International Journal of Nanomedicine Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

Green Biosynthesis of Bimetallic Copper
Oxide-Selenium Nanoparticles Using Leaf Extract
of Lagenaria Siceraria: Antibacterial, Anti-Virulence
Activities Against Multidrug-Resistant
Pseudomonas Aeruginosa

Fathy M Elkady ! Bahaa M Badr2’3, Ebrahim Saied4, Amr H Hashem4, Mostafa A Abdel-Maksoud®,
Sabiha Fatima(°, Abdul Malik’, Mohammed Aufy®, Ahmed M Hussein ©2,
Mohammed S Abdulrahman', Hany R Hashem’

'"Microbiology and Immunology Department, Faculty of Pharmacy (Boys), Al-Azhar University, Cairo, Egypt; 2Department of Basic Medical and Dental
Sciences, Faculty of Dentistry, Zarqa University, Zarqa, Jordan; 3Department of Medical Microbiology and Immunology, Faculty of Medicine, Al-Azhar
University (Assiut Branch), Assiut, Egypt; “Botany and Microbiology Department, Faculty of Science, Al-Azhar University, Cairo, Egypt; *Department
of Botany and Microbiology, College of Science, King Saud University, Riyadh, |1451, Saudi Arabia; ®Department of Clinical Laboratory Science,
College of Applied Medical Sciences, King Saud University, Riyadh, 11433, Saudi Arabia; “Department of Pharmaceutics, College of Pharmacy, King
Saud University, Riyadh, 11433, Saudi Arabia; ®Department of Pharmaceutical Sciences, Division of Pharmacology and Toxicology, University of Vienna,
Vienna, Austria; °Department of Microbiology and Immunology, Faculty of Pharmacy, Fayoum University, Al-Fayoum, Egypt

Correspondence: Ahmed M Hussein; Amr H Hashem, Email ahmed.hussein@univie.ac.at; amr.hosny86@azhar.edu.eg

Introduction: Clinical isolates of Pseudomonas aeruginosa (P. aeruginosa) are among the most recovered bacteria with phenotypic
antimicrobial resistance. Bimetallic nanoparticles (BNPs) have received much attention for antimicrobial activity in the last decade.
This research aimed to biosynthesize bimetallic copper oxide-selenium nanoparticles (CuO-Se BNPs) and to assess its bioactivity on
various P. aeruginosa clinical isolates.

Methodology: Based on the possible synergistic effects, CuO-Se BNPs were selected and biosynthesized using leaf extract of
Lagenaria siceraria (L. siceraria) for the first time. The obtained BNPs were characterized using UV-vis spectroscopy, X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), and transmission and scanning electron microscopes. The capability
of Cu-Se BNPs to cease the growth of P. aeruginosa isolates and to reduce their virulence characters was evaluated. Also, different cell
lines were used to assess its cytotoxicity and anticancer activity.

Results: The elemental composition of CuO and Se was revealed by the UV, XRD, and EDX data, indicating the synthesis of CuO-Se
core shell BNPs with a size of 50 nm. In well diffusion assay, CuO-Se BNPs P. aeruginosa growth with 10-21 mm inhibition zone
diameter and 38-95% inhibition. Also, the minimum inhibitory concentration and minimum bactericidal concentration were in
a relatively wide range of 7.8-250 pg/mL and 31.2-500 pg/mL, respectively, with tolerance level range of 2—16. Additionally, CuO-
Se BNPs shown anti-pyocyanin activity of 4.35-63.21% inhibition while the anti-proteolytic activity was in a range of 4.96-12.59%
and anti-pyoverdine effect was in a range of 0.24-83.41%. The IC50 against Wi-38 normal cells was 267.2 pg/mL while the IC50
were 31.1 and 83.4 pg/mL against MCF-7 and Hep-G2, respectively, indicating promising anticancer activity.

Conclusion: This research demonstrates the promising antibacterial, anti-virulence, and antitumor properties with safe low concen-
trations of CuO-Se NPs, synthesized via an eco-friendly green synthesis method without the use of toxic chemicals, offering
a sustainable and cost-effective alternative.
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Introduction

Antimicrobial resistance amongst P. aeruginosa isolates is a global threat with major importance due to its ability to
cause a wide range of serious hospital-acquired infections. This pathogen represents one of the Gram-negative superbugs
with distinctive adaptability, opportunistic character, and complicated antimicrobial resistance mechanisms.'

Additionally, P. aeruginosa showed increased resistance to colistin, the last resort for controlling the bacterial
antimicrobial resistance.” The virulence factors of P. aeruginosa were categorized as those involved in alteration of
the bacterial surface structures, factors required for bacterial cell-to-cell communication including quorum sensing (QS)
and biofilm formation, and the secreted factors including proteases, siderophores, and toxins.>* Clearly, the severe
P. aeruginosa infections are associated with bluish green pyocyanin toxic secondary metabolite production. This toxic
pigment diminishes lung function through its free radical and pro-inflammatory promoting activity.’

Also, the zinc-dependent elastase LasB is a member of the secreted virulence factors with proteolytic and elastolytic
activities which that proceed proceeds the host cells colonization by P. aeruginosa. This enzyme dissolves the host
connective tissue and inactivates the host proteins involved in defense mechanisms. The development of pathoblockers
targeting LasB is of great concern as a new mechanism that counteracts the P. aeruginosa virulence.® Additionally, the
free iron in the human body is naturally restricted to the lactoferrin. This protein chelates the iron with consequent
prevention of P. aeruginosa aggregation and biofilm creation, which is encouraged by type IV twitching motility.’
Unfortunately, the proteases protease enzymes secreted by P. aeruginosa digest the lactoferrin with consequent free iron
liberation. As well, the yellowish green fluorescent pigment pyoverdine and pyochelin iron chelating siderophores help
the P. aeruginosa to utilize its iron requirement from the surrounding environment.®

Nanotechnology can precisely construct materials and devices by precisely controlling three-dimensional molecular
structures.”'? It also provides a novel, reliable, and adaptable drug delivery platform that helps overcome the drawbacks
of traditional chemotherapy.'' The numerous benefits that NPs provide in the therapy of cancer include their tiny size,
high surface-to-volume ratio, distinctive fluorescence characteristics, enhanced permeability, and exceptional
biocompatibility.'*'®> Metallic NPs function better than other NPs and have a great deal of promise for use as
pharmacological agents.'* Bimetallic NPs have garnered a lot of attention in the past 10 years because of their distinct
optical, electrical, magnetic, and catalytic characteristics, which are generally distinct from those of their monometallic
counterparts. Since they often exhibit greater activity, selectivity, and stability than monometallic NPs, BNPs, which are
made up of two distinct metal elements, have acquired significance."

Bimetallic NPs usually exhibit more interesting properties than their comparable monometallic NPs because of the
synergistic properties between the two distinct metal components.'® The synergistic properties between the two distinct
metal components in BNPs usually exhibit more interesting properties than their comparable monometallic NPs.'® In
contrast to chemical and physical approaches, however, the biosynthesis of BNPs is a safe, cheap, environmentally
friendly, clean, and green process.'’ BNPs have been reported to exhibit superior antimicrobial properties compared to
monometallic NPs. The interaction between two different metals can enhance the antimicrobial effect by generating more
reactive species or by disrupting the microbial cell structure more effectively. Numerous eco-friendly techniques for
creating different kinds of bimetallic NPs in solution have been revealed.'® Environmental problems, such as hazardous
trash and harmful water contamination, have drawn a lot of attention lately.'” In contrast to chemical and physical
approaches, however, the biosynthesis of BNPs is a safe, cheap, environmentally friendly, clean, and green process.'’
There is currently a need to create low-cost, accessible, scalable, and straightforward techniques for acquiring NPs. These
objectives are met by plant extracts since they are environmentally benign, renewable, and simple to grow on a large
scale. Phytochemicals have two functions in the creation of metallic NPs:*® they act as a reducing agent, and they
stabilize the NPs.>'*** Bimetallic NPs synthesis mediated by plants are more stable and come in a variety of sizes and
shapes. Therefore, the synthesis of BNPs depends on the reducing agent in the plant extract (flavonoids, terpenoids, and
phenolic acid).”® Flavones, isoflavones, flavonols, anthocyanins, and flavonoids are the most well-known polyphenols
found in a wide variety of fruits and vegetables. Lignans are plentiful in cabbage, broccoli, carrots, or grains, whereas
phenolic acids, including gallic, syringic, and salicylic acids, are found in many plant species.’** Large, softly
pubescent, annular, ascending, or trailing, L. siceraria is a herb that grows all over the world. In ethnic medical systems,
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the entire plant is acknowledged to be useful. Physiologically active polysaccharides may be produced by the plant.? It is
used for both food and medicine because it is a household plant. Several parts of this plant have been studied for their
cardioprotective, antidepressant, antihyperglycemic, antimicrobial, cytotoxic, anti-inflammatory, antihyperlipidemic, anti-
urolithiasis, antianxiety, analgesic, anticancer, diuretic, anthelmintic, antihepatotoxic, anthelmintic, antistress, immuno-
modulatory, antiulcer, hepatoprotective, and antioxidant properties.”” 2° It can treat dry cough, muscle soreness, and
blood disorders. The hydroxyl, carboxyl, and amino functional groups found in their phytochemicals can be used as
capping agents to give the metal NPs a robust coating in a single step as well as efficient metal-reducing agents.>*~"

As a crucial micronutrient, copper is involved in several enzymatic processes in both plants and animals.** Copper
NPs have several uses, including the treatment of plant diseases, electronics, coating fabrics, and antibacterial
applications.”® Recently, scientists have successfully produced biogenic NPs using various plant extracts.**>>
Anticancer treatment may benefit from the use of selenium in NPs (SeNPs).*® Although SeNPs exhibit remarkable anti-
tumor action, their limited stability and facile aggregation limit their use.”’ Bimetallic NPs are therefore made by
combining two metal NPs with distinct structural properties to circumvent the drawbacks of dealing with single-metal
NPs.*® Bimetallic NPs’ unique geometrical structure and mixing pattern make them more useful. Bimetallic NPs have
outperformed their monometallic counterparts in several areas, including durability and activity, and they do so without
the requirement for expensive or specialist equipment.*’

Herein, this research aimed to biosynthesize the CuO-Se BNPs using leaf extract of L. siceraria for the first time.
Also, to evaluate its effect on P. aeruginosa toxin formation, secreted virulence factors production, and consequent
quorum sensing as well as its cytotoxicity on Wi-38 normal cell line and anticancer activities against MCF-7 and Hep-G2
cell lines.

Materials and Methods

Clinical Isolate and Its Virulence Characters

A total of 24 phenotypically identified P. aeruginosa clinical isolates from patient with infected wound were included in
our current study. These isolates were gained from the microbiology lab at Sayed Galal University hospital, Al-Azhar
University, Cairo, Egypt, and identified as 3 non-biofilm forming isolates and 21 isolates with different levels of biofilm
formation. In all experiments of our research, each tested isolate suspension was adjusted to 1 X 10® CFU/mL equivalent
to 0.5 McFarland standard turbidity using several pure bacterial colonies from fresh culture in autoclave sterilized 0.9%
normal saline.

Pyocyanin Production

In 250 mL flask, 50 mL nutrient broth supplemented with 1% glycerol was aseptically inoculated with each tested
P aeruginosa strain to assess its pyocyanin pigment production ability. Incubation was carried out with shaking at
150 rpm at 37°C for 72 h. Typically, pyocyanin pigment production manifested by a blush green color with different
intensity according to the production level.*

Total Proteases Evaluation

The casein agar plate method was applied for initial examination of P. aeruginosa total proteases production. Each tested
bacterial isolate was aseptically streaked onto skim milk agar medium containing defatted milk granules (10%), nutrient
broth (25%), and agar (2%). After incubation for 24 h at 37°C, bacterial growth with surrounded clear zone was
considered as a positive proteolytic test.*!

Preparation L. Siceraria Leaf Extract
Leaves of L. siceraria were collected from Giza Governorate, Egypt (29°47'35"N 31°13'51"E).

The plant was identified by Prof. Dr. Abdou Marie Hamed from the Botany and Microbiology Department, Faculty of
Science, Al-Azhar University, Cairo, Egypt with Voucher no. 912. The experimental research and field studies, including
the collection of plant material, were conducted in compliance with the relevant institutional, national, and international
guidelines and legislation.
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After washing with tap water to get rid of any dirt or undesired items, leaves were washed with double-distilled water
and left to air dry at room temperature. In a 250 mL round-bottom flask, 200 mL of double-distilled water was combined
with 10 g of finely ground leaves, and the mixture was refluxed for 60 min. For further processing, the extract was cooled
to room temperature and filtered through Whatman filter paper number 1.+

Biogenic Synthesis of CuO-Se BNPs

Copper acetate and sodium selenite were obtained from Sigma-Aldrich, Cairo, Egypt. Ten milliliters of 5 mm sodium
selenite and 10 mL of 5 mm copper acetate were combined and stirred at room temperature for approximately 8 min,
a blue colloid developed at room temperature. A dark green solution was obtained by adding 80 mL of the prepared
L. siceraria leaf extract to them which prepared by heating it to 90°C for one hour. The mixed solution exhibited a final
pH of 8.0. The synthesis of CuO-Se BNPs was carried out under continuous agitation at 250 rpm in a shaking incubator
for approximately 24 hours, with the incubation temperature maintained at 35°C. After that, the reaction mixture was
centrifuged for 5 min at 10,000 rpm to get rid of the metal precursors and inert plant material. The solid material was
subjected to several meticulous washings using ethanol and deionized water prior to being dried for a duration of 48 h at
a temperature of 50°C and then kept in a cool atmosphere.*’

Characterization of CuO-Se BNPs
Numerous spectral techniques, such as SEM, DLS, TEM, XRD, FTIR, UV-vis spectroscopy, and EDX spectroscopy,

were available to characterize the biogenically synthesized CuO-Se BNPs.** These analyses were conducted at the Desert
Research Center in Cairo, and the UV measurements were performed at the Faculty of Science, Al-Azhar University for
Boys.

Examination of CuO-Se BNPs Antibacterial Activity
Various anti-pseudomonas activity of the biosynthesized CuO-Se BNPs was assessed via well diffusion, broth micro-
dilution, antitoxin, and crystal violet (CV) assays.

Well Diffusion Method

The activity of the biosynthesized CuO-Se BNPs against P. aeruginosa clinical isolates was investigated following the
agar well diffusion assay.*> Each pure bacterium suspension from overnight culture on nutrient agar medium at 37°C,
was inoculated onto Mueller Hinton agar (MHA) plate by sterile cotton-tipped swab to create a confluent bacterial
growth. Consequently, five equidistance wells were made on the agar surface using sterile borer. An amount of 80 pL of
the tested BNPs suspended in dimethyl sulfoxide (DMSO) at a concentration of 2000 ng/mL was added to the first well.
The remaining wells were then filled with copper acetate (100 pg/mL), sodium selenite (100 pg/mL), ceftriaxone (50 pg/
mL) as a positive control, and DMSO (8%) as a negative control (NC). All plates were kept in the refrigerator for 30 min
to allow the NPs suspension pre-diffusion into the MHA followed by aerobic incubation for 24 h at 37°C. The
experiments were conducted as triplicate and the measured inhibition zone diameter (IZD) around wells containing
NPs were shown as the mean + standard deviation (mean + SD). To correlate the findings to ceftriaxone standard activity,
the CuO-Se BNPs activity index (Al) was calculated according to formula (1), while the percent inhibition (PI) was
calculated according to formula (2) as described by.*¢

.. 1ZD caused by the BNPs
Activity Index (Al) = 1
ctivity Index (Al) 1ZD caused by the standard antimicrobial M

Percent Inhibition (PI) = AT x 100 )

Assessment of Inhibitory Concentrations

The quantitative ability of CuO-Se BNPs to cease the growth of the tested P. aeruginosa clinical isolates and subse-
quently bacteriostatic or bactericidal activity evaluation was determined according to.*” The broth microdilution assay
was performed to find out the minimum inhibitory concentration (MIC). In brief, the stock concentration of 4000 png/mL
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was prepared by dissolving 4 mg of biosynthesized BNPs in 1 mL DMSO. Fifty microliters from the biosynthesized NPs
stock concentration was added to the Ist well in each row of the 96-well microtiter plates containing 50 uL tryptic soya
broth (TSB) followed by 2—fold serial dilution performance. Bacterium inoculum (10 puL) was then added to each well
followed by TSB to 200 uL as a final volume. Well containing TSB, DMSO, and tested bacterial isolate without BNPs
suspension was used as a positive control, while the well representing the negative control test contained TSB, DMSO,
and BNPs without bacterial suspension. After 24 h incubation at 37°C, 0.015% resazurin solution (40 pL) was transferred
to each well followed by incubation for 2 h at 37°C. The lowest concentration of the NPs associated with no color change
into red was considered as the MIC. The suspension from each well containing MIC and other higher concentrations of
the NPs were inoculated onto MHA plate. After overnight incubation at 37°C, the lowest concentration of the NPs
showed no bacterial growth was scored as the minimum bactericidal concentrations (MBC). Afterward, the tolerability of
each P. aeruginosa clinical isolates was calculated as described by antibacterial activities of the extracts, fractions and
isolated compounds from Canarium patentinervium Miq. against bacterial clinical isolates | BMC Complementary
Medicine and Therapies | Full Text following the formula (3).

MBC

Tol level = ——
olerance level = -

€)

The tolerance level of the CuO-Se BNPs <4 illustrates its ability for bacterial cells destruction and bactericidal effect.
In contrast, tolerance level > 4 indicates its limited ability for growth inhibition only and bacteriostatic effect.

Anti-Virulence Factors Assays
The P aeruginosa bacterial cell-free supernatant was prepared. In brief, each tested strain was cultured in glucose-
enriched LB broth (30 mL) and incubated aerobically for 24 h at 37°C with shaking at 180 rpm. The bacterial un-
inoculated broth was used as a negative control (NC). The supernatant obtained by centrifugation for 15 min at 10,000xg
was discarded. The fresh glucose-enriched LB broth (30 mL) was used to re-suspend the obtained bacterial pellet
followed by addition of 0.5 MIC of the tested BNPs (T). The BNPs untreated bacterial suspension was used as positive
control (PC). Each flask was entirely covered with aluminum foil to avoid pyocyanin breakdown and incubated
aerobically for 24 h at 37°C with shaking at 180 rpm. The cell-free supernatant, from T, PC, and NC tests, was collected
by centrifugation for 15 min at 10,000xg, sterilized via syringe filter (0.22 pm), and stored at 4°C for quantitative
pyocyanin and total protease production assays.

The CuO-Se BNPs effect on pyocyanin pigment was quantitatively estimated according to the method described by.*®
In brief, 15 mL from the collected T, PC, and NC tests supernatant was mixed with 9 mL of chloroform with vortexing
until the color changed into greenish blue. The obtained mixture was centrifuged for 10 min at 10,000xg, the blue
chloroform containing phase (at the bottom) was separated, and the process was repeated three times. The obtained blue
colored liquid (6 mL) was then mixed with 3 mL of 0.2M HCI in a new tube followed by shaken until the original blue
color changed into pink, the process was repeated three times. The absorbance of the collected pink liquid was measured
at 520 nm, multiplied by factor 17.072 to give the pyocyanin concentration (png/mL) and the pyocyanin percentage
inhibition was calculated according to formula (4).
_ Pyocyanin produced by NC — Pyocyanin produced by T «

Pyocyanin produced by PC — Pyocyanin produced by NC

Pyocyanin inhibition(%) = 1 100 4)

The biosynthesized CuO-Se BNPs inhibitory effect on P. aeruginosa total protease secretion was analyzed following
the method described by.49 In brief, 1 mL of 1.5% skimmed milk was mixed with 5 mL of the obtained T, PC, and NC
tests cell-free supernatants followed by incubation at 37°C for 2 h. The tested mixtures (200 pL each) were then
separately added to wells of 96-wells microtiter plate. The OD was measured at 500 nm and the inhibition percentage

(%) of protease activity was calculated following formula (5).

Mean OD of NC — Mean OD of T
Mean OD of PC — Mean OD of NC

Protease inhibition (%) = 1 x 100 %)
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Additionally, the effect of the biosynthesized CuO-Se BNPs on quantitative pyoverdine production was evaluated
spectrophotometrically as described by Naik et al.>® In brief, in presence (T) or absence (C) of 0.5 MIC of the prepared
CuO-Se BNPs, each tested isolate was cultured in Muller Hinton broth to the late stationary phase (recorded at OD 600
nm = 0.3). Then, the bacterial cultures were centrifuged for 2 min at 10,000xg and the absorbance of each T and C tests
cell-free supernatants was measured at 405 nm and pyoverdine concentration was calculated via its corresponding
extinction coefficient (1.9 x 10™* M~ ¢cm™") using formula (6).

Absorbance at 405 nm
Extinction coefficient

(6)

Molar pyoverdine concentration =

The effect of the prepared CuO-Se BNPs on P. aeruginosa pyoverdine production was then calculated according to
formula (7).

Pyoverdine concentration in (T)
Pyoverdine concentration in (C)

Pyoverdine inhibition(%) = 1 — x 100 @)

Anti-Biofilm Assay

A CV assay, in microtiter plate, was used to evaluate the biofilm inhibitory effect of 0.5 MIC of the biosynthesized CuO-
Se BNPs on P, aeruginosa isolate.”' Briefly, each isolate, with the ability to form bacterial biofilm, was cultured in sterile
LB broth supplemented with 2% glucose followed by overnight incubation at 37°C. The tested bacterial suspension was
diluted 1:100 and inoculated into the well of the microtiter plate. Ten microliters from the BNPs was then added (T).
Each assay was conducted in triplicate and BNPs untreated bacterial culture was included as a control (C) test. After
overnight incubation of the microplate, the content of the wells was discarded followed by washing three times using
phosphate buffered saline. The adherent biofilm cells in the T and C tests were then stained with CV (0.4%). After
incubation for 20 min at 37°C, the excess CV was removed, washed three times with PBS, and 95% ethanol (200 pL)
was then added solubilize the remaining CV in the well. The optical density (OD) of the suspension in each well, which
reflects the bacterial biofilm intensity, was recorded at 590 nm and the biofilm reduction percentage was calculated using
formula (8).

Mean OD590 of BNPs treated biofilm cells
. . o 1
Biofilm reduction (%) = 1 Mean OD590 of untreated biofilm cells x 100 ®)

Cytotoxicity and Anticancer Activity

The cytotoxicity assay was conducted following the 3-(4,5-dimethylthiazol)-2,5-diphenyl-tetrazolium (MTT) assay
described by.>? The normal human diploid cell line (WI-38) or breast cancerous cell line (MCF-7) and hepatocellular
carcinoma cell line (Hep-G2), obtained from the American Type Culture Collection (ATCC), were used for assessment of
biosynthesized CuO-Se BNPs cytotoxic or anticancer effects, respectively. The obtained cells OD at 560 nm was used to
calculate the cell viability and inhibition percentage, according to the formula (9) and (10), respectively:

Test OD
e oy
Viability (%) = ControLOD % 100 9)
Inhibition (%) = 100 — Viability (%) (10)

Statistical Analyses

The recorded mean and standard deviation of the results for experiments performed in triplicate were calculated via the
Microsoft Excel 2019 software. The frequency and percentage, as a descriptive statistic, were used for our data analysis.
SPSS (Statistical Package for the Social Sciences) version 8.0 was applied. The P values based significant difference
between groups was determined using the one—way ANOVA where the P value <0.05 was considered.
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Results and Discussion

Virulent Properties P. Aeruginosa Clinical Isolates

The anti-proliferative activity of a virulent determinant, pyocyanin, produced by P. aeruginosa can delay recovery from
illness caused by this pathogen.>> Concerning the pyocyanin pigment production, 7/24 (29.2%) of our P. aeruginosa
isolates (Table 1) showed variable blush green color intensity (Figure 1A) which clarifies their different pyocyanin
biosynthesis capability. In a similar study, 45.6% of P. aeruginosa clinical isolates were recorded as pyocyanin pigment
producers.>® Also, 22% of the tested P. aeruginosa isolates beaten the PAO1 in pyocyanin production, while 42%
producing less pyocyanin amount.>> As well,>® study reported the ability of 25% of their P. aeruginosa clinical isolates
for pyocyanin production. Furthermore, variable pyocyanin pigment production rates, 15.7%, 26.3%, or 31.5%, were
demonstrated by P. aeruginosa clinical isolates cultured on MacConkey agar, blood agar, or nutrient agar, respectively.’’
These heterogenic findings of P. aeruginosa pyocyanin isolates production could be attributed for the produced amount
of AHL regulating pyocyanin biosynthesis as well as, the culture media and incubation conditions including oxygen
tension, pH, and temperature.

Regarding total protease production, the colonies of 8/24 (33.3%) tested isolates (Table 1) grown on skim milk agar
showed a clear zone of protein lysis (Figure 1B) illustrating the positivity of their proteolytic activity. In a related study,
20% of the tested P. aeruginosa clinical isolates were phenotypically identified as extracellularly protease producer,’>®
reviewed P. aeruginosa arsenal of proteases that associated with its pathogenicity and virulence and consequently its
ability to cause a variety of clinical infections.

Biosynthesis of CuO-Se BNPs

For the safe, quick, and inexpensive production of NPs, an eco-friendly substitute for physical and chemical processes
might be the use of a biological mass, such as plant extracts or biomass.”” In the current work, the primary reducing and
stabilizing agent used in the phytosynthesis of CuO-Se BNPs was leaf extract. During the reduction reaction, the extract
turned dark green, which indicated the formation of new particles, as previously reported.** This color change occurs due
to the ability of plant extract components to interact with metal ions and facilitate their conversion into CuO-Se BNPs.*®
Similar findings were demonstrated by Tabrez et al,* who synthesized and characterized green CuO NPs using leaf
extract. Zughaibi, together with others,®' synthesized CuO NPs using leaf extract and assessed their antitumor effects on
breast cancer,®” studied the biological uses of Pluchea indica leaves to biosynthesize selenium-gold BNPs. Hashem
et al® found that watermelon peel was used to biosynthesize selenium-silver BNPs. Their study involved
a comprehensive process where the peel extract was combined with metal salts to facilitate the reduction and stabilization

)

Negative Positive

Figure | Representative qualitative production of some virulence factors by P. aeruginosa clinical isolates number 8. (A) The bluish green color indicating pyocyanin
biosynthesis by isolate. (B) Clear zone associated with protein hydrolysis was the unblemished base for proteolytic activity.
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Table | Different CuO-Se BNPs Anti-Pseudomonas Activity

Isolates* Production of QS Well Diffusion Assay Broth Microdilution Assay

Associated Factors | 06 | cuo-se BNPs CuO-Se BNPs Activity

PC PT 1ZD (mm) Pl (%) MIC* MBC | T | In vitro Effect

Ps, -ve -ve 18.331£0.4 0+0 N/A 250+0.0 500 2 Bactericidal
Ps, +ve -ve 23.33+0.4 0+0 N/A 250+0.0 500 2
Ps3 -ve -ve 24.33+0.4 | 19.67+0 87 7.8+0.0 125 16 Bacteriostatic
Ps4 +ve -ve 16.67+0.4 210 87 7.8+0.0 125 16
Pss -ve -ve 25.33+0.4 | 11.33%0 65 31.2+0.0 125 4 Bactericidal
Ps¢ -ve +ve 22.33+04 | 16.331+0 64 31.2+0.0 250 8 Bacteriostatic
Ps; +ve +ve 23.33+0.4 0+0 N/A 250£0.0 500 2 Bactericidal
Psg +ve -ve 15.67£0.4 | 20.3310 87 15.6+0.0 250 16 Bacteriostatic
Psg -ve -ve 14.33+0.4 010 N/A 250+0.0 500 2 Bactericidal
Psjo +ve +ve 21.67+0.4 0+0 N/A 250£0.0 500 2
Ps|, -ve -ve 1910 20.33+0 95 7.810.0 31.2 4 Bactericidal
Ps|» -ve +ve 18+0 040 N/A 25040.0 500 2
Ps;3 +ve +ve 3440.82 10+0 55 62.5+0.0 125 2
Ps4 -ve -ve 27.3310.9 160 48 15.6£0.0 125 8 Bacteriostatic
Ps;s -ve -ve 34+0.82 010 N/A 250+0.0 500 2 Bactericidal
Psi¢ -ve +ve 26.33+0.4 0+0 N/A 250+0.0 500 2
Ps;7 -ve -ve 21.33+0.4 10+0 38 31.2+£0.0 125 4 Bactericidal
Psig -ve +ve 24+0 20+0 95 15.6£0.0 125 8 Bacteriostatic
Ps)o -ve +ve 200 10+0 42 31.2+£0.0 62.5 2 Bactericidal
Psyo +ve -ve 210 0+0 N/A 250£0.0 500 2
Psy, -ve -ve 25.33+0.9 0+0 N/A 250£0.0 500 2
Ps,2 -ve -ve 25.67+0.4 | 15.671+0 6l 15.6+0.0 125 8 Bacteriostatic
Psy3 -ve -ve 3110 13.67+0 54 31.24£0.0 125 4 Bactericidal
Psa4 -ve -ve 18.33+£0.4 12+0 39 31.2+0.0 125 4

Notes: * Ps|-Psy4; P. aeruginosa clinical isolates (1-24). Results are expressed as mean value * Standard Deviation (SD).

Abbreviations: QS, quorum sensing; PC, pyocyanin; PT, protease; CRO, ceftriaxone; IZD, inhibition zone diameter; Pl, percent inhibition;
MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; T, tolerance; -ve, negative; +ve, positive; N/A, not
applicable.

of the NPs. The resulting selenium-silver BNPs exhibited notable antimicrobial and antioxidant properties, which were
evaluated using various in vitro assays.

Characterization of CuO-Se BNPs

UV-Vis Spectroscopy

UV-vis spectroscopy is a practical method for verifying the creation and stability of metal NPs in aqueous solutions. The
effective synthesis of bimetallic NPs using leaf extract was confirmed by the presence of surface plasmon resonance
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(SPR) bands in the UV-vis spectra of the NPs. The SPR band maximum of the NPs was observed at 330 nm (Figure 2).
During the reaction, the hue gradually shifted from blue to dark green, and the concentration of leaf extract produced
SPR.®* According to Hashem et al, the produced B,05-ZnO BNPs had a small and detectable UV-Vis of 370.0 nm.®* The
UV-vis spectra of selenium-silver BNPs showed a peak at 380 nm, with an optical density (OD) of 0.295 (diluted 30
times) as observed by Hashem et al.>> Moreover, peel extract reduced metal ions into an Ag-ZnO nanoscale composite,
as evidenced by the UV spectra of the Ag-ZnO nanocomposite peak at 345 nm.*® Hasanin et al®’ displayed the UV-vis
spectra of ZnO-CuO NPs and ZnO-CuO NPs/CSC, showing peaks at 326, 365, and 410 nm, which confirm the successful
mycosynthesis of ZnO-CuO BNPs. Idris and Roy,’® reported that the UV-vis spectrum of green synthesized Ag-Fe,O;
BNPs exhibited two absorption peaks: one at 290 nm and another at 350 nm. Other studies have found that the SPR band
maxima of monometallic CuO NPs and MnO NPs are at 336 nm and 266 nm, respectively.** UV-vis spectroscopy was
used to validate the production of SeNPs, and the results showed that a distinct peak developed at 263 nm when
employing pumpkin seed extract.” Furthermore, the unique peak at 336 nm for CuO NPs indicates the characteristic
surface plasmon resonance of the nano-sized particles, as demonstrated by the use of pumpkin seed.®

FTIR Spectroscopy

The FTIR spectra provide critical insights into the functional groups involved in the biosynthesis of CuO-Se BNPs. The
FTIR spectrum of L. siceraria leaf extract (spectrum A, Figure 3) exhibits prominent peaks characteristic of various
phytochemical constituents. A strong broad peak at 3309 cm™! corresponding to O-H stretching vibrations, typically
associated with phenolic and alcoholic groups present in bioactive compounds such as flavonoids and polyphenols.””
A peak at 2923 cm™! attributed to C-H stretching in aliphatic hydrocarbons.”' A peak at 1605 cm™! indicates C=C
stretching vibrations in aromatic rings or C=0 stretching in ketones and aldehydes.”* A peak at 1019 cm ™! corresponds to
C-O-C stretching vibrations of ethers.”” The peaks presented at 508-431 cm ™! represents the vibrational modes of trace
metals naturally present in the extract, potentially interacting during the synthesis process.”® These functional groups act
as reducing and capping agents, facilitating the biogenic synthesis of NPs.”*

On another hand, the FTIR spectrum of CuO-Se BNPs (spectrum B, Figure 3) reveals significant shifts and the
appearance of new peaks. The peak presented at 3278 cm™! a noticeable decrease in the intensity of the O-H stretching
vibration suggests the involvement of hydroxyl groups in the reduction of Cu?* and Se** ions.”” The appearance of new
bands at 2312-1971 cm™!' may indicate the formation of metal-oxygen or metal-selenium bonds, consistent with Cu-O
and Se-O interactions.”* A shift in C=C or C=0 vibrations observed at the band 1423 cm™! reflects modifications in
organic compounds, likely due to their interaction with the NPs surface.”® The peaks observed at 524-447 cm™' are

characteristic of Cu-O and Se-O stretching vibrations, confirming the successful formation of CuO-Se BNPs.”’
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Figure 2 The UV-vis spectroscopy of CuO-Se BNPs and L. siceraria leaf extract.

International Journal of Nanomedicine 2025:20 https: 4713



Elkady et al

——FTIR of L. siceraria leaf extract

—— FTIR of CuO-Se BNPs

1019

Transmittance %
>
o
T
508
431

3278

524
447

4t

©
o
-
-

T

T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm™

Figure 3 The FTIR analysis of L. siceraria (A) and CuO-Se BNPs (B).

Proposed Mechanism of Reduction and Stabilization

The phytochemicals in the L. siceraria leaf extract, particularly phenols, flavonoids, and hydroxylated compounds, play
a dual role as reducing agents and stabilizers.”® The O-H and C=0 groups donate electrons, reducing Cu?* and Se** ions
to their respective metallic or oxide states. Simultaneously, these phytochemicals adsorb onto the NPs surface, providing

a capping layer that prevents agglomeration and enhances stability.”””’

XRD Pattern of CuO-Se BNPs

XRD pattern of CuO-Se BNPs: The XRD pattern was utilized to analyze the crystalline structures of CuO-Se BNPs (Figure 4).
Diffraction peaks corresponding to CuO were observed at 26 = 32.5°, 35.7°, 38.9°, 48.8°, 62.1°, and 66.0°, which are attributed to
the Miller indices planes of 110, 111,202, 020, 113, and 311. These peaks correspond to a face-centered cubic structure, consistent
with JCPDS-01-080-0076 for CuO NPs with a monoclinic phase. However, Tabrez et al°® used the JCPDS reference JCPDS-05-
0661, which corresponds to a monoclinic CuO structure, with diffraction peaks at similar 26 values but with slight variations in the
intensity and positions of the peaks. Both references are valid, but in this study, JCPDS-01-080-0076 was used for CuO
identification. The XRD pattern of SeNPs revealed diffraction peaks at 20 = 29.8°, 32.5°, 46.3°, 56.9°, and 66.0°, corresponding
to the planes (100), (110), (111), (201), and (311). All the peaks were like JCPDS of SeNPs with a standard card like JCPDS File
No. 06-0362. The lower intensities are due to the obstructive effect of the amorphous particles. These peaks, with lowered
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Figure 4 XRD of CuO-Se BNPs.
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intensity and significant broadening, indicate the crystalline nature of SeNPs. Sarkar et al found the identical result.*” The XRD of
SeNPs produced by at plans (100), (110), (101), (111), and (102) revealed typical peaks with lowered intensity and significant
widening. The broadening can be attributed to the presence of amorphous particles, which obstruct the sharper diffraction peaks
typical of well-crystallized materials. Based on visual inspection, the sample contains a mix of both amorphous and crystalline
phases, but the crystalline phases dominate. The amorphous phase likely influences the functional properties of the NPs by
affecting their stability, surface reactivity, and potentially reducing their photocatalytic efficiency. The combination of CuO and Se
in the bimetallic CuO-Se NPs did not result in significant structural distortions, but slight peak broadening was observed, possibly
due to interactions between the two metals. However, there were no substantial shifts in the diffraction peaks that would indicate
major structural distortions in the crystalline lattice. This suggests that the bimetallic nature does not drastically alter the crystalline
structures of the individual components. These findings are consistent with the observations of Hashem et al,®' who reported
similar results for SeNPs synthesized using pomegranate peel extract, and Shahbaz et al,*” who also noted no significant peak
shifts in SeNPs. In summary, the combination of CuO and Se into CuO-Se BNPs retains the general crystalline structures of the
monometallic components, with minor broadening in the XRD peaks, indicative of the formation of the BNPs. The crystallite size
was calculated using the Scherrer equation,®” yielding an average size of approximately 50 nm.

SEM and EDX Analyses

SEM and EDX investigations were used to examine the surface morphology of the produced CuO-Se BNPs (Figure 5).
The SEM image (Figure 5A) demonstrates detailed surface morphology, highlighting a complex structure composed of
aggregated particles and column-like or needle-like nanoforms. These formations suggest an organized nanoscale growth
or crystallization process. The dense clusters visible in the image indicate partial crystallization, revealing fine structural

1500 - ~ — e

Figure 5 SEM (A) and EDX spectra and elemental composition of biosynthesized CuO-Se BNPs (B).
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characteristics, while the needle-like shapes may represent metallic or nanocrystalline materials. The scale bar indicates
50 micrometers (um), and the image was captured at a magnification of 3000x as annotated. The imaging parameters
include an accelerating voltage (HV) of 20.00 kV, ensuring high contrast and resolution of intricate features, while the
spot size of 3.5 enhances focus and minimizes noise. An area of the SEM picture was chosen for EDX analysis to verify
the elemental composition of the NPs (Figure 5B). The findings showed that 32.7 weight percent Cu and 14.8
weight percent Se make up the CuO-Se BNPs. EDX provided further confirmation of the CuO-Se BNPs’ crystallinity.
Important information on the morphology and elemental composition of the produced CuO-Se BNPs is provided by the
EDX and SEM studies. The inclusion of additional phytochemical components from the EDX spectrum that may result
from the L. siceraria leaf extract acting as the capping agent is one benefit of green synthesis. This can be attributed to
the high capping agent content in the reaction liquid, the copper grid, or other analytic additives.*> CuO-Se BNPs may
have had biomolecules covering their surface because of the presence of C, O, Na, and S. These elements correlate with
functional groups such as hydroxyl (-OH), carboxyl (-COOH), and sulfate (-SO3;~) groups, commonly found in
phytochemicals like flavonoids, phenolic acids, terpenoids, and alkaloids. These biomolecules act as stabilizing agents,
preventing agglomeration of the NPs.”* Tomke and Rathod investigated the elemental makeup of a Fe;04@ Chitosan—Ag
NP nanocomposite using the EDX spectrum.®® The elemental composition of the NPs showed 84.91% copper and
15.04% manganese, confirming the creation of Cu-Mn BNPs in accordance with Alafaleq et al’s** description.

Phytochemicals play a crucial role in stabilizing NPs through the reduction and capping processes. For example,
phenolic compounds (eg, flavonoids) contain hydroxyl groups that can bind to metal ions, creating a protective shell
around the NPs.?* This capping agent not only stabilizes the NPs but also influences their size and shape.

TEM and DLS Analysis

TEM examination was used to assess the size and surface morphology of the biosynthesized CuO-Se BNPs (Figure 6A).
The TEM is a useful method that provides information on the shape, mean size, and dispersion of NPs. The
biosynthesized CuO-Se BNPs were discovered to be spherical, with an average particle size of 30 nm and a size
range of 5 to 50 nm. The particles also exhibited the shell of L. siceraria, indicating the aggregation of two or more
particles. The effective creation of CuO-Se BNPs from L. siceraria leaf extract was proven by the chemical character-
ization performed using SEM, EDX, and TEM. The CuO-Se BNPs should be examined from a polycrystalline viewpoint,
according to the SAED (Figure 6B). The created Ag NPs, Au NPs, and Ag—Au BNPs were formed in a variety of ways,
183 DLS is an effective method

for thoroughly examining the distribution and interactions of particles floating in liquids. The NPs in our work had an

including spherical and oval forms, according to TEM images provided by El-Batal et a

anisotropic form and good stability due to the employment of L. siceraria leaf extract as a reducing and capping agent.
Furthermore, data from TEM and DLS were used to conduct a comparative analysis. The size determined by TEM refers
to the physical diameter of the NPs themselves. The technique is highly accurate, but the size measurements are based on
the direct image of individual particles.*® DLS measures the hydrodynamic size of NPs, which includes not only the size
of the particles themselves but also the layer of solvent or stabilizing agents (such as proteins or surfactants) that may
surround the particles in a solution. This results in a larger size estimate compared to TEM. DLS measures the diffusion
rate of particles in suspension, which is influenced by both the NPs’ size and the surrounding medium.®”*® Using the
DLS method, the particle size distribution of the CuO-Se BNPs that were biosynthesized using L. siceraria leaf extract
was determined. As can be seen in Figure 6C, the study showed that the average particle size was 79 nm. Because DLS
size measurements evaluate the hydrodynamic radius of NPs in the presence of water molecules (solvent shell), which
results in bigger particle sizes of the capped NPs, they often produce superior findings than TEM measurements.®’
However, TEM analysis allows one to determine the true size of the material’s particles without considering the solvent
layer’s existence. This “hydration shell” effect can vary depending on the type of NPs and the solution conditions (eg,
solvent type, concentration, etc). The most current DLS data showed that all the synthesized NPs had a PDI of 0.27 and
were evenly distributed. On the other hand, polydispersity particle diffusion is expected to occur at values higher than
0.4.°° According to the available data, the biosynthesized CuO-Se BNPs had a moderate mono-size dispersion.
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Figure 6 (A) TEM analysis showing different sizes of CuO-Se BNPs (Bar size 50.0 nm), (B) SEAD pattern of CuO-Se BNPs, and (C) DLS analysis.

Planktonic Bacterial Growth Inhibitory Effect

At the side of antimicrobial activity, a remarkable anti-pseudomonas initial activity, in comparing with the ceftriaxone
standard positive control, of CuO-Se BNPs at 2000 pg/mL was noticeable (Figure 7). The CuO-Se BNPs efficiently
inhibited the bacterial growth around the well at a zone diameter in the range of 10-21 mm (Table 1). As well, the
reported percent inhibition of CuO-Se BNPs against the susceptible isolates was in the range of 38-95%. The study
conducted by®! recorded various IZD by agar diffusion assay and demonstrated an enhanced higher CuO-Ag BNPs
antibacterial effectiveness than the Cu NPs or Ag NPs against the Gram-negative bacterium, Escherichia coli. As well,
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Figure 7 Representative agar well diffusion assay of CuO-Se BNPs illustrating the growth inhibition activity against P. aeruginosa clinical isolate (Psg). Wells P; ceftriaxone
positive control (50 pg/mL), S; sodium selenite (100 pg/mL), C; copper acetate (100 ug/mL), D; DMSO negative control (8%), and B; CuO-Se BNPs (2000 pg/mL).

the research carried out by®* the agar well diffusion assay demonstrated the preeminent antibacterial potential of the Ag-
Au BNPs against P. aeruginosa in comparing with each monometallic NPs activity. However, the variable IZD obtained
from each agar diffusion assay illustrated the variation in the BNPs activity against the tested bacterial isolates. Also, the
acceptable percent inhibition (Table 1) clarifies the enhanced CuO-Se BNPs activity that could attributed to the wide
range of bimetallic targets.

Mechanism of action of CuO-Se BNPs may be attributed to electrostatic interaction which cause cell membrane
damage, disruption of proteins and enzymes, ROS generation and oxidative stress, protein binding which leads to
homeostasis disturbance (electron transport chain disruption), signal transduction inhibition and genotoxicity.”>*** Also,
the efficacy may be attributed to roughness of external surface of NPs which cause damaging the cell wall; these lead to
penetrate NPs to plasma membrane and causing toxicity to bacteria.””

Furthermore, the broth microdilution assay (Figure 8) illustrated the quantitative ability of the CuO-Se BNPs to
thwart the growth of the tested P. aeruginosa isolates. The recorded MICs and MBCs were in the range of 7.8-250 pg/
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Figure 8 Broth microdilution assay using resazurin dye showing variable inhibitory effects of CuO-Se BNPs against P. aeruginosa clinical isolates Ps,-Psg in row A-D,
respectively at a range of 500-3.906 pg/mL (columns 1-10, respectively). The negative and positive control tests are represented by columns |1 and 12, respectively.
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mL and 31.2-500 pg/mL, respectively. Additionally, the calculated tolerance level, which is represented by the MBC/
MIC ratio (Table 1), illustrates the variable bactericidal and bacteriostatic effect of our NPs against the tested bacterial
isolates depending on the value of tolerance level of <4 (bactericidal) or >4 (bacteriostatic). Additionally, the calculated
tolerance level illustrates the variable bactericidal/bacteriostatic effect of our NPs against the tested bacterial isolates
(Table 1). In a related study, a comparable MIC and MBC (240 pg/mL each) of the biosynthesized Ag-Cu BNPs was
recorded against P. aeruginosa with tolerance level equal to one indicating its bactericidal activity against their tested
strains.”® Likewise, the study conducted by®’ recorded up to six times antibacterial activity for Cu and Ag NPs mixture
higher than the totality of each separated monometallic NPs antibacterial effects against P. aeruginosa. Also, Cu-Ag
BNPs synergistic effect on P. aeruginosa viability was noticeable with elevated bactericidal activity.”® Also, complete
eradication of P. aeruginosa was explored when exposed to Cu-Pd BNPs at 6 pg/mL, the effect that not achieved by
separate exposure to Cu NPs or Pd NPs even at a concentration of 24 pg/mL.”® Our results elucidate the BNPs low MIC
and subsequent high activity. The improved BNPs antibacterial efficiency could be explained by the variation in the
reactive edges and various irregular particle shapes with multiple binding sites of the combined NPs on microbial cell
surface. Consequently, the CuO-Se BNPs superior hopeful efficacy could indicate their possible future antibacterial
applicability.

Anti-Pyocyanin Effect

The bluish green pyocyanin, a phenazine pigment directly controlled by QS, is hallmark 2™ metabolite of P. aeruginosa
causing severe toxicity to host cells. In our study, the estimated CuO-Se BNPs effect on P aeruginosa pyocyanin
exotoxin has proven its interference with this pigment production in all the tested pyocyanin producing isolates
(Figure 9). The anti-exotoxin activity was exhibited as pyocyanin inhibitory percentage with a relatively wide range of
4.35-63.21% (Table 2). In related research, inhibition of P. aeruginosa pyocyanin virulent component was concentration
dependent where 128 pg/mL Au NPs exhibited 66.15% as a highest observed pyocyanin inhibition percentage.'® Also,
the discovered inhibition of P. aeruginosa pyocyanin production by 1024 pg/mL ZnO NPs or Au NPs was dramatically at
82.15% and 71.07%, respectively.'®' Likewise, biogenic ZnO NPs reduced the pyocyanin production by P. aeruginosa
clinical isolates in concentration dependent manner. At a dose of 300 pg/mL, the pyocyanin reduction was in a range of
58.5%—67.7%. A lower reduction rate of 45.08% and 54.3% were observed with ZnO NPs concentration of 200 pg/mL
and 100 pg/mL, respectively.'®® Additionally, investigation of P. aeruginosa clinical isolates pyocyanin production in

presence of Ag NPs clarified the significant reduction in pyocyanin production with increased NPs concentration.'*?

Moreover, similar results were reported by'**

The gold NPs, at concentrations of 0.256, 0.128, and 0.032 mg/mL, decreased the pyocyanin production by 87.7, 81.9,

study of gold NPs effect on P. aeruginosa PAO1 pyocyanin production.

and 79.4%, respectively. The anti-pyocyanin activity of different NPs suggesting their possible suppressive effect on the
genetic determinants controlling P. aeruginosa pyocyanin pigment biosynthesis and consequently phenotypically inhi-
bitory effect. However, the decreased P. aeruginosa pyocyanin biosynthesis by different NPs could be respected as an

Figure 9 Representative anti-pyocyanin activity of CuO-Se BNPs. 2, 4, and 7 represent the isolate number, (C) was the control, and (T) was the test.
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Table 2 Anti-Virulence Activities of CuO-Se BNPs

Isolates* | Inhibitory Effect of 0.5 MIC CuO-Se BNPs (%) | Isolates | Inhibitory Effect of 0.5 MIC CuO-Se BNPs (%)
PC PT PVD BF PC PT PVD BF
Ps, N/A N/A 4.0l 3.67+0.01 Ps;3 44.82 10.15 17.47 8.86+0.03
Ps, 10.35 N/A 0.24 4.84+0.03 Ps4 N/A N/A 73.70 34.27+1.42
Ps; N/A N/A 10.27 35.34+0.07 Ps;s N/A N/A 65.41 20.5+0.54
Psy 63.22 N/A 5221 N/A Psi¢ N/A 4.97 83.41 6.76+0.03
Pss N/A N/A 64.28 16.65+0.09 Ps;7 N/A N/A 48.40 0.210
Ps¢ N/A 12.6 33.61 35.22+0 Psg N/A 5.44 24.62 60.41x1.04
Psy 21.42 5.96 10.93 N/A Psjq N/A 5.05 14.92 6.520.1
Psg 22.95 N/A 18.45 27.38+0.34 Psyo 4.36 N/A —-1.22 11.68+0.59
Psy N/A N/A —4.32 1.18+0.04 Psy, N/A N/A 9.14 DIv/0!
Psjo 23.56 6.33 24.01 1.76+0.06 Psy, N/A N/A 2.77 22.14+0.76
Ps, N/A N/A =111 54.17+1.8 Psy3 N/A N/A 29.65 1.52+0.03
Ps;» N/A 10.86 24.86 18.8+0.33 Psy4 N/A N/A —2.66 36.22+0.33

Notes: * Ps|-Psy4; P. aeruginosa clinical isolates (1-24).
Abbreviations: PC, pyocyanin; PT, protease; PVD, pyoverdine; BF, biofilm formation; N/A, not applicable.

effective anti-virulent that diminish its host tissue colonization and pathogenesis. Importantly, biogenic NPs could
represent an alternative ecofriendly and cost-effective pyocyanin inhibiting strategy that helps in controlling

P, aeruginosa infection without selection for resistant strains.

195 reported that pyocyanin pigment production by P. aeruginosa was increased when

106

Conversely, the study by
exposed to different concentration of Au NPs. Also, the study conducted by "~ recorded variable P. aeruginosa
pyocyanin production in presence of different ZnO NPs concentrations. Pyocyanin suppressed production, by about
90%, was noticeable with 500 pg/mL ZnO NPs concentration, while the induced pyocyanin biosynthesis was observed at
7.31 pg/mL. The intensified biosynthesis of pyocyanin could represent a reflex protective mechanism associated with
overexpression of virulent determinant encoding the produced pigment upon exposure to NPs at subinhibitory concen-
tration. Hence, careful adjustment of the applied NPs concentration is critical to avoid the undesirable overproduction of

pyocyanin at the exposure to sub-inhibitory concentrations.

Total Protease Inhibitory Effect

P. aeruginosa protease enzyme hydrolyzes the infected host tissue protein facilitating its invasion to underline tissue and
pathogenicity progression. In our present study, the calculated inhibitory percentage of P. aeruginosa total protease
activity caused by the biosynthesized CuO-Se BNPs clarify its anti-proteolytic activity. The obtained inhibition
percentage of protease activity was recognized at a range of 4.96—12.59% (Table 2). Correspondingly, the suspension
containing 15 pg/mL of biosynthesized Ag NPs was able to efficiently block 47.3% of P. aeruginosa proteolytic
activity.'"” Also, P. aeruginosa clinical isolates biosynthesized decreased protease concentration by 24.1-39.3% when
treated with 300 ug/mL biogenic ZnO NPs. However, at a lower ZnO NPs concentration (200 pg/mL), protease
biosynthesis decreased at a range of 11.2-30.3%.'°% In a related study, exposure of P. aeruginosa to selective pressures
caused by levofloxacin could resulted in the development of strains with extracellular protease-deficient property.’
Similarly, the 110 pg/mL of vitexin, a polyphenolic flavone, caused moderate weakening of P. aeruginosa protease
biosynthesis. Also, a maximum vitexin synergistic protease inhibitory interaction was observed in combination with
2.5 pg/mL gentamicin.'®® Furthermore,'%® observations clarified the in vitro anti-inflammatory effect associated with
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P aeruginosa protease enzyme inhibitors. These findings illustrate the possible quorum quenching properties of NPs
through their interference with bacterial protease enzyme production with consequent anti-inflammatory effect.

Anti-Siderophore Production Activity

Pyoverdine biosynthesis is controlled via QS and stimulates P. aeruginosa growth with subsequent promotion of its
pathogenicity. In the present study, our results illustrated the different levels of pyoverdine production that was relatively
in accordance with''® study in which 70% of the tested P. aeruginosa isolates were characterized by heterogenous ability
to produce pyoverdine. Also, the variable quantitative effect of the CuO-Se BNPs on P. aeruginosa pyoverdine
siderophore production was obvious. The results illustrated the diminishable effect of CuO-Se BNPs on the pyoverdine
production at a range 0.24-83.41% in 20/24 (83.3%) of the tested P. aeruginosa clinical isolates (Table 2). Our results

were relatively consistent with the previous findings observed by'%

who recorded pyoverdine disarming in P. aeruginosa
treated with Au NPs in dose dependent manner and the greatest inhibition (95.07%) was recorded with 128 pg/mL Au
NPs. As well, treatment with 2 pg/mL Ag NPs achieved 97.40% inhibition in P. aeruginosa pyoverdine secretion. This
effect was associated with down-regulation of virulent genes associated with pyoverdine production.''’ Additionally,'""
study recorded concentration dependent inhibitory activity of ZnO NPs or Au NPs on P. aeruginosa pyoverdine
production. The maximum inhibition percentage, 85.24% and 55.1%, was observed with 1024 pg/mL ZnO NPs and

Au NPs, respectively. Also, the research carried out by''?

reported a tellurium nanorods reduction of pyoverdine
biosynthesis in a dose-dependent way without affecting the planktonic growth of the exposed P. aeruginosa. On the
other hand, P. aeruginosa exposure to vitexin (110 pg/mL) resulted in moderate reduction of pyoverdine. Furthermore,

the research conducted by'"?

observed reduced P. aeruginosa pathogenicity through only direct disruption pyoverdine
function. The combination of direct pyoverdine toxicity as well as its iron scavenging activity and promotion of multiple
virulence determinant expression makes the pyoverdine essential for P. aeruginosa pathogenesis. Accordingly, in
P aeruginosa, pyoverdine is a key virulent factor regulated by QS and interfering with cellular functions. The
development of an effective alternative antimicrobial agent with the ability to combat P. aeruginosa production of
pyoverdine may help in diminishing its virulence character via lowering the cellular iron uptake.'"

Conversely, 4/24 (16.7%) of our tested P. aeruginosa clinical isolates showed a slight increase (1.1-4.3%) in
pyoverdine biosynthesis after treatment with 0.5 MIC Cu-Ag NPs (Table 2). In a related study conducted by''® exposure
of P. aeruginosa to sub-MIC of the colloidal Ag NPs formulation (Silversol®) resulted in 1.5-fold enhancement in
pyoverdine biosynthesis and upregulation of one pyoverdine regulating gene. More pyoverdine siderophore production in
Ag NPs exposed bacterial cells could be resulted from the NPs iron-limitation effect. Hence, our results speculated the

NPs iron-homeostasis disturbing activity in the tested P. aeruginosa isolates.

Biofilm Inhibitory Activity

The quantitative CV assay demonstrated the effective inhibitory outcome of CuO-Se BNPs, at 0.5 MIC, on each tested
biofilm-forming P. aeruginosa isolate. The data revealed an inhibitory effect in the CuO-Se BNPs-treated cells in the
form of reduced percentage of the biofilm growth form at the range of 0.21-60.72% (Table 2). Similarly, investigation of
the Ag-Cu BNPs impact on P. aeruginosa biofilm formation using sub-inhibitory concentration revealed dose-dependent
biofilm inhibitory effect. The findings illustrated a full inhibition of P. aeruginosa biofilm formation by 240 ug/mL of the
biosynthesized NPs.’® Also, the biogenic Ag-Au BNPs (100 pg/mL) showed about 19% inhibitory effect on
P. aeruginosa biofilm formation.''® While the biofilm growth form delays the antimicrobial penetration with consequent
treatment failure, our results clarified the probable consideration of the tiny sized BNPs as antibiofilm strategy due to its
possible high ability to cross the biofilm matrix with subsequent microbial cell destruction and prevention of biofilm
formation.

Cytotoxicity of Biosynthesized CuO-Se BNPs

Biosafety of new compounds towards normal cell lines is a crucial aspect of drug development. Before a new compound
can be considered for clinical trials, it must be tested for its potential toxicity to normal cells. This involves evaluating the
compound’s effects on cell viability, growth, and function using in vitro models of normal cell lines. Specifically, the
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physicochemical properties of biogenic NPs could be customized via surface functionalization to improve their
biocompatibility and interactive potentials against cancer cells. The bioengineering process for NPs synthesis is eco-
friendly, cost-effective, and simple. The bioengineered NPs have a significant attention because of their unique biological
and physicochemical properties that are useful as an innovative and alternative therapy that overcome the side effects and
high costs of traditional cancer therapy.”’ *°

In the current study, biosafety of biosynthesized CuO-Se BNPs was checked toward Wi-39 normal cell line at
different concentrations as shown in Figure 10A. Results revealed that, IC50 of biosynthesized CuO-Se BNPs against
Wi-38 cell line was 267.2 pg/mL. Typically, if the IC50 is equal to or more than 90 pg/mL, the substance is categorized
as non-cytotoxic.''” Consequently, the CuO-Se BNPs are deemed to be safe for use. Therefore, safe concentrations and
maximal non-toxic concentrations of CuO-Se BNPs were determined for anticancer activity.

Bimetallic NPs, particularly those composed of metals like gold, silver, copper, and selenium, have shown promising
anticancer activity. These NPs can exhibit enhanced properties compared to their single-metal counterparts, including
improved biocompatibility, targeted delivery, and enhanced therapeutic efficacy. In this study, biosynthesized CuO-Se
BNPs were assessed for anticancer activity toward MCF-7 and Hep-G2 cancerous cell lines as illustrated in Figure 10B.
Results show that biosynthesized CuO-Se BNPs exhibited promising anticancer activity against MCF-7 and Hep-G2,
where IC50 were 31.1 and 83.4 pg/mL, respectively. To confirm the safety of the biosynthesized CuO-Se BNPs, the
selectivity index (SI) was performed, where results showed that SI toward MCF-7 and Hep-G2 were 8.59 and 3.2,
respectively. The biosynthesized CuO-Se BNPs SI values greater than two confirmed its acceptable selectivity toward
both cancerous cell lines.

One key mechanism involves the induction of apoptosis, or programmed cell death, in cancer cells. CuO-Se BNPs
can disrupt mitochondrial membrane potential, leading to the release of cytochrome c and the activation of caspase
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Figure 10 Cytotoxicity of CuO-Se BNPs toward the normal cell lines of Wi-38 (A) and the cancer cell lines of Hep-G2 and MCF-7 (B).
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cascades, ultimately triggering the apoptotic cascade. Additionally, these NPs can generate reactive oxygen species
(ROS) within cancer cells, inducing oxidative stress and damaging cellular components, leading to cell death.''®

Furthermore, CuO-Se BNPs can interfere with cell cycle progression, preventing cancer cells from replicating and
dividing uncontrollably. These NPs can also disrupt specific signaling pathways involved in cancer cell growth and
survival, leading to their inhibition. CuO-Se BNPs can also act as drug carriers, delivering chemotherapeutic agents
directly to tumor sites, improving drug efficacy and reducing side effects.''*'*° These NPs have also shown anti-
angiogenic activity, inhibiting the formation of new blood vessels that supply nutrients to tumors, thereby starving them
and hindering their growth.

Conclusions

This study demonstrated a successful synthesis of CuO-Se BNPs using an environmentally friendly, green synthesis
approach employing L. siceraria leaf extract as a reducing and stabilizing agent. Characterization techniques confirmed
the formation of core-shell CuO-Se BNPs with a particle size of approximately 50 nm, exhibiting a smooth, spindle-
shaped morphology. The synthesized CuO-Se BNPs demonstrated significant antimicrobial activity against multi-drug
resistant P. aeruginosa. Notably, they exhibited quorum-quenching properties, inhibiting the production of the quorum
sensing molecule AHL, thereby reducing bacterial virulence. Additionally, the NPs suppressed the production of other
virulence factors, including pyocyanin, proteases, and pyoverdine. Furthermore, the CuO-Se BNPs exhibited promising
anticancer activity against MCF-7 and Hep-G2 cell lines at non-toxic concentrations. These findings suggest that CuO-Se
BNPs have the potential to serve as a novel therapeutic agent for both bacterial infections and cancer, offering
a sustainable and effective alternative to conventional treatments. Nevertheless, significant studies should be conducted
to certify their stability and potentiality for large-scale production.
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