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A B S T R A C T   

Due to increasing concerns about environmental impact and toxicity, developing green and 
sustainable methods for nanoparticle synthesis is attracting significant interest. This work reports 
the successful green synthesis of silver (Ag), silver-titanium dioxide (Ag@TiO2), and silver- 
selenium dioxide (Ag@SeO2) nanoparticles (NPs) using Beta vulgaris L. extract. Characteriza
tion by XRD, SEM, TEM, and EDX confirmed the successful formation of uniformly distributed 
spherical NPs with controlled size (25 ± 4.9 nm) and desired elemental composition. All syn
thesized NPs and the B. vulgaris extract exhibited potent free radical scavenging activity, indi
cating significant antioxidant potential. However, Ag@SeO2 displayed lower hemocompatibility 
compared to other NPs, while Ag@SeO2 and the extract demonstrated reduced inflammation in a 
carrageenan-induced paw edema animal model. Interestingly, Ag@TiO2 and Ag@SeO2 exhibited 
strong antifungal activity against Rhizoctonia solani and Sclerotia sclerotium, as evidenced by TEM 
and FTIR analyses. Generally, the findings suggest that B. vulgaris-derived NPs possess diverse 
biological activities with potential applications in various fields such as medicine and agriculture. 
Ag@TiO2 and Ag@SeO2, in particular, warrant further investigation for their potential as novel 
bioactive agents.   
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1. Introduction 

The burgeoning field of nanotechnology, manipulating matter at the atomic and nanoscale, offers a revolutionary toolkit for 
precision medicine and diverse applications [1,2]. In healthcare, the prospect of targeted drug delivery using nanocarriers directly to 
afflicted cells ignites hope for enhanced efficacy and minimized side effects [3–6]. Nanobiosensors, with their exquisite sensitivity, 
hold promise for early-stage disease detection at the cellular level, paving the way for timely intervention [7,8]. Furthermore, the field 
paves the way for tissue regeneration, potentially enabling the repair and restoration of damaged structures [9,10]. However, the 
impact of nanotechnology transcends healthcare. In the realm of environmental remediation, engineered nanomaterials act as potent 
catalysts for pollutant degradation, offering solutions for a cleaner future [11–15]. The quest for sustainable energy finds allies in 
nanotechnology, with innovations such as efficient solar cells and novel energy storage solutions on the horizon [16,17]. Even water 
purification and disease diagnostics benefit from this technology, with nanofilters and biosensors poised to provide cleaner water and 
more accurate disease detection methods [18,19]. Moreover, nanotechnology revolutionizes materials science, offering lighter, 
stronger, and more durable options, while simultaneously contributing to the sustainable production of biofuels [20,21]. Recognizing 
the potential concerns surrounding the nascent technology, researchers are actively pursuing its responsible development, ensuring the 
"microscopic revolution" unfolds with safety and ethical considerations at its core [22]. 

Beta vulgaris L., also known as beetroot, table beet, garden beet, or simply beet, is a widely cultivated biennial plant typically red 
(although available in yellow, white, or striped forms) belonging to the Amaranthaceae family [23]. Beyond its various health benefits 
[24], B. vulgaris offers a wealth of nutrients, including potassium, vitamin C, and folates, alongside non-nutritive components like 
dietary fibers and polyphenols. Remarkably, beetroot is ranks among the ten most potent vegetables in terms of antioxidant capacity, 
attributed to its total phenolic content of 50–60 mmol/g dry weight [25]. This impressive antioxidant activity stems from a significant 
amount of phenolic compounds, including catechin hydrate, protocatechuic acid, epicatechin, ferulic acid, vanillic acid, p-hydrox
ybenzoic acid, p-coumaric acid, syringic acid, and caffeic acid [26]. Additionally, beetroot serves as a source of valuable water-soluble 
nitrogenous pigments called betalains, extensively used in the modern food industry [27,28]. 

B. vulgaris boasts a high content of antioxidants [29], shielding the body from free radical-induced cellular and molecular damage. 
This translates to a range of health benefits, including improved blood circulation [30], reduced inflammation [31], a potent cytotoxic 
effect [32], and a strengthened immune system [33]. Additionally, B. vulgaris exhibits diverse biological activities, encompassing 
hepatoprotective, anti-inflammatory [34], hepatoprotective [35,36], nephroprotective [36,37], cardiovascular protective [36,38], 
antidiabetic [39], antibacterial [40], and anticancer properties [41,42]. 

Green synthesis represents a preferred method for fabricating nanoparticles, utilizing natural materials such as plants, microbes, 
and algae extracts [43–45]. Compared to traditional chemical or physical approaches, this method offers enhanced eco-friendliness, 
cost-effectiveness, and safety [44,46]. The synthesis process involves reducing metal ions using biological components like poly
phenols, which act as both reducing and stabilizing/capping agents, preventing nanoparticle aggregation [47,48]. Current research 
actively explores developing new and improved green synthesis methods, investigating their potential applications in various fields 
[49,50]. 

Mycotoxins, fungal metabolites commonly found on various plant parts, pose significant risks to humans and animals, making them 
major and unavoidable food contaminants [51]. These toxins, produced by contaminating fungal species like Sclerotia sclerotium, 
Rhizoctonia solani, and Macrophomina phasolina, cause mycotoxicosis, a chronic disease with potentially detrimental effects [52–55]. 
Mycotoxins such as aflatoxins, ochratoxins, deoxynivalenol, zearalenone, and fumonisins can have various adverse impacts, including 
liver toxicity, immune system issues, kidney damage, and birth defects in both animals and humans [51,56]. This urgent threat to food 
safety necessitates the development of strategies to either inhibit or deactivate fungal contamination in food products. 

Hemolysis, the rupture of red blood cells leading to anemia, jaundice, and kidney failure, can be inhibited by various mechanisms. 
These include membrane stabilization, antioxidant activity, and modulation of specific pro-inflammatory pathways like NF-κB 
signaling or cytokine production. Anti-inflammatory effects can similarly work through diverse mechanisms, such as suppressing TNF- 
α and IL-6 signaling, modulating immune cell activity, offering antioxidant protection, and regulating gene expression [57–59]. 
Understanding these molecular mechanisms holds potential for developing novel therapeutic strategies for various hemolytic and 
inflammatory diseases, such as sickle cell anemia and arthritis. 

The promise of silver nanoparticles (Ag NPs) for antimicrobial applications comes with potential downsides. Researchers raise 
concerns about their toxicity through oxidative stress, inflammation, genotoxicity, and cytotoxicity [60]. In an attempt to enhance 
their functionality, combining Ag NPs with other materials like TiO2 and SeO2 in core-shell composites seems promising [61]. 
However, this introduces new safety challenges. These composites can pose additional toxicity risks due to ion release, ROS generation, 
and size-dependent effects [62–64]. Understanding these multifaceted toxicities is critical to harnessing the benefits of Ag NPs while 
ensuring their safe and responsible use in various applications. 

Following our previous work on green synthesis of metallic NCs using B. vulgaris extract [43], this study explores the development 
and characterization of bimetallic Ag@TiO2, and Ag@SeO2 NCs through the same eco-friendly approach. We hypothesize that these 
bimetallic NCs exhibit enhanced biological activities compared to single-metal Ag NPs. We comprehensively investigate the chemical 
and biological properties of Ag, Ag@TiO2, and Ag@SeO2. Notably, this study pioneers the exploration of the antioxidant, antifungal, 
anti-hemolytic, and anti-inflammatory activities of these beetroot-derived metallic oxide NCs. These promising results pave the way 
for developing novel drugs to treat inflammation, fungal infections, and hemolysis. 
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2. Materials and methods 

2.1. Materials 

ABTS and DMSO were purchased from Sigma Aldrich (St. Louis, USA). Potassium persulfate was purchased from (Fluka, 
Biochemical Inc., Bucharest, Romania). Methanol was purchased from El-Nasr Pharmaceutical Chemicals (Cairo, Egypt). Silver nitrate 
(AgNO3) was purchased from PIOCHEM for laboratory chemicals (CAS Number: 7761-88-8; purity: 99.5%). Selenium dioxide (SeO2) 
and titanium dioxide (TiO2) were purchased from (Merck Schuchardt OHG, 85662, Hohenbrunn, Germany). 

2.2. Instruments 

Routine state-of-the-art technologies (i.e., UV–Vis spectrophotometry, SEM, TEM, XR, and FTIR) were used. The reads of the 
absorbance of various tests in this work were accomplished using a Spekol 11 spectrophotometer (analytic Jena AG, Jena, Germany) 
with a wavelength range of 200–1100 nm. The topography, surface morphology, and elemental compositions of the nanomaterials 
were examined using SEM and energy dispersive X-ray (EDX) spectroscopy on a Czech FEI SEM-type instrument at an accelerating 
voltage of 25 kV. TEM analysis was performed on a Thermo Scientific Talos F200i using carbon-coated grids (Type G 200, 3.05 μm 
diameter, TAAP, USA) was used to analyze the nanomaterials. In addition, TEM-JEM2100-JEOL, Japan was used to analyze the fungus 
species treated and untreated with Ag@SeO2 bmNPs. X-ray diffraction (XRD) analysis was performed on a Pan Analytical Philips. 
Fourier-transform infrared spectroscopy (FTIR) analysis was performed using a Thermo-Fisher Nicolet IS10, USA spectrophotometer. 

2.3. Preparation of plant extract and green synthesis of the nanomaterials 

Preparation of B. vulgaris extract: Fresh B. vulgaris plant material was washed, silenced, and dried. An equivalent amount (w/v) of 
distilled water (ratio 1:10) was added to the dried plant material and soaked at 25 ◦C overnight. The mixture was then filtered using a 
Whatman No. 1 filter and used immediately for subsequent experiments. 

Synthesis of silver nanoparticles: Separately, silver nanoparticles were synthesized using the B. vulgaris extract following a pre
viously reported protocol [43]. Briefly, silver nitrate (AgNO3) and titanium dioxide (TiO2) or selenium dioxide (SeO2) were added to 
the plant extract in a ratio (5:1). The mixture was heated and stirred until a color change was observed (within 5–15 min), indicating 
nanoparticle formation. The nanomaterials were then purified by centrifugation (10000 rpm, 30 ◦C), and washed three times with 70% 
ethanol [65]. 

2.4. ABTS assay 

The established ABTS method [66] was chosen to evaluate the antioxidant potential of the samples. The preparation of the ABTS 
radical solution involved mixing equal volumes (1:1 v/v) of ABTS solution (7 mM) and potassium persulfate solution (2.45 mM). The 
mixture was then incubated in the dark at room temperature for 12–16 h. Subsequently, dilution was performed to achieve an 
absorbance of 0.700 at 734 nm. Individual solutions of the plant extract, Ag NPs, and bimetallic NCs were prepared at varying con
centrations. An equal volume of the diluted ABTS solution was then added to each sample tube. These mixtures were kept in the dark at 
25 ◦C for 30 min before measuring their absorbance at 734 nm. Finally, the antioxidant activity was calculated using Equation (1): 

Radical scavenging activity (%)= (Ac − At) / Ac × 100 (1)  

Where; ‘Ac’ is the absorbance of the ABTS radical solution without the antioxidant sample, and ‘At’ is the absorbance of the mixture of 
the ABTS radical solution and the antioxidant sample. The IC50 values were calculated from a Fit a non-linear regression curve plotted 
for the percentage of radical scavenging activity versus the sample concentrations. The values of IC50 (μg/mL) were expressed as mean 
± standard deviation (SD), in which all the tests were run in triplicates. 

2.5. Animal model and housing 

The study employed male Wistar rats, six weeks old and weighing an average of 169 ± 9.4 g. Prior to experimentation, the rats were 
provided a one-week acclimation period to their new environment. Throughout the study, they had ad libitum access to rodent chow 
and tap water. Housing conditions were meticulously controlled, maintaining a temperature of 24 ± 1 ◦C, humidity of 50 ± 10%, and a 
12-h light/12-h dark cycle. All procedures adhered to the guidelines and received approval from the Animal Care and Use Committee 
(MU-ACUC) of Mansoura University in Egypt. 

2.5.1. Anti-hemolytic assay 
An anti-hemolytic assay [67] was conducted using blood collected from healthy rats via cardiac puncture into heparinized tubes. 

Plasma was separated from the erythrocytes by centrifugation. The remaining buffy coat was thoroughly washed three times with 
sterile saline solution (0.89% w/v NaCl, pyrogen-free) using 10 times the volume of the buffy coat in each wash to eliminate any 
residual plasma. Following each wash, the erythrocytes were centrifuged at 2500 rpm for 10 min to ensure a consistent preparation. 
The tested materials, B. vulgaris extract (57.7 mg/mL), Ag NPs (15.66 mg/mL), Ag@TiO2 NC (21.62 mg/mL), and Ag@SeO2 NC (35.16 
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mg/mL), were individually added to a 10% erythrocytic suspension in phosphate-buffered saline (1X, pH 7.4). All samples were 
incubated at 37 ◦C for 45 min. Control groups included: A negative control: containing only saline solution and erythrocyte suspension 
without any testing material. A positive control: containing distilled water to induce maximum hemolysis. The erythrocyte suspension 
was centrifuged to separate the intact cells from the lysed cells present in the supernatant. Hemoglobin, the red pigment within 
erythrocytes, serves as a marker for cell lysis. Therefore, the extent of hemolysis was determined by measuring the absorbance of the 
supernatant at 540 nm, which corresponds to the absorption wavelength of hemoglobin. To account for background hemolysis, the 
percentage of hemolysis in the saline control group was subtracted from all other groups. The final percentage of hemolysis for each 
sample was calculated using Equation (2): 

Hemolysis (%)=Absorbance of sample / Absorbance of water control × 100 (2)  

2.5.2. Carrageenan-induced paw edema 
The paw edema protocol followed Morris [68]. Carrageenan (1%) was prepared in sterile saline, heated to 90 ◦C without boiling 

until fully dissolved, and cooled to room temperature. Selected rats received a subplantar injection of 0.1 mL carrageenan solution into 
the right hind paw. Tested materials were administered via intraperitoneal injection using a vernier caliper. Paw thickness was 
measured for each rat at baseline (before carrageenan injection) and 0.5, 1, 2, 3, 4, and 5 h after administering the following nano
materials (57.7 mg/mL B. vulgaris extract, 15.66 mg/mL Ag mNPs, 21.62 mg/mL Ag@TiO2 bmNPs, and 35.16 mg/mL Ag@SeO2 
bmNPs). Additionally, a control group received indomethacin for comparison. The paw was calculated by subtracting the baseline paw 
thickness from each subsequent measurement. Data were then compared between treated and control groups. The percentage of 
protection in anti-inflammatory activity can be determined using Equation (3): 

Protection (%)= (1 − (mean of treated group /mean of the control group)) × 100 (3) 

Control is the average of the anti-inflammatory activity measurements for the group of rats that were not treated with the test 
compound. Treatment is the average anti-inflammatory activity of the treated group. 

2.6. Antifungal activity 

Two aggressive plant fungal pathogens, namely Rhizoctonia solani (ARC-NW23), and Sclerotinia sclerotium (ARC-NW35) were ob
tained from Seed Pathology Research Department, Plant Pathology Research Institute, Agricultural Research Centre, Giza, Egypt. They 
were utilized as microbial models for evaluating the potential antifungal activity exerted by the biosynthesized nanomaterials. 

MIC Determination of Nanomaterials against Plant Fungal Pathogens: The minimum inhibitory concentration (MIC) of the green Ag 
NPs, Ag@TiO2 NC, and Ag@SiO2 NC (150–1860 μg/mL) against the plant fungal pathogens was evaluated using a broth microdilution 
assay [69]. Briefly, sterilized flasks containing potato dextrose agar (PDA) medium were prepared, and varying concentrations of each 

Fig. 1. Color Transformation in Nanomaterial Synthesis: the transformation of a Beta vulgaris L. extract (a) into various nanomaterials: silver 
nanoparticles (AgNPs, b) and silver-metal oxide nanocomposites (Ag@SeO2 NC, c; Ag@TiO2 NC, d). 
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nanomaterial were individually incorporated into the molten agar before pouring into Petri dishes. After solidification, a 1 mm 
diameter disk of each previously grown fungus was individually inoculated onto the center of each plate. Incubation conditions were 
optimized for each pathogen: R. solani (ARC-NW23) incubated at 25 ◦C for 5 days, while S. sclerotium (ARC-NW35) incubated at 18 ◦C 
for 7 days. Fungal growth was monitored daily. The MIC was determined as the lowest concentration of nanomaterial that completely 
inhibited visible fungal growth compared to a control plate containing a PDA medium without any nanomaterial. 

2.7. Statistical analysis 

Experiments were performed in triplicate for each condition. Data were analyzed using IBM SPSS Statistics version 26 (Armonk, 
NY, USA). All results are presented as mean ± standard deviation (SD) from at least three independent experiments. 

Fig. 2. TEM micrographs of the beet root-mediated nanomaterials’ synthesis. (a–c) AgNPs; (d–f) Ag@TiO2 NC; (g–i) Ag@SeO2 NC. Nanoparticle 
sizes range from 5 to 50 nm. 
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3. Results and discussion 

3.1. Physical characterizations of beet roots-mediated metallic nanomaterials 

3.1.1. Ultraviolet–visible spectrophotometry (UV–Vis) 
B. vulgaris L. aqueous extract successfully mediated the synthesis of silver (Ag), Ag-selenium dioxide (Ag–SeO2), and Ag-titanium 

dioxide (Ag@TiO2) nanoparticles. The initial reddish-brown color of the extract changed to brown for Ag-mNPs, yellow for Ag@SeO2 
bmNPs, and gray for Ag@TiO2 bmNPs, visually indicating nanoparticle formation (Fig. 1). UV–visible spectroscopy confirmed this, 
revealing distinct shifts in peak wavelengths due to interactions between metal ions and plant extract components. Ag-mNPs displayed 
a slightly higher surface plasmon resonance (SPR) peak than expected, suggesting possible aggregation or interaction with plant 
components. Ag@SeO2 bmNPs exhibited multiple peaks, while Ag@TiO2 bmNPs showed a unique peak, indicating differing com
positions and interactions. All nanoparticles retained residual absorption peaks at 245–247 nm, likely due to residual plant extract 
components. The maximum absorption peaks were recorded at λmax ca. 598.0 nm for Ag-mNPs, λmax ca. 428.0 nm for Ag@SeO2 bmNPs 
(combined absorption), and λmax ca. 675.0 nm for Ag@TiO2 bmNPs (combined absorption of Ag and TiO2) [42]. Different plant ex
tracts have different phytochemical compositions, and the biomolecules in these extracts act as reducing and capping agents during the 
formation of NPs [44,70]. 

Fig. 3A. SEM micrographs of the Ag NPs at different indicated scales of magnifications. Fig. 3B. SEM micrographs of the Ag@TiO2 NC at different 
indicated scales of magnifications. Fig. 3C. SEM micrographs of the Ag@SeO2 NC at different indicated scales of magnifications. 
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3.1.2. Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) offers valuable insights into the size, size distribution, and shape/morphology of 

nanoparticles (NPs) [6]. Additionally, TEM can reveal clues about NP interactions, such as aggregation or core-shell structure for
mation [71]. In this study, TEM analysis of AgNPs, Ag@TiO2 NC, and Ag@SeO2 NC prepared from B. vulgaris aqueous extract 
demonstrated well-dispersed and uniform spherical NPs with diameters ranging from 10 to 50 nm (Fig. 2). TEM images of AgNPs 
specifically revealed typically spherical nanoparticles with sizes between 5 and 20 nm, exhibiting minimal to no aggregation. How
ever, controlling the precise size, size distribution, and shape of these NPs proved challenging (Fig. 2a–c). Notably, aggregation is 
known to decrease the surface area and catalytic activity of AgNPs [72]. These observations align with previous research demon
strating that lattice fringes arise from the diffraction of the TEM beam by the AgNPs’ crystal lattice, with the spacing of these fringes 
corresponding to the AgNPs’ lattice constant [42]. In certain cases, AgNPs may exhibit a distorted crystal structure, potentially due to 
factors such as the presence of surfactant molecules during synthesis or the NPs’ small size [42,72]. 

The small size and large surface area of silver nanoparticles (AgNPs) contribute to their high surface energy [73]. This, in turn, 
makes them attractive to each other, leading to aggregation. The surface tension of AgNPs can also contribute to aggregation. 
Additionally, the inherent surface tension of AgNPs, which is more significant for smaller nanoparticles, further promotes aggregation 
[73]. 

Fig. 4. EDX patterns of (A) Ag NPs, (B) Ag@TiO2 NC, and (C) Ag@SeO2 NC.  
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TEM analysis of the Ag@TiO2 core/shell magnetic NC revealed sizes ranging from 14.59 to 21.48 nm with a uniform distribution of 
smaller AgNPs (5–10 nm) decorating the TiO2 core (Fig. 2d–f). Compared to AgNPs, these Ag@TiO2 NCs displayed significantly less 
aggregation. While their larger size might suggest a higher surface energy, their uniform size distribution, and spherical shape mitigate 
this by minimizing their overall surface energy, leading to greater stability and reduced aggregation tendency. In this composite, the 
Ag core provides catalytic activity, while the TiO2 shell shields the silver from oxidation and aggregation [74]. Similarly, TEM images 
of Ag@SeO2 core/shell magnetic NC showed spherical NPs with diameters ranging from 10 to 20 nm, again featuring a uniform 
distribution of smaller AgNPs (5–10 nm) on the SeO2 core (Fig. 2g–i). The nanoscale of these materials plays a crucial role in their 
biological and pharmacological activities. Their high surface area-to-volume ratio amplifies their catalytic and optical properties [75]. 

The antifungal activity of metallic/bimetallic NPs is strongly influenced by their morphology, particularly size and shape [76]. 
Larger NPs often possess a greater surface area, facilitating interactions with bacterial cell walls and membranes. This enhanced 
interaction can disrupt cell membranes, leading to leakage of cellular contents and ultimately, cell death [77]. For Ag@SeO2 NPs, the 
characteristic "crystal lattice fingerprint" acts as a unique identifier for this specific material. Notably, the low level of aggregation 
observed in Ag@SeO2 NPs is advantageous as it prevents the formation of large clumps that could hinder reactivity and reduce surface 
area [78]. Interestingly, AgNPs appear smaller (5–10 nm) when uniformly distributed on the surface of TiO2 or SeO2 NPs compared to 
their usual size range (5–20 nm). This suggests that at least some AgNPs may be partially embedded within the TiO2 and SeO2 matrix. 
Such interactions with other materials can indeed affect the size, shape, and surface area of NPs, with AgNPs potentially becoming 
partially encapsulated within the matrix of materials like TiO2 or SeO2, leading to a perceived decrease in size [79]. 

3.1.3. Scanning electron microscopy (SEM) 
SEM was implemented to examine the shape/morphology, PS, and PSD of biosynthesized nanomaterials [6]. SEM micrographs 

were obtained for AgNPs, Ag@TiO2 NC, and Ag@SeO2 NC in the reaction medium (Fig. 3A–C). AgNPs (Fig. 3A) appear predominantly 
spherical, with sizes ranging from 20 to 50 nm. The nanoparticles are densely packed and evenly distributed across the rock surface. 
Based on the SEM analysis, the estimated particle size of AgNPs falls within a range of 5–10 nm. 

Fig. 5. XRD analysis patterns of (A) Ag NPs, (B) Ag@TiO2 NC, and (C) Ag@SeO2 NC.  
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SEM analysis of Ag@TiO2 core/shell magnetic NPs (Fig. 3B) reveals spherical particles with a size range of 10–20 nm. Notably, the 
AgNPs, appearing smaller (5–10 nm), are uniformly distributed and likely partially embedded within the TiO2 NPs. This observation 
suggests a porous TiO2 shell, contributing to the rough surface texture visible in the image [80]. Consistent with expectations, the 
darker core corresponds to the silver component, while the lighter shell represents the TiO2 [81]. Similarly, Ag@SeO2 core/shell 
magnetic NPs (Fig. 3C) exhibit a spherical morphology with sizes ranging from 10 to 20 nm. As observed for Ag@TiO2, smaller AgNPs 
(5–10 nm) are well-dispersed on the SeO2 NP surface, suggesting potential partial embedding. 

3.1.4. Energy-dispersive X-ray spectroscopy (EDX) 
Energy-dispersive X-ray spectroscopy (EDX) serves as an indispensable tool in the arsenal of material characterization techniques, 

offering a non-destructive means to interrogate the elemental composition of diverse materials, including nanoparticles (NPs). Its 
capabilities extend beyond mere elemental identification, encompassing critical functionalities that drive scientific understanding [6]. 
The resulting data can be used to understand the structure and properties of the materials and signify potential applications [72]. 

EDX analysis was performed on AgNPs, Ag@TiO2 nanocomposites (NCs), and Ag@SeO2 NCs (Fig. 4A–C, Table S1). Carbon and 
oxygen were detected in all three samples, likely originating from organic matter like biomolecules [82]. The high silver (Ag) content 
in all samples confirms it as the primary element (Fig. 4A–C). Examining the relative abundance of elements reveals the highest Ag 
content in AgNPs, followed by carbon (C) and oxygen (O). This expected outcome confirms the successful green synthesis of AgNPs 
(Fig. 4A). The presence of titanium (Ti) and selenium (Se) in Ag@TiO2 NC (Fig. 4B) and Ag@SeO2 NC (Fig. 4C), respectively, confirms 
the conjugation of Ag NPs with TiO2 NPs and SeO2 NPs to form bimetallic NCs. Notably, Ti and Se rank as the second most abundant 
elements after Ag in these NCs. In the Ag@SeO2 NC, the unexpected presence of chlorine (Cl) necessitates further investigation despite 
its absence in controls. Potential explanations include limitations in EDX sensitivity, masking by other elements, surface binding of 
chlorides with a stabilizing effect, or contamination within the SeO2 precursor. Further studies are warranted to definitively determine 
the source and significance of chlorine in this unique nanomaterial. 

3.1.5. X-ray diffraction (XRD) spectroscopy 
X-ray diffraction (XRD) analysis offers a robust technique for identifying the crystalline phases present in a sample, determining 

their relative abundance, and investigating phase transformations in nanoparticles (NPs) [6]. XRD data were acquired for AgNPs, 
Ag@TiO2 NC, and Ag@SeO2 NC (Fig. 5A–C, and Tables S2–S4). The XRD pattern of AgNPs shows several distinct peaks at 2θ values of 
27.1430◦, 31.4940◦, 37.5498◦, 43.5437◦, 45.5153◦, 54.1567◦, 56.8317◦, 63.8983◦, and 85.1594◦ (Fig. 5A, and Table S2). These 
characteristic peaks align with the face-centered cubic (fcc) structure of silver, as confirmed by the calculated lattice parameters 
(Equation (4)): 

a= 4.0878 Å (4)  

Where, the unit "Å" stands for angstrom, which is a unit of length equal to 10− 10 m ‘a’ is the lattice constant of a crystal. 
The lattice constant, essentially the length of one side of the repeating unit cell, reflects the fundamental building block size in a 

crystal structure. In this case, the calculated value of 4.0878 Å defines the unit cell size for the silver crystal structure. This fundamental 
parameter significantly influences the overall crystal properties. The observed peaks correspond to specific planes within the face- 
centered cubic (fcc) silver crystal structure: (111), (200), (220), (311), (222), (400), (420), (422), and (511). Notably, the (200) 
plane exhibits the highest peak intensity, corresponding to 31.4940◦ 2θ. The calculated lattice parameter of 4.0878 Å closely matches 
the standard value for fcc silver (4.0862 Å). This excellent agreement reinforces the accuracy of the XRD analysis. Additionally, similar 
lattice parameters for AgNPs synthesized via various methods have been reported in other studies. For example, a coprecipitation 
method yielded a lattice parameter of 4.0868 Å for AgNPs, and another study reported a range of 4.0860–4.0870 Å for AgNPs syn
thesized using different techniques [46,83]. 

The XRD pattern of Ag@TiO2 NC displays peaks at various 2θ positions (Fig. 5B, and Table S3). The most intense peak at 31.7706◦

2θ corresponds to the (101) plane of anatase TiO2, signifying its presence as the primary phase. However, additional peaks suggest the 
presence of other phases within the NC. Peaks at 5.3757◦ and 25.2792◦ 2θ arise from the (101) and (004) planes of anatase TiO2, 
respectively. Additionally, a peak at 47.5269◦ 2θ corresponds to the (111) plane of metallic silver, confirming its incorporation into the 
NC. Weaker peaks might be attributed to minor phases like rutile TiO2 and silver compounds not classified as strictly "metallic" Ag. 
Overall, the XRD analysis indicates the Ag@TiO2 NC comprises a combination of anatase and rutile TiO2 phases alongside metallic 
silver. Several factors can influence the presence of these phases, including the synthesis method, doping concentration, and annealing 
temperature. Further analysis can provide more specific information on the relative proportion of each phase and their impact on the 
overall material properties. The XRD pattern of Ag@SeO2 NC shows distinct peaks at specific 2θ positions (Fig. 5C, and Table S4). 
Peaks at 27.3359◦, 31.6362◦, and 45.6174◦ 2θ correspond to the (111), (200), and (113) planes of fcc silver, confirming its presence 
within the NC. However, other peaks suggest the existence of additional phases beyond metallic silver. Peaks at 37.5313◦, 54.1235◦, 
and 63.9025◦ 2θ might indicate the presence of silver compounds, potentially including Ag2SeO3. The remaining peaks likely arise 
from minor phases like SeO2 and other possible silver compounds, not strictly classified as "metallic" Ag. In summary, the XRD analysis 
reveals that the Ag@SeO2 NC comprises a combination of metallic silver and other silver-containing compounds alongside SeO2. 
Further analysis could provide more insight into the specific identities and relative proportions of these phases, potentially influencing 
the overall properties of the nanomaterial. 

The XRD patterns of AgNPs, Ag@TiO2 NC, and Ag@SeO2 NC all show "metallic" silver phases. However, these patterns reveal 
further details about their composition: Ag@TiO2 NC shows peaks corresponding to anatase TiO2, while the XRD pattern of Ag@SeO2 
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NC shows peaks corresponding to other silver compounds, such as AgSeO3 and Ag2SeO3. Frequently, the XRD analysis of AgNPs, 
Ag@TiO2 NC, and Ag@SeO2 NC reveals that the NPs are composed of ‘metallic’ Silver and other phases such as TiO2 and SeO2 [84]. 

Furthermore, XRD analysis can estimate the crystal size of the Ag@TiO2 NC using the Scherrer Equation (5): 

D=Kλ / β cos θ (5)  

Where D is the crystal size in nanometers, K is the Scherrer constant (typically 0.9), λ is the wavelength of the X-rays, β is the full width 
at half maximum intensity (FWHM) (a common measure of the spread of a peak) of the peak in radians, and θ (angular spread or 
divergence angle) is the Bragg angle in degrees. 

The FWHM of the peak at 31.7706 ◦2Th can be calculated using the following formula (Equation (6)), which describes a rela
tionship between the FWHM of a peak and its θ: 

FWHM= 2θ / sqrt(3) (6)  

where; sqrt(3), is the square root of 3 (1.732), serving as a scaling factor in the equation and relates to FWHM. 
Substituting the measured values of D, K, λ, β, and θ (Bragg angle) into the Scherrer equation (Equation (5)) revealed a crystal size of 

approximately 20 nm for both Ag@TiO2 NC and Ag@SeO2 NC. This finding reinforces the earlier observation that the XRD patterns of 
these nanomaterials contained peaks corresponding to metallic silver. However, the XRD analysis of Ag@TiO2 NC yielded further 
insights beyond metallic silver. Peaks indicative of both anatase and rutile TiO2 phases were also identified, suggesting the nano
particles are not solely composed of silver but rather a composite structure combining anatase TiO2, rutile TiO2, and metallic silver. 

3.2. Antioxidant activity 

The ABTS assay relies on the ability of antioxidants to scavenge the ABTS radical. This blue-green radical’s characteristic color 
fades upon interaction with antioxidants, allowing for the measurement of antioxidant activity. Compared to the DPPH method, ABTS 
offers the advantage of consistent reproducibility across different pH values [66]. The antioxidant activity of beetroot extract, vitamin 
C (positive control), and biosynthesized nanomaterials was evaluated using varying concentrations ranging from 0 to 100 μg/mL. The 

Fig. 6. Concentration-dependent antioxidant activity (A), and IC50 (B) of the indicated samples by ABTS assay.  
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results are presented in Fig. 6A and B and Table S5. 
Fig. 6A demonstrates a direct correlation between sample concentration and percent scavenging activity. Among the tested samples 

at 100 μg/mL, vitamin C exhibited the strongest activity (94.3%), followed by the plant extract (73.3%), AgNPs (67.8%), Ag@TiO2 NC 
(53.6%), and Ag@SeO2 NC (53.2%). Between 40 and 100 μg/mL, the plant extract displayed the highest scavenging activity, followed 
by AgNPs and then both Ag@TiO2 NC and Ag@SeO2 NC with similar activity levels. Interestingly, at 40 μg/mL, both Ag@TiO2 NC and 
Ag@SeO2 NC (32.9% and 32.3% respectively) showed higher activity than AgNPs (31.7%). Interestingly, at lower concentrations of 10 
and 20 μg/mL, Ag@SeO2 NC emerged as the most potent scavenger among all samples, with 21.2% and 27% activity, respectively. 

All tested samples demonstrated antioxidant activity, but the potency varied across materials. Notably, the B. vulgaris extract 
displayed the strongest activity, with an IC50 value of 52.57 μg/mL - approximately half that of ascorbic acid (vitamin C). AgNPs 
exhibited moderate activity (IC50 = 63.53 μg/mL), followed by Ag@TiO2 NC (IC50 = 96.86 μg/mL) and Ag@SeO2 NC (IC50 = 109.5 μg/ 
mL). The potent antioxidant activity of the plant extract likely stems from the presence of phytochemicals like polyphenols and fla
vonoids, as well as various nutrients like vitamin C, known for scavenging free radicals such as reactive oxygen species (ROS) and 
reactive nitrogen species [85]. Interestingly, despite potentially utilizing phytochemicals in their synthesis, the overall antioxidant 
activity of the nanomaterials remained lower than the plant extract. This could be attributed to various factors, including the possible 
oxidation of phytochemicals during synthesis [86] or the aggregation of nanoparticles, which reduces their surface area and free 
radical scavenging effectiveness [87]. 

3.3. Anti-hemolytic activity 

Anti-hemolytic activity refers to a material’s ability to protect red blood cells (RBCs) from rupturing (lysis). Here, we investigated 
this activity using hemolysis assays with healthy rat RBCs [6,12]. Hemoglobin (Hb), a red pigment absorbing light at 540 nm, is 
released from lysed RBCs. Hemolysis activity is assessed by measuring the solution’s absorbance at this wavelength. We compared the 
hemolysis activity of beetroot extract, AgNPs, Ag@TiO2 NC, and Ag@SeO2 NC to vitamin C, a known hemocompatible substance 
(Table 1). Notably, the plant extract and vitamin C showed very similar hemolysis activity, both below 5%. This suggests that the plant 
extract exhibits anti-hemolytic activity and could be safely administered to humans [6,12]. In contrast, the hemolysis rates of AgNPs 
(10.97%), Ag@TiO2 NC (15.77%), and Ag@SeO2 NC (56.22%) were approximately 2, 3, and 15 times higher than the safety limit. This 
indicates that these nano-materials are hemotoxic (toxic to blood cells). 

Furthermore, the significantly higher hemolysis rates of Ag@TiO2 NC and Ag@SeO2 NC compared to AgNPs suggest that bimetallic 
oxides are more hemotoxic. Notably, a higher hemolysis rate (%) translates to a greater percentage of lysed RBCs [88]. These findings 
strongly suggest that SeO2 NPs are not hemocompatible, unlike TiO2 NPs, based on the differential hemolytic effects observed between 
each nanomaterial and AgNPs. 

Evaluating the hemocompatibility of new drugs, particularly antibiotics, chemotherapeutics, nanodrugs, and oxide nanomaterials, 
is crucial to differentiate their specific hemolytic effects from other factors contributing to anemia. This differentiation is vital as 
several conditions and medical interventions can trigger red blood cell (RBC) destruction, including hemolytic anemia, infections, cell 
anemia, thalassemias, bone marrow aplasia, blood transfusions, and mechanical heart valves [89,90]. Increased hemolysis (measured 
as % hemolysis) can lead to several complications, such as anemia, organ damage (including kidney and heart failure), jaundice, and 
gallstones (formed when bilirubin is concentrated in the gallbladder) [89]. The anti-hemolytic assay investigates various mechanisms 
thought to protect RBCs from damage and lysis. One significant pathway involves antioxidants like vitamin C, which scavenge free 
radicals and reduce oxidative stress [67]. 

3.4. Anti-inflammatory activity 

The carrageenan-induced paw edema assay, known for its simplicity and reliability, offers a valuable tool for evaluating the anti- 
inflammatory activity of compounds and drugs [91]. This method leverages the inflammatory response triggered by carrageenan, a 
seaweed extract, in rat paws, with the expectation that anti-inflammatory agents can mitigate this response [92]. Fig. 7 and Table S6 
present the anti-inflammatory activity results, showcasing the protective effect of each sample at various time points. Indomethacin 
emerged as the most effective agent, providing an average protection of 24.55%. Following closely behind was the B. vulgaris extract 
with a mean protection of 27.86%. Meanwhile, Ag@NPs, Ag@TiO2, and Ag@SeO2 demonstrated lower, but still noticeable, 
anti-inflammatory effects with mean protections of 22.73%, 19.66%, and 5.15%, respectively. In conclusion, this study confirms the 

Table 1 
Hemolysis activity of the investigated samples.  

Investigated compounds Erythrocyte hemolysis (A/B × 100) 

Absorbance (A) Hemolysis, % 

The absorbance of pure water (B) 0.875 – 
L-ascorbic acid (positive control) 0.030 3.42 
Beta vulgaris extract 0.034 3.88 
AgNPs 0.096 10.97 
Ag@TiO2 NC 0.138 15.77 
Ag@SeO2 NC 0.492 56.22  
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potent anti-inflammatory properties of both Indomethacin and the B. vulgaris extract. While Ag@NPs, Ag@TiO2, and Ag@SeO2 also 
exhibited anti-inflammatory activity, their efficacy was noticeably lower compared to the leading performers. 

One possible explanation for the superior anti-inflammatory activity of B. vulgaris extract is that it is more effective at inhibiting the 
production of pro-inflammatory cytokines. Pro-inflammatory cytokines are signaling molecules that play a key role in the inflam
matory response. By inhibiting the generation of pro-inflammatory cytokines, B. vulgaris extract can reduce inflammation and its 
associated symptoms. Another possibility is that B. vulgaris extract is more effective at promoting the production of anti-inflammatory 
cytokines. Anti-inflammatory cytokines are signaling molecules that counteract the effects of pro-inflammatory cytokines and help to 
resolve inflammation. By promoting the production of anti-inflammatory cytokines, Beta vulgaris extract can help to speed up the 
recovery process from inflammation. It is also possible that Beta vulgaris L. extract has other mechanisms of action that contribute to its 
anti-inflammatory activity. For example, it may be able to reduce oxidative stress, which is a major contributor to inflammation, or it 
may be able to improve the function of the immune system, which can help to fight off infection and reduce inflammation. Generally, 
the anti-inflammatory data is very promising and recommends that B. vulgaris L. extract may be an effective treatment for a variety of 
inflammatory conditions. Metal nanoparticles have anti-inflammatory activity through a variety of mechanisms [93]. They can inhibit 
the production of pro-inflammatory cytokines [94,95], promote the production of anti-inflammatory cytokines [96], modulate the 
function of immune cells, and scavenge reactive oxygen species [97]. The specific mechanism of action varies reliant on the type, size, 
shape, and surface chemistry of the nanoparticles. In the context of the plant extract, it is possible that the active components are more 
readily accessible and can interact more effectively with cellular targets compared to the metallic nanoparticles. Additionally, the plant 
extract may contain a variety of compounds with synergistic effects, contributing to its overall anti-inflammatory activity. However, 
the results of this study suggest that these agents have the potential to be effective treatments for a variety of inflammatory conditions. 

3.5. Antifungal activity 

3.5.1. Radial fungal growth 
The antifungal activity was evaluated against two targeted pathogenic plant fungi: Rhizoctonia solani, and Sclerotinia sclerotium. The 

MIC of each nanomaterial was determined for both fungi (Table 2). Against R. solani, the MIC values were 422, 624, and 930 μg/mL for 
AgNPs, Ag@TiO2 NC, and Ag@SeO2 NC, respectively. This indicates that AgNPs and Ag@TiO2 NC were approximately twice as 
effective as Ag@SeO2 NC in inhibiting this fungus. For S. sclerotium, the MIC values were 211, 314, and 1390 μg/mL for AgNPs, 
Ag@TiO2 NC, and Ag@SeO2 NC, respectively. Both AgNPs and Ag@TiO2 NC were roughly 1.5 times more effective than Ag@SeO2 NC 
against this fungus. Furthermore, Ag@SeO2 NC exhibited concentration-dependent antifungal activity. At 422 and 930 μg/mL, it 
inhibited the growth of S. sclerotium by 47.5% and 56.25%, respectively. Notably, even at its MIC threshold of 422 μg/mL, Ag@SeO2 
NC inhibited the growth of R. solani by 72.5%. Overall, this study suggests that the antifungal activity of these nanomaterials varies 
depending on the fungal species and the specific material. While AgNPs and Ag@TiO2 NC showed broader effectiveness, Ag@SeO2 NC 
displayed potent activity against R. solani at relatively low concentrations. 

Nanoparticles pack a punch against not just bacteria, but also pesky fungi! Studies have shown their effectiveness against both 
Gram-positive and Gram-negative bacteria, and even specific silver nanoparticles hold promise against fungal foes like Candida 
albicans and Candida tropicalis [98,99]. Slavin and Bach [100] reviewed the mechanisms of NPs towards fungal activities across the 
following modes, i.e., reactive oxygen species, plasma membrane deformation, cell wall architecture, interaction with fungal structure, 
inhibition of spore germination, and regulation of protein and gene. AgNPs showed potential activity against fungus., Saccharomyces 
cerevisiae KCTC7296, at MIC50 (2 μg/mL) [101]. Likewise, the AgNPS, at MIC100 (4 μg/mL), was efficient against Fusarium oxysporum 
and at MIC100 (1 μg/mL) AgNPs showed potentiality against both Fusarium solani and Aspergillus flavus [102]. The AgNPs exhibited 

Fig. 7. A comparison of the percentage of protection in the anti-inflammatory activity of the tested samples at varied times.  

Table 2 
MIC values (μg/mL) of biosynthesized nanomaterials against some plant pathogenic fungi.  

Fungus Ag NPs Ag@TiO2 NC Ag@SeO2 NC 

Rhizoctonia solani 422 624 930 
Sclerotinia sclerotium 211 314 1390  
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potentiality against Aspergillus fumigatus at MIC100 (100 μg/mL) [103]. 
The TiO2/Ag NPs showed inhibitory activity against C. albicans and Cryptococcus neoformans, at MIC (12.5 μg/mL) [104]. Selenium 

NPs showed potential activity against A. fumigatus TIMML-050, at MIC value (0.5 μg/mL) [105]. However, The antifungal activity of 
metallic/bimetallic nanoparticles depends on the nanoparticle’s morphology, for instance, size and shape [76]. Larger silver nano
particles or NC may have a greater surface area, which can promote interactions with bacterial cell walls and membranes, and enhance 
their antimicrobial activity by causing bacterial cellular contents to leak out [77]. The preparation method produced NPs of various 
sizes, which caused the antifungal abilities of the nanoparticles to vary visibly. The larger surface area of smaller nanoparticles may 
explain the significant increase in the capacity of nanopesticides [106]. Nanoparticles with larger surface areas and smaller particle 
sizes exhibited significantly enhanced antifungal properties thereby inhibiting fungal growth [106]. 

Our study investigated the antifungal potential of biosynthesized nanomaterials against two major plant pathogens, Rhizoctonia 
solani, and Sclerotinia sclerotium. These fungi not only decrease plant growth but also contribute to mycotoxin contamination in food, 
posing health risks to both animals and humans [52–55]. Interestingly, the nanomaterials exhibited varying antifungal abilities. This 
variation likely stems from several factors, including the specific type of nanomaterial, its size, and its inherent antimicrobial activity. 
Previous research suggests that nanoparticles with larger surface areas and smaller sizes tend to demonstrate stronger antifungal 
properties [106]. Although AgNPs, TiO2 NPs, and SeO2 NPs have been shown to exert antifungal activities, the combination of AgNPs 
with TiO2 or SeO2 NPs does not enhance the antifungal activity. There are no additive or synergistic effects. This unexpected failure in 
enhancing antifungal activity is likely due to factors like competition for fungal binding sites, aggregation, altered surface properties, 
or interference with AgNP’s mechanism of action. Further research is needed to pinpoint the exact reason and optimize nanoparticle 
design for effective fungal control. 

This study demonstrates the strong antioxidant activity of B. vulgaris L. extract, suggesting its potential as a natural alternative to 
harmful fungicides for controlling pathogenic fungi. Its high levels of phenolic and flavonoid constituents are likely contributors to this 
activity. Furthermore, both plant extracts and nanoparticles can exhibit antifungal activity. One proposed mechanism involves the 
disruption of membrane-bound respiratory enzymes in fungi, hindering their growth [107]. These findings not only highlight the issue 
of mycotoxin contamination in food but also offer promising avenues for its control. Ag@SeO2 and Ag@TiO2 NCs, with their anti
fungal activity, could be explored as safer and potentially more effective alternatives to conventional fungicides in food preservation. 

3.5.2. FT-IR spectral analyses on fungi treated with Ag@SeO2 NC 
Ag@SeO2 NC was chosen for FT-IR analysis since it holds distinct advantages over Ag@TiO2 NC for FT-IR studies of fungi treated 

with biosynthesized nanomaterials. Ag@SeO2 NC holds potential for diverse interaction mechanisms, enhanced specificity for fungal 
biomolecules, and reduced spectral interference from SeO2, and the growing interest in their antifungal properties makes them a 
compelling choice for this research. This selection promises richer data, deeper insights, and broader research impact, solidifying their 
potential as valuable tools in fungal control. The FT-IR spectral analysis was performed for R. solani and S. sclerotium treated or not 
(control) with Ag@SeO2 NC (Fig. 8). The FTIR spectra obtained for R. solani, untreated or treated with Ag@SeO2 NC, revealed some 
fascinating variances. The peak in the infrared spectrum at 3279 cm-1 is due to the stretching vibrations of hydroxyl groups. In the 
treated sample, this peak shifts to a lower frequency (3270 cm-1), suggesting that the Ag@SeO2 NC may be interacting with the –OH 

Fig. 8. FTIR spectra of treated or untreated fungi with Ag@SeO2 NC.  
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Fig. 9. TEM micrographs reveal the potent antifungal activity of Ag@SeO2 NC against S. sclerotium and R. solani. Panels (a) and (c) show the intact 
cell wall structure of untreated fungal hyphae in both fungi (S. sclerotium and R. solani, respectively). Treatment with Ag@SeO2 bmNPs in panels (b) 
and (d) induces substantial damage to the cell wall and membranes, including disruptions, leakage, and disorganization. These observations 
demonstrate the ability of Ag@SeO2 NC to effectively penetrate and disrupt the fungal cell structure, leading to potential cell death and fungal 
growth inhibition. Note the higher magnification used in panels (c) and (d) to visualize the detailed morphological changes caused by Ag@SeO2 
NC treatment. 
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functions on the surface of the fungal cells [108]. The absorption band at ν = 1632 cm− 1 is attributed to the C––O stretching vibrations 
of amide functions. The absorption band at ν = 817 cm− 1 is attributed to the C–O stretching vibrations of glycosidic bonds. The 
disappearance of this band in the treated sample suggests that the Ag@SeO2 NC may be disrupting the glycosidic bonds in the fungal 
cell wall [109]. R. solani showed a shift in the absorption band at ν = 817 cm− 1 to a lower frequency (ν = 775 cm− 1) after treatment 
with Ag@SeO2 NC. This suggests that the nanoparticles may be interacting with the glycosidic bonds in the fungal cell walls. 

The FTIR spectra of S. sclerotium, untreated or treated with Ag@SeO2 NC, revealed a shift in the absorption band at ν = 3279 cm-1. 
The peak in the infrared spectrum at 3279 cm-1 is due to the stretching vibrations of hydroxyl groups. In the treated sample, this peak 
shifts to a higher frequency (3280 cm-1), suggesting that the Ag@SeO2 NC may be interacting with the hydroxyl groups on the surface 
of the fungal cells in a different way than they interact with the surface of R. solani cells. The peak in the infrared spectrum at 1630 cm- 
1 is due to the stretching vibrations of amide groups. The shift of this band to a lower frequency (ν = 1614 cm− 1) in the treated sample 
suggests that the Ag@SeO2 NC may be interacting with the amide groups on the surface of the fungal cells in a similar way to how they 
interact with the amide groups on the surface of R. solani cells. The absorption band at ν = 1312 cm− 1 is attributed to the C–N 
stretching vibrations of chitin. The appearance of this band in the treated sample suggests that the Ag@SeO2 NC may be interacting 
with the chitin in the fungal cell wall [110]. The absorption band at ν = 566 cm− 1 is attributed to the C–O stretching vibrations of 
glycosidic bonds. The disappearance of this band in the treated sample suggests that the Ag@SeO2 NC may be disrupting the glycosidic 
bonds in the fungal cell wall, like how they disrupt the glycosidic bonds in the fungal cell wall of R. solani. S. sclerotium showed a shift in 
the absorption band at ν = 1148 cm− 1 to a lower frequency (ν = 1148 cm− 1) after treatment with Ag@SeO2 NC. This suggests that the 
NCs may be interacting with the C–O bonds in the fungal cell walls [111]. 

Both R. solani and S. sclerotium fungal species showed a shift in the absorption band at ν = 3279 cm− 1 to a lower frequency (ν =
3270 cm− 1 and ν = 3280 cm− 1, respectively) after treatment with Ag@SeO2 NC. This suggests that the NCs may be interacting with the 
hydroxyl groups (O–H) in the fungal cell walls. Additionally, both species showed a shift in the absorption band at ν = 1632 cm− 1 to a 
lower frequency (ν = 1632 cm− 1 and ν = 1614 cm− 1, respectively) after treatment with Ag@SeO2 NC. This suggests that the NCs may 
also be interacting with the amide groups (C––O–N) in the fungal cell walls. 

3.5.3. TEM of the bmNPs-affected fungi 
The TEM image of untreated S. sclerotium (Fig. 9a) shows a healthy cell with a well-defined cell wall and cytoplasm. The cytoplasm 

is the jelly-like substance inside the cell that contains all the cell’s organelles. The following organelles are visible in the TEM image: 
mitochondria, ribosomes, nucleus, and vacuole. The TEM image also shows several small vesicles in the cytoplasm. In addition, the cell 
wall of the S. sclerotium cell is a thick, dense layer that surrounds the cell. The cytoplasm also contains a network of microtubules and 
microfilaments. 

The TEM analysis revealed significant damage to S. sclerotium cells treated with Ag@SeO2 NCs (Fig. 9b). Numerous small, dark dots 
visible within the cell cytoplasm represent the internalized nanoparticles. Moreover, the cell walls exhibited damage, evident from the 
presence of several holes. Collectively, these observations suggest that Ag@SeO2 NCs played a role in compromising the cell wall 
integrity, potentially rendering it more susceptible to further damage [112]. 

Furthermore, damage extended beyond the cell wall, affecting various organelles within the cytoplasm. Swollen and misshapen 
mitochondria, for instance, indicate potential interference with the cell’s energy production capabilities. In conclusion, the TEM 
imagery provides compelling evidence for extensive cellular damage inflicted by Ag@SeO2 NCs on S. sclerotium, likely impairing 
essential functions and compromising overall cell viability (Fig. 9b). 

The TEM image of untreated R. solani (Fig. 9c) exhibits a healthy cell with a well-defined cell wall and distinct cytoplasmic region. 
The cytoplasm, a gel-like substance containing various organelles essential for cell function, appears homogeneous in this micrograph. 
Additionally, small vesicles, membrane-bound structures for transport and storage, are visible within the cytoplasm. The TEM image 
shows a healthy R. solani cell with all of the organelles necessary for the cell to function properly. The cytoplasm of the R. solani cell is 
filled with a variety of organelles, including mitochondria, ribosomes, nuclei, and vacuoles. The cytoplasm also contains a network of 
microtubules and microfilaments, which provide support and structure for the cell [113]. The R. solani cell in the TEM image has a 
large, well-defined nucleus, which suggests that the cell is healthy and capable of dividing. The R. solani cell in the TEM image has a 
large vacuole, which suggests that the cell is well-hydrated and healthy. Additionally, the S. sclerotium cell in the TEM image has 
several mitochondria, which suggests that the cell is metabolically active [114]. 

The TEM image of R. solani treated with Ag@SeO2 NCs (Fig. 9d) reveals substantial cellular damage induced by the nanoparticles. 
Numerous small, dark dots visible within the cytoplasm represent internalized nanoparticles. Moreover, the cell walls exhibit sig
nificant damage, evident from the presence of numerous holes. These observations collectively suggest that Ag@SeO2 NCs contribute 
to compromised cell wall integrity, potentially rendering it more susceptible to further damage [115]. The damage extends beyond the 
cell wall, affecting various organelles within the cytoplasm. Notably, some mitochondria appear swollen and misshapen, indicating 
potential interference with energy production capabilities. Furthermore, the TEM image shows extensive vacuolation within the 
R. solani cell. Vacuolation, characterized by the formation of large vacuoles, represents a type of cell death often observed in response 
to toxins or stressors [116]. This finding provides additional evidence for the effectiveness of Ag@SeO2 NCs in killing R. solani cells 
[117]. 

Generally, there are some hypotheses for possible mechanisms by which the Ag@SeO2 NC is damaging the S. sclerotium and R. solani 
cells: The bmNPs may be generating reactive oxygen species, which are unstable molecules that can damage cell components [42]. The 
bmNPs may be interacting with the cell membrane, disrupting its structure and function [118]. The bmNPs may be entering the cell 
and interacting with DNA or other cellular components, causing damage [119]. 
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4. Conclusion 

A simple, green, and cost-effective method was established for synthesizing AgNPs, Ag@TiO2 NC, and Ag@SeO2 NC using 
B. vulgari aqueous extract. Comprehensive characterization via TEM, SEM, EDX, and XRD confirmed successful nanoparticle formation. 
Ag@SeO2 NCs demonstrated potent antifungal activity against S. sclerotium and R. solani with a minimum inhibitory concentration 
(MIC) of 462 μg/mL. FT-IR analysis revealed diverse interactions between nanomaterial functional groups and fungal cell walls, 
suggesting potential mechanisms of action. Although exhibiting the strongest antifungal activity, Ag@SeO2 NCs also displayed the 
highest hemolytic activity (56.22%), likely due to the synergistic effect of AgNPs and SeO2 NPs. Notably, B. vulgaris extract itself 
exerted superior antioxidant activity (IC50 = 52.57 μg/mL) compared to the synthesized nanomaterials, confirming previous reports. 
Finally, TEM images corroborated the MIC results, visually confirming the antifungal activity of Ag@SeO2 NCs against both fungi. 
These findings showcase the significant chemical features and multifaceted biological activities (antioxidant, anti-hemolytic, and 
antifungal) of AgNPs, Ag@TiO2 NCs, and Ag@SeO2 NCs. While further investigation into specific functionalities and mitigation of 
Ag@SeO2 NCs’ hemolytic activity is needed, these nanomaterials exhibit promising potential for various industrial and biomedical 
applications, holding the potential to become candidates for the future development of novel therapeutic agents. 
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