ± 0.93 4.25 ± 0.45 0.82 ± 0.19 80.66 ± 0.25

24 6.24 ± 0.38 1.04 ± 0.39 83.31 ± 0.91 5.26 ± 0.38 0.51 ± 0.39 90.23 ± 0.52

30 6.30 ± 1.02 0.46 ± 0.12 92.67 ± 0.92 5.32 ± 0.25 0.46 ± 0.12 91.33 ± 0.42

36 5.90 ± 0.29 0.11 ± 0.39 98.06 ± 0.93 4.92 ± 0.23 0.31 ± 0.39 93.62 ± 0.37

42 5.04 ± 0.14 0.05 ± 0.01 99.82 ± 0.56 4.06 ± 0.13 0.09 ± 0.01 97.78 ± 0.11

48 4.31 ± 0.28 0.003 ± 0.05 99.93 ± 0.24 3.32 ± 1.02 0.02 ± 0.001 99.39 ± 0.19

Incubation period (h)

Multidrug-resistant human pathogens treated with 200 µg/ml of trimetallic nanocomposite (CuO/Ag/ZnO)

Gram-positive microbes

Staphylococcus aureus Bacillus subtilis

Cell viability (log10CFU/ml ± SD)

Biofilm reduction (% ± SD)

Cell viability (log10CFU/ml ± SD)

Biofilm reduction (% ± SD)Untreated Treated Untreated Treated

0 0.98 ± 0.93 0.97 ± 0.01 1.95 ± 0.97 0.39 ± 0.49 0.32 ± 0.27 16.15 ± 0.52

6 1.58 ± 0.91 1.23 ± 0.54 22.19 ± 2.68 1.68 ± 0.29 0.83 ± 0.09 50.85 ± 0.84

12 2.56 ± 0.78 1.15 ± 0.36 55.21 ± 2.60 2.78 ± 1.86 0.66 ± 0.89 76.01 ± 0.91

18 3.74 ± 0.48 0.85 ± 0.15 77.30 ± 0.24 3.76 ± 0.48 0.56 ± 0.95 84.87 ± 0.34

24 4.28 ± 0.38 0.31 ± 0.39 92.67 ± 0.46 4.30 ± 1.38 0.45 ± 0.32 89.49 ± 0.57

30 4.34 ± 0.56 0.16 ± 0.13 96.28 ± 0.47 4.36 ± 0.53 0.33 ± 0.12 92.43 ± 0.29

36 3.94 ± 0.39 0.09 ± 0.01 97.47 ± 0.65 4.10 ± 0.12 0.25 ± 0.09 93.90 ± 1.68

42 3.81 ± 0.39 0.05 ± 0.11 98.68 ± 1.01 3.83 ± 1.39 0.08 ± 0.12 97.91 ± 1.36

48 3.34 ± 1.02 0.02 ± 0.03 99.40 ± 0.13 3.61 ± 0.52 0.03 ± 0.23 99.16 ± 0.41

Incubation period (h)

Multidrug-resistant human pathogens treated with 200 µg/ml of trimetallic nanocomposite (CuO/Ag/ZnO)

Yeast Cells

Candida albicans Candida krusei

Cell viability (log10CFU/ml ± SD)

Biofilm reduction (% ± SD)

Cell viability (log10CFU/ml ± SD)

Biofilm reduction (% ± SD)Untreated Treated Untreated Treated

0 0.39 ± 1.14 0.32 ± 0.27 3.19 ± 1.89 0.57 ± 0.09 0.53 ± 0.27 2.49 ± 1.68

6 1.96 ± 0.93 0.98 ± 0.83 38.31 ± 2.17 1.49 ± 0.39 1.08 ± 0.83 14.79 ± 1.34

12 2.56 ± 0.91 0.96 ± 0.89 44.92 ± 3.86 2.74 ± 0.91 1.19 ± 0.89 41.42 ± 1.37

18 3.54 ± 0.76 0.76 ± 0.95 58.83 ± 1.37 3.72 ± 0.78 0.96 ± 0.09 56.23 ± 1.74

24 4.72 ± 0.48 0.61 ± .52 78.08 ± 1.59 4.90 ± 1.48 0.86 ± 0.15 74.27 ± 3.59

30 5.26 ± 0.38 0.53 ± 0.01 88.94 ± 1.96 5.43 ± 0.38 0.75 ± 0.93 84.37 ± 2.61

36 5.32 ± 0.25 0.62 ± 0.95 95.42 ± 1.78 5.55 ± 0.82 0.86 ± 0.25 85.32 ± 3.71

42 4.92 ± 1.27 0.23 ± 0.38 97.68 ± 2.67 5.48 ± 0.12 0.73 ± 0.28 95.45 ± 1.79

48 4.79 ± 1.39 0.05 ± 0.052 98.91 ± 0.52 4.97 ± 0.39 0.12 ± 0.52 97.48 ± 1.28
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of antimicrobial agents that are both very stable and effective for inhibiting and preventing the microbial growth, 
moreover its eco-friendly generation from plant extracts.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding authors (A.K. 
EL-Sawaf and E.A. Kamoun) on reasonable request.
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