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Featured Application: The specific application of this work lies in the new avenue synthesis
of nanomedicines—particularly Ag-mNPs, AgSeO2-bmNPs, and Ag-TiO2-bmNPs—using eco-
friendly methods. These nanoparticles have shown significant potential as they can be used
for potent antioxidant and antibacterial activities. The use of Beta vulgaris extract for the bio-
reduction process adds to the environmentally sustainable aspect of the research. Furthermore,
the antioxidant activity of the nanoparticles supports their potential medical applications beyond
antibacterial therapy. Additionally, the study paves the way for future research into utilizing
nature-inspired approaches for green and effective medical advancements.

Abstract: The synthesis of novel nanomedicines through eco-friendly protocols has been applied on a
large scale with the prediction of discovering alternate therapies. The current work attained phytogenic
synthesis of Ag-mNPs, AgSeO2-bmNPs, and Ag-TiO2-bmNPs through bio-reduction using an aque-
ous extract of Beta vulgaris (red beetroot). The phytochemical profile of the eco-friendly synthesized
metallic/bimetallic nanoparticles was studied. The optical properties of nano-solutions were studied via
UV-visible spectroscopy. The Fourier-transform infrared spectroscopy (FT-IR) spectral analyses revealed
that stretching vibrations at wavenumbers 3303.81–3327.81 cm−1 attributed to phenolic hydroxyl groups
documented shifts in the values in this range owing to proton dissociation through the bio-reduction of
the metal ions. The surface morphology and the charge of the nanoparticles were investigated using
a Transmission Electron Microscope (TEM) and zeta potential analyses. The prepared nano-solutions
showed lower antioxidant activity (1,1-Diphenyl-2-picrylhydrazyl (DPPH•) and phosphomolybdate as-
says) than the plant extract. These results together with phytochemical analyses support the participation
of the reactive species (phenolic contents) in the bio-reduction of the metal ions in the solutions through
the formation of metallic/bimetallic nanoparticles. Ag-mNPs, AgSeO2-bmNPs, and Ag-TiO2-bmNPs
showed antibacterial potentiality. AgSeO2-bmNPs were superior with inhibitory zone diameters of 34.7,
37.7, 11.7, and 32.7 mm against Enterococcus faecalis, Staphylococcus aureus, Escherichia coli, and Salmonella
enterica, respectively. Applying the Methylthiazole Tetrazolium (MTT) assay, the Ag-TiO2 bmNPs re-
vealed potent cytotoxicity against the HePG2 tumor cell line (IC50 = 18.18± 1.5 µg/mL), while Ag-SeO2

bmNPs revealed the most potent cytotoxicity against the MCF-7 cell line (IC50 = 17.92 ± 1.4 µg/mL).

Keywords: human pathogenic bacteria; antioxidant activity; phytochemical; spectroscopic analyses;
biological assessments
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1. Introduction

Nowadays, the field of nanotechnology has been recognized as an attractive science,
since nanoparticles (NPs) have varied applications in numerous areas, e.g., electric, chemi-
cal, biomedical branches, and other industrial applications. Subsequently, the global pro-
duction of engineered nanoparticles is continuously increasing [1], wherein there are over
1800 consumer products containing engineered nanoparticles [2]. Furthermore, NPs play a
crucial role in drug delivery, cosmetics industries, catalytic regions, antimicrobial/antiseptic
uses, medical purposes, etc. [3,4]. The major NPs that are prevalent in consumer products
involve silver (Ag mNPs), gold (Au mNPs), copper (Cu mNPs), palladium (Pd mNPs),
titanium dioxide (TiO2 mNPs), zinc oxide (ZnO mNPs), etc. [5].

However, there are growing concerns about the hazards of exposure to engineered
nanoparticles, which cause environmental risks while penetrating numerous regions of the
environment [6]. Moreover, engineered nanoparticles have adverse effects on human and
ecological health [7]. With the exclusion of understanding the crucial criteria of chemical
mechanisms of formation and the interaction of engineered nanoparticles, there are limited
mitigation strategies available for avoiding concerns to human health.

Another type of nanoparticle is incidental nanoparticles (INPs), such as Magneli phases
from natural TiO2 minerals containing coal [8], and additionally, carbon black soot, con-
sisting of either fullerene or graphene, is generated from the emissions of combustion [9].
These INPs have emerged as noteworthy environmental pollutants present in the atmo-
sphere, water bodies, and soil [10]. Further, natural nanoparticles could also be formed via
photochemical, biological, or extraterrestrial processes [11]. Several studies have attained
the fate of NPs among environmental regions, where oxygen levels, pH, organic matter,
ionic strength, and light conditions all influence the fate of NPs [12].

Generally, nanoparticles are created with distinct characteristics that render them
highly sought after in the fields of materials science and biology [13]. Among the diverse
array of nanoparticles, Ag-NPs have emerged as one of the most extensively researched
subjects in recent decades [14]. Silver nanoparticles consist of a range of 20 to 15,000 silver
atoms, typically possessing diameters smaller than 100 nm, owing to their significant
surface-to-volume ratio. These Ag-NPs demonstrate notable antimicrobial efficacy, even
when present in low concentrations [15]. Additionally, Ag-NPs are low-cost and have
shown low cytotoxicity and immunological response [16]; so, Ag-NPs are currently used
in numerous applications. The discharge of Ag-NPs into aquatic ecosystems, the dissocia-
tion into ions, the binding to organic matter, reactions with other metal-based materials,
and disruption of normal biological and ecological processes at the cellular level are all
possible negative effects of Ag-NP usage. The creation of natural Ag-NPs is substantially
affected by various chemical factors such as pH, levels of oxygen, and the existence of
organic substances [1]. This process leads to the development of Ag-NPs that possess
long-term stability. Moreover, Ag-NPs can engage with both metal and metal oxide par-
ticles/nanoparticles. However, there exists limited information regarding the chemical
and toxicological connections between Ag-NPs and other types of nanoparticles. The
interaction of Ag-NPs with gold nanoparticles and titanium dioxide nanoparticles has been
investigated and discussed [1].

The synthesis of Ag-NPs could be construed during physical, chemical, and biological
procedures [17], where their synthesis formed in different sizes, ranging from 1 to 100 nm.
The chemical and physical procedures were used to create nanoparticles; however, the
chemical procedures used substances during the reduction process of metallic ions. This,
in turn, has some disadvantageous traits, including chemical toxins and some precarious
compounds in their products [18]. The size of NPs could be influenced by pH, temperature,
and metal concentrations [19]. Otherwise, the biological approaches have the merit of
simplicity in NP synthesis, less time of reaction, low toxicity and cost, high yield, and
biocompatibility, which are critical and imperative.

The biosynthesis of Ag-NPs concerning plant extracts was conducted, in which Ag-
NPs were synthesized using different plant extracts e.g., Lucerne, Pine, Persimmon, Mag-
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nolia, Platanus, apple, pineapple, and Ginkgo [20–23]. Likewise, the Phyllanthus amarus leaf
extract was found to be efficient in the biosynthesis of Ag-NP silver, as it has antimicrobial
and catalytic activities [24].

Moreover, the aqueous extract of Beta vulgaris L. showed efficiency toward Ag-NP
biosynthesis, owing to its content of vitamins, manganese, folate, and magnesium in
addition to its content of pigments, with all of these factors reducing the metal ions to NPs.
The pH value, extract volume, silver nitrate concentrations, and time of incubation play
a vital role in Ag-NP biosynthesis [25]. The antibacterial activity of silver nanoparticles
has shown potency against reference bacterial strains [17]. Recently, the diverse biological
properties of Beta vulgaris L. and betalains have been reported [26].

Metallic/bimetallic nanoparticles have been shown to have antibacterial [27],
anticancer [28], anti-inflammatory [29], and antioxidant properties [30]. The small size
and large surface area of nanoparticles allow them to interact with cells and tissues [31].
The antibacterial activity of nanoparticles is attributed to their ability to disrupt the cell
membranes of bacteria, leading to cell death. The nanoparticles can also generate reactive
oxygen species, which can damage DNA and other cellular components [32]. Moreover, the
anticancer activity of nanoparticles is related to their aptitude to kill or inhibit the growth
of cancer cells or induce apoptosis or programmed cell death [33]. The anti-inflammatory
activity is attributed to the aptitude of nanoparticles to inhibit the production of pro-
inflammatory cytokines and other molecules and reduce inflammation by scavenging ROS
and other reactive molecules [34]. Silver nanoparticles are one of the most widely studied
nanoparticles for antibacterial applications. They are effective against a wide range of
bacteria, including drug-resistant strains.

Herein, our study investigates the following: (i) How to biosynthesize Ag-mNPs, Ag-
bmTiO2, and Ag-bmSeO2 using an aqueous extract of Beta vulgaris L. (ii) The determination
of chemical features using phytochemical analyses, UV-visible spectra, FTIR, TEM, and
zeta potential analyses. (iii) Assessments of the biological activities of the synthesized
metallic/bimetallic nanoparticles, for instance, the antioxidant activity using DPPH and
phosphomolybdate assays, and cytotoxic activity against various normal and tumor cell
lines using MTT assay, as well as antimicrobial action against human bacterial pathogens.

2. Materials and Methods
2.1. Preparation of the Beta vulgaris Extract

Fresh root of Beta vulgaris was purchased from a local market in Mansoura, Egypt
(latitude: 31◦02′60.00′′ N; longitude: 31◦22′59.99′′ E). The beets were precisely washed with
tap water, and then the washing process was continued three times with distilled water.
The cleaned beet was skillfully divided into small pieces and dried at room temperature
until completely dry. The dried pieces (30 g) were transferred to a conical flask containing
distilled water (100 mL) and soaked at 30 ◦C overnight. The extract obtained was filtered
four times using Whatman No. 1 filter paper, centrifuged at 10,000 rpm for 10 min, and
filtered again. The acquired pure extract was stored at 0–5 ◦C for further applications
and analyses.

2.2. Biosynthesis of Silver Metallic/Bimetallic Nanoparticles

Silver, silver–selenium dioxide, and silver–titanium dioxide nanoparticle solutions
were synthesized via a phytogenic green procedure [35,36]. The aqueous extract of
Beta vulgaris L. was used to prepare these metallic and bimetallic nanoparticles. To a
solution of the Beta vulgaris L. extract (25 mL), a solution of silver nitrate (AgNO3) (2 mM,
25 mL) was added dropwise with continuous stirring at room temperature until the color
turned brown. The reaction mixture was kept under stirring in the dark until a stable
color formed. In the preparation of silver–selenium dioxide bimetallic nanoparticles (Ag-
SeO2 bmNPs), a solution of silver nitrate (2 mM) and selenium dioxide (50 mg) (Merck
Schuchardt OHG, 85662, Hohenbrunn, Germany) was added dropwise to the prepared
extract. Also, in the preparation of silver–titanium dioxide bimetallic nanoparticle (Ag-TiO2
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bmNPs) (Merck Schuchardt OHG, 85662, Hohenbrunn, Germany) solution, a mixture of
silver nitrate (2 mM) and titanium dioxide (50 mg) solutions was added dropwise to the
prepared extract under constant magnetic stirring at 25 ◦C. The color transformation is an
indication of the formation of metallic and bimetallic nanoparticles [37]. The solutions in
all cases were centrifuged for 30 min at 10,000 rpm. The precipitated solid nanoparticles
were washed with distilled water and constantly washed with ethanol (85%) to remove
contaminated oil. The solid materials were dried under vacuum at room temperature and
stored at −80 ◦C for further analysis.

2.3. Instruments and Chemical Features of NPs

A UV-visible absorption spectrophotometer (Spectrophotometer UV2, Uni cam UV-
VIS, Ventura, CA, USA, in the wavelength range of 190–1100 nm via a quartz cuvette of
10 mm path length) was used to investigate the optical properties of the prepared metal-
lic/bimetallic nanoparticles. The FT-IR spectrum analysis was run at Thermo-Fisher Nicolet
IS10, Waltham, MA, USA. A spectrophotometer at a resolution of 4 cm−1 in 500–4000 cm−1

was used in a transmission approach to define the contribution of the functional groups
in the biosynthesis and stabilization of nanoparticles. Zeta potential analyses were run
on HORIBA SZ-100 (Singapore), with a holder (24.9 ◦C), dispersion medium viscosity
(0.897 mPa·s), conductivity (0.264 mS/cm), and electrode voltage (3.3 V). The TEM analy-
ses were run on a Thermoscientific Talos F200i (Waltham, MA, USA) using a carbon-coated
grid (Type G 200, 3.05 µ diameter, TAAP, Seattle, DC, USA) and were implemented for the
characterization of size, morphology, aggregation, and crystallization of metallic/bimetallic
nanoparticles. For the antioxidant activity and phytochemical analyses, a spectrophoto-
metric apparatus (Spekol 11 spectrophotometer, analytic Jena AG, Jena, Germany) and UV
lamp (Vilber Lourmat-6.LC, VILBER Smart Imaging, Marne-la-Vallée, France) were used.

2.4. Phytochemical Analysis

The phenolic contents were analyzed for the plant extract, as well as metallic/bimetallic
nanoparticles using Folin–Ciocalteu (F–C) assay [38] and a gallic acid standard curve
(y = 0.0062x, r2 = 0.987). The contents of flavonoids were analyzed via aluminum chloride
assay [39] using a catechin standard curve (y = 0.0028x, r2 = 0.988). The tannin contents
were analyzed via vanillin-hydrochloride assay [40] and applying the tannic acid standard
curve (y = 0.0009x; r2 = 0.955). All of the values were calculated as mg equivalents of the
standard material per gram of the dried sample.

2.5. Biological Assessment
2.5.1. Antioxidant Activity

The antioxidant activity of red Beta vulgaris L. aqueous extract and the prepared
solutions of metallic/bimetallic nanoparticles was evaluated via DPPH• assay [41]. A
solution of DPPH• (0.135 mM) was used as a positive control, methanol (80%) was used
as a negative control, and ascorbic acid was used as a reference standard. The samples
were prepared in a serial dilution using methanol (80%). DPPH• (1 mL) was added to
each tube and then incubated for 30 min at room temperature. The absorbance of each
tube was recorded at 517 nm of wavelength (λ). The exponential curves were plotted for
the % DPPH• remaining versus the sample concentration to estimate the values of IC50
in mg/mL. The values of IC50 were calculated to simplify the comparison between the
results of the investigated samples, in which there was an inverse relationship between the
antioxidant capacity of the sample with the IC50 values [42]. The percentages of remaining
DPPH• were calculated from Equation (1):

Remaining DPPH• (%) = (DPPH•) T /(DPPH•) T=0 × 100 (1)

The total antioxidant capacity was assessed via the phosphomolybdate method to
investigate the antioxidant activity of Beta vulgaris L. extract, and metallic/bimetallic nano-
solutions. A modified procedure was applied, in which the results were expressed as mg
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ascorbic acid equivalent per 100 g of dry sample [43]. A freshly prepared reagent (0.6 M
sulfuric acid, 28 mM sodium phosphate, 4 mM ammonium molybdate) was made. The
standard reagent (3 mL) was mixed with 300 µL of the tested sample and incubated for
90 min at 95 ◦C. The intensity in the blue color was measured at λ = 695 nm. A negative
control was prepared by mixing the standard reagent with 300 µL of distilled water instead
of the tested sample [44].

2.5.2. Antibacterial Activity

The reference bacterial strains were provided by the Holding Company for Water
and Wastewater of Egypt from the American Type Culture Collection (ATCC, Manassas,
VA, USA). The tested human pathogenic bacteria were both Gram-positive (Enterococcus
faecalis ATCC 29212/NCTC 12697 and Staphylococcus aureus ATCC 25923/NCTC 12981) and
Gram-negative (Escherichia coli ATCC 8739 and Salmonella enterica subsp. enterica serovar
Typhimurium ATCC 14028/NCTC 12023).

The preparation of standard inoculum was performed from the stock cultures by
inoculating sterile glass tubes containing 10 mL nutrient broth medium (Difco, Detroit,
MI, USA) with individual bacterial strains and incubating at 35 ± 1.0 ◦C for 24 h until
turbidity was achieved equal to the 0.5 MacFarland standard (a solution mixture of barium
chloride and sulfuric acid that yields a turbid fine precipitate of barium sulfate, which
equals 1.5 × 108 CFU/mL). The antibacterial susceptibility test of the investigated samples
was assessed using the well diffusion method [45] on Muller-Hinton agar (Difco, USA)
plates. The medium was distributed in sterile Petri dishes on a level surface to a uniform
depth of 4 mm in laminar flow. After solidification, a sterile cotton swab was dipped into
bacterial suspension, and the surplus inoculum was eliminated by gently pressing the
swab against the inner wall of the tube, positioned above the medium level; then, Muller
Hinton agar plates were inoculated via streaking with the swab. The plate was allowed to
stand for 5 min for the media to absorb the excess moisture. A hole of 0.5 cm diameter was
made using a cork borer. Individual nanoparticles were added to each hole at 100 µg/mL.
The plates were allowed to stand for one hour in the refrigerator before being incubated
(35 ± 1.0 ◦C for 24 h); then, they were scanned for clear zone vision, and the diameter was
measured from the edge to the other edge of the clear zone area.

2.5.3. Cytotoxic Activity
Tumor and Normal Cell Lines

The cell lines of human lung fibroblast (WI38), hepatocellular carcinoma (HePG-2),
and mammary gland breast cancer (MCF-7) were acquired from ATCC through a holding
company for biological products and vaccines (VACSERA), Cairo, Egypt. Doxorubicin was
used as a standard chemotherapeutic anticancer drug for evaluation.

MTT Assay

We carried out the MTT assay according to Denizot and Lang [46]. In this assay,
the yellow color of tetrazolium bromide purchased from Sigma Co. (St. Louis, MO,
USA) was transformed into a purple formazan via the action of mitochondrial succinate
dehydrogenase in viable cells. Cell lines in RPMI-1640 medium (Sigma Co., St. Louis,
USA) were mixed with 10% fetal bovine serum. Also, penicillin (100 units per mL) and
streptomycin (100 µg/mL) were added at 37 ◦C in a 5% CO2 incubator.

The cellular cultures were placed into individual wells of a 96-well plate, with a
density of 1.0 × 104 cells per well. The plate was then kept at a temperature of 37 ◦C for
48 h, within an environment containing 5% CO2. Following the incubation period, the
cells were exposed to various concentrations of the tested samples and then incubated for
an additional 24 h. Subsequently, a solution of MTT (5 mg/mL, 20 µL) was introduced
and incubated for 4 hours. The formed purple formazan was dissolved by adding DMSO
(100 µL) (Sigma Co., St. Louis, USA) to each well. The absorbance of the color intensity of
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the samples was measured as λ = 570 nm using a cuvette reader (EXL 800, Cranston, RI,
USA). The percentages of relative cell viability were calculated by applying Equation (2):

Cell viability % = (A sample/A control “untreated sample”)× 100 (2)

3. Results and Discussion
3.1. Identification of Metallic/Bimetallic Nanoparticles

Biosynthesized metallic/bimetallic nanocomposites were established using several
techniques, specifically UV-visible spectra, FTIR analyses, TEM, and zeta potential analyses.

3.1.1. UV-Visible Spectra

The biosynthesized Ag, Ag-SeO2, and Ag-TiO2 NPs prepared using Beta vulgaris L.
aqueous extract were characterized via UV-visible spectra (Figure 1). The Beta vulgaris L.
extract revealed two distinctive peaks at λmax ca. 554.0 nm (abs. 1.546) and λmax ca.
246.0 nm (abs. 0.777); these peaks are related to the adsorption intensities of the pigment
agreeing, respectively, to yellow betaxanthin and red-purple betanin [47]. The color change
in the used aqueous extract in the biosynthesis of metallic/bimetallic nanoparticles was
indicated through physical observation. The reddish-brown color of the prepared extract
was changed into a brown color in the case of silver nanoparticles, a yellow color in the case
of Ag-selenium dioxide NPs, and a gray color in the case of the preparation of Ag-titanium
dioxide NPs. The nanoparticle solution of silver (Ag-mNPs) revealed surface plasmon
resonance peaks at λmax ca. 598.0 nm (abs. 1.632) and λmax ca. 246.0 nm (abs. 0.770).
The three perceived intensity peaks were recorded at λmax ca. 428.0 nm (abs. 0.558),
395.0 nm (abs. 0.529), and 245.0 nm (abs. 0.791) for the biosynthesized Ag-SeO2 bimetallic
nanoparticles. Otherwise, the gray solution of Ag-TiO2 bimetallic nanoparticles displayed
two individual intensity peaks at λmax ca. 675.0 nm (abs. 1.920) and 247.0 nm (abs. 0.756).
The results verified the formation of metallic/bimetallic nanoparticles since the addition of
the metal (Ag+, Ag+-Se2+, and Ag+-Ti2+) solutions into the aqueous plant extract led to
an increase in the surface plasmon resonance peak at λmax ca. 598.0 nm (Ag mNPs) and
675.0 nm (abs. 1.920) (Ag-TiO2 bmNPs), and a decrease in the intensity peaks for Ag-SeO2
bmNPs at λmax ca. 428.0 nm (abs. 0.558) and 395.0 nm (abs. 0.529).
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3.1.2. FTIR Spectral Analyses

The FTIR spectral analyses were intended for the characterization of the major func-
tional groups in Beta vulgaris L. extract such as phenolic, flavonoid components, iso-betanin,
betanin, and vulgaxanthin, as well as the study of the role of these groups in the biosyn-
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thesis of metallic/bimetallic nanoparticles. Most of the functional groups served as cap-
ping/stabilizing agents and participated in the bio-reduction process of Ag+ ions into stable
zero-valent ones (Ag0), as well as selenium and titanium ions into the corresponding oxides.
The results (Figure 2 and Table S1) indicated various frequencies owing to stretching vibra-
tions of the distinctive functional groups, supporting the formation of metallic/bimetallic
nanoparticles. Accordingly, the numerous stretching vibrations at ν = 3327.81, 2105.13,
1635.99, and 421.49 cm−1 were perceived in the FT-IR spectrum of silver nanoparticles. The
broad and strong absorption bands within wavenumbers at ν= 3303.81–3327.81 cm−1 are
attributed to the stretching vibrations of O-H groups, namely, phenolic hydroxyl groups.
The shift in the values of these groups reinforced their involvement in proton dissociation
with the aid of accomplishing the bio-reduction of the metal ions in the solution. A new ab-
sorption band in the analysis of Ag-SeO2 bmNPs at ν = 3853.16 cm−1 attributed to the O-H
stretching group was also estimated for the formation of bimetallic nanoparticles. The ab-
sorption bands that appeared within the range of ν = 2104.77–2193.92 cm−1 were related to
the stretching vibrations of ketene, carbodiimide, or weak vibrations of alkyne. The stretch-
ing vibrations of the amidic carbonyl groups were found within ν = 1635.81–1636.08 cm−1.
The shift in these values of the carbonyl group revealed the role of these groups in the for-
mation of nanoparticles. Our results agree with those previously reported [36] concerning
the characterizations and interpretations of the functional groups. The absorption bands
at ν = 1507.38 and 1457.14 cm−1 are attributed to the medium bending frequencies of the
C-H groups. The analysis of the plant extract revealed the presence of an absorption band
at ν = 1045.30 cm−1, owing to the strong stretching vibration of C-O-C or C-N of aliphatic
amines. This absorption band disappeared in the FT-IT analyses of the metallic/bimetallic
nanoparticle solutions, indicating the participation of these groups in the biosynthesis of
these nanoparticles. Nevertheless, the absorption bands at a lower frequency, e.g., bands
with wavenumbers lower than ν = 500 cm−1, are attributed to the metal–metal or metal
oxide bands, confirming the biosynthesis process with the patronage of the betanin of the
plant extract.
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3.1.3. TEM Investigation

The surface morphology, size, and aggregation attitude of the nanoparticles prepared
in an eco-friendly way using an aqueous extract of Beta vulgaris L. were identified using
TEM, as exemplified in Figure 3. The results verified that the nanoparticles have spherical
shapes of a nano-scale size for all samples providing a very high surface area. The results
concerning the particle size revealed varied sizes on the nanoscale, in which the Ag-mNPs
demonstrated nanoparticle sizes within 12.82–21.28 nm, the Ag-SeO2 bmNPs demonstrated
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nanoparticle sizes within 8.417–18.49 nm, and the Ag-TiO2 bmNPs demonstrated nanopar-
ticle sizes within the size range of 12.86 to 20.09 nm. Therefore, nano-spheres were found to
be agglomerated in the solution with varied sizes. The silver nanoparticles were attached
to the edges of the petal surface of titanium and selenium oxides.

1 

 

 

Figure 3. TEM and selected area diffraction analysis of metallic/bimetallic nanoparticles: (a,b) refer
to the TEM images of the Ag-mNPs (Mag. 120 and 650 kx); (d,e) refer to the TEM images of the
Ag-SeO2 bmNPs (Mag. 150 kx and 1.05 Mx); (g,h) refer to the TEM images of the Ag-TiO2 bmNPs
(Mag. 245 and 630 kx) with Ceta = 50 and 10 nm; and (c,f,i) refer to the images of the selected area
diffraction of the Ag-mNPs, Ag-SeO2 bmNPs, and Ag-TiO2 bmNPs, respectively.

The nucleation between silver nanoparticles and metal oxides occurred instanta-
neously during the preparation of bimetallic selenium and titanium nanoparticles. The
interaction of metal ions in the solution with hydroxyl groups, namely phenolic groups, led
to the formation of the smallest size of bimetallic oxide nanoparticles. In addition, the silver
nanoparticles were formed on the surface of the metal oxides through a reduction process
after the ionization of silver nitrate in the solution. The results specified the biosynthesis of
metallic/bimetallic nanoparticles as they appeared from morphological analyses via the
benefit of Beta vulgaris aqueous extract. The images of the selected area diffraction (Figure 3)
revealed circulates with bright spots in the analysis of all of the samples, demonstrating the
crystallinity of the formed metallic/bimetallic nanoparticles.

It was noted that the bright spots appeared more in the analysis of the Ag-TiO2 bm-
NPs compared with the Ag-SeO2 bmNPs and Ag mNPs, confirming the high level of the
crystallinity of the bimetallic nanoparticles compared with the metallic silver samples
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(Figure 3). Biological assessments, such as for antibacterial activity, might be controlled
by the size and agglomeration state of the nanoparticles. This is a satisfactory indication
that interactions between the silver nanoparticles and biomolecules might result in particle
aggregation [48,49]. The agglomeration of the penetrated bimetallic silver nanoparticles
revealed remarkable influences compared to Ag-mNPs, as stated by recent studies [49,50].
Consequently, owing to the higher surface area of the biosynthesized nanoparticles (spher-
ical shapes with an average particle size lower than the nanoscale), they might employ
significant antibacterial effects against the growth inhibition of various species.

3.1.4. Zeta Potential Analyses

Figure 4 displays the zeta potential analyses of the Ag-mNPs, Ag-SeO2 bmNPs, and Ag-
TiO2 bmNPs, providing evidence concerning the charge and stability of the biosynthesized
nanoparticles in the suspension. The small nanoparticles have a large surface area relative
to their volume, and this surface area can be charged. The charge on the surface of the
nanoparticles is counterbalanced by the presence of ions of an opposite charge in the liquid.
This creates an electrical double layer around the nanoparticles. The zeta potential is the
potential difference between the bulk of the liquid and the stationary layer of fluid attached
to the surface of the particle. It is a measure of the strength of the electrical double layer.
It was documented that zeta potential analyses are the factor controlling the estimation
of the stability of the nanoparticles in the solution [51]. The results specified that Ag-
mNPs revealed a mean zeta potential at −27.6 mV with a mean electrophoretic mobility
of −0.000213 cm2/Vs. The Ag-SeO2 bmNP solution displayed a mean zeta potential
at −12.7 mV with a mean electrophoretic mobility = −0.000098 cm2/Vs, while the Ag-
TiO2 bmNPs revealed a mean zeta potential at −30.3 mV with a mean electrophoretic
mobility = −0.000234 cm2/Vs. The results of all of the samples indicated the good stability
of the biosynthesized metallic/bimetallic nanoparticles prepared from the aqueous extract
of Beta vulgaris L.

A high value of negative charge in zeta potential analysis indicates that the particles
in suspension have a strong electrostatic repulsion between them. This repulsion prevents
the particles from aggregating or clumping together, which can improve the stability of
the colloidal system. In general, particles with a zeta potential of ±30 mV or more are
considered to be stable. Thus, the Ag-TiO2 bmNPs exhibited good stability with a zeta
potential at −30.3 mV, followed by Ag mNPs (zeta potential = −27.6 mV), and Ag-SeO2
bmNPs (zeta potential = −12.7 mV) had the least stability in the colloidal system.

3.2. Phytochemical Analysis

The phytochemical analyses were assessed for Beta vulgaris L. aqueous extract and
biosynthesized metallic/bimetallic nanoparticles. In particular, the results as shown in
Figure 5 and Table S2 verified that the plant extract is rich in phenolic constituents, with
65.449 ± 0.756 mg gallic acid/1 gm dry extract. The tannin contents (27.338 ± 0.24 mg
tannic acid/1 gm dry extract) are higher than flavonoids (6.309± 0.314 mg catechine/gm dry
extract) according to the analyses of the plant extract. It is worth mentioning that decreased
values of phytochemicals can be seen in the analyses of metallic and bimetallic nanoparticles,
verifying the contribution of these reactive species in the bio-reduction process for the
biosynthesis of these nanoparticles. The comparison of the results of the metallic/bimetallic
nanoparticles indicated that Ag-mNPs compromised the second order in the level of the
phytochemical components. In addition, the Ag-TiO2 bmNPs revealed higher phenolic
contents than the Ag-SeO2 bmNPs, while the Ag-SeO2 bmNPs were marginally rich with
tannin and flavonoid contents compared with the Ag-TiO2 bmNPs. The color of Beta vulgaris
L. is due to betanin, signifying merely 75 to 90% of the total color [52]. The investigated
components of the different issues of Beta vulgaris L., as identified from the literature reports,
were characterized as various compounds related to phenolic class, for instance, betanidin,
prebetanin, isobetanin, neobetanin, amaranthin, and lampranthin [53–55].
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3.3. Biological Assessments
3.3.1. Antioxidant Activity

The potential antioxidant activity was assessed for silver metallic/bimetallic nanopar-
ticles via DPPH• free radical assay. The IC50 values were calculated in mg/mL by applying
the exponential curve that involved a relationship between the sample concentrations
versus the percentages of the remaining DPPH• [56]. The results (Figure 6) verified that
the Beta vulgaris L. extract revealed the most potent activity for scavenging the DPPH•

free radical with IC50 at 0.299 ± 0.073 mg/mL. The antioxidant capacity of the extracted
Beta vulgaris L. was much greater using the higher concentration of the sample, and thus
74.7% inhibition was calculated at 0.902 mg/mL, while the antioxidant capacity was
reduced to 32.77% at the lower concentration (0.113 mg/mL). It was noticed that the
inhibition efficiencies of the tested metallic and bimetallic nanoparticle solutions were
reduced compared to the aqueous extract of Beta vulgaris L. Accordingly, the Ag-mNPs
revealed an IC50 value at 0.404 ± 0.067 mg/mL, and then the antioxidant capacities were
reduced again in the case of bimetallic nanoparticles, for instance, the Ag-TiO2 bmNPs
(IC50 = 0.797 ± 0.063 mg/mL) and Ag-SeO2 bmNPs (IC50 = 1.473 ± 0.104 mg/mL). At the
higher concentrations of the prepared nano-solutions, Ag-mNPs revealed a percentage of
inhibition at 52.9% (1.958 mg/mL), the Ag-TiO2 bmNPs revealed a percentage of inhibition
at 58.08% (1.099 mg/mL), and Ag-SeO2 bmNPs revealed a percentage of inhibition at
46.04% (1.351 mg/mL). The free radicals of DPPH• (a purple color) in the solution tended
to stabilize via reactions with antioxidant molecules that are rich in stable radical sources.
The stabilization of DPPH• free radicals changed the purple color of DPPH into colorless
at the higher sample concentrations. The ability of the tested sample to scavenge the free
radicals of DPPH• in the solution indicated the antioxidant capacity. In the case of Beta
vulgaris extract, the hydroxyl groups provided stable hydroxyl radicals that trapped the free
radicals of DPPH•. The reactive oxygen and nitrogen species in the extracted components
of the plant extract are the factors that increase the antioxidant capacity. Also, the phenolic
components, as estimated from the phytochemical analysis, enable the trapping of the
free radicals of DPPH•. The phenolic components provided stable free radicals via the
delocalization of the radical on the phenyl ring. Our results agree with the recently reported
work by [57]. The release of hydrogen atoms in the antioxidant mechanism can be termed
as specified in Figure 7.
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On the other hand, the antioxidant activity of aqueous Beta vulgaris extract and silver
metallic/bimetallic nanoparticle solutions was also assessed via phosphomolybdate assay
(Tables 1 and S3). The results verified that the Beta vulgaris extract displayed the most potent
activity with total antioxidant capacity (TAC) at 2388.524 ± 7.226 (mg AAE/100 gm DS).
The antioxidant activity was reduced for the Ag-mNPs (TAC = 1326.292 ± 8.835 mg
AAE/100 gm DS) than the plant extract. The order of the antioxidant potency of the
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samples was found that the aqueous extract was much more potent than Ag-mNPs or
Ag-TiO2 bmNPs, and Ag-SeO2 bmNPs was the last in the order of potency. These results
were matched with the antioxidant potency estimated via the DPPH free radical assay. The
process relies on the reduction of phosphomolybdate ions in the presence of an antioxidant,
leading to the creation of a green phosphate/MoV complex. This complex is then quanti-
tatively measured using spectrophotometry. Specifically, the antioxidants in the sample
reduce the (MoO4)2− to Mo(V), in which Mo(V) forms a green phosphate/Mo(V) complex
with phosphate ions (PO4

3−). The rich samples with antioxidants will produce the deepest
color with high absorbance at λ = 695 nm as an indication of the greater antioxidant capacity.
The participation of the reactive species, such as phenolic and flavonoid components of the
plant extract in the reduction of metal ions through the biosynthesis of metallic/bimetallic
nanoparticles, is indeed liable for their antioxidant activities [58].
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Table 1. The antioxidant results using phosphomolybdate assay.

Material Total Antioxidant Capacity (mg AAE/100 gm DS) (a)

Plant extract 2388.524 ± 7.226

Ag-mNPs 1326.292 ± 8.835

Ag-SeO2 bmNPs 497.994 ± 2.364

Ag-TiO2 bmNPs 1142.639 ± 5.901
(a) mg ascorbic acid equivalent/100 gm dry sample. Values are average (n = 3) ± SD.

3.3.2. Antibacterial Activity

An antibacterial bioassay of biosynthesized metallic/bimetallic oxide nanoparticles
via Beta vulgaris extract was conducted against Gram-positive (E. faecalis ATTC 29212 and
S. aureus ATTC 25923) and Gram-negative (E. coli ATTC 8739 and S. enterica ATTC 14028)
human pathogens. The agar diffusion method was applied at 100 µg/mL. Generally, all
tested nanoparticles showed antibacterial activity to various degrees. However, the Ag-
SeO2 bmNPs had superiority compared to the other ones, followed by the Ag-TiO2 NPs
(Table 2 and Figure S1). The Gram-positive bacteria were more sensitive to the tested
nanoparticles than the Gram-negative ones. Among bacteria, S. aureus is greatly affected by
nanoparticles, especially the Ag-SeO2 bmNPs followed by E. faecalis and S. enterica. On the
other hand, E. coli was shown to be less susceptible to the tested nanoparticles, except for
the Ag-NPs, which showed more potentiality than the other ones.
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Table 2. Antibacterial activity of mono- and bimetallic silver-based nanoparticles against some
human pathogenic bacteria (average ± SD, n = 3). The aqueous Beta vulgaris L. extract showed no
antibacterial activity.

Bacterium Nanoparticle Hallow Zone Diameter (mm)

S. aureus

Ag-NPs 16.7 ± 1.1

Ag-SeO2-NPs 37.7 ± 2.1

Ag-TiO2-NPs 21.3 ± 0.6

E. faecalis

Ag-NPs 14.0 ± 1.3

Ag-SeO2-NPs 34.7 ± 1.6

Ag-TiO2-NPs 20.0 ± 2.6

E. coli

Ag-NPs 16.7 ± 0.8

Ag-SeO2-NPs 11.7 ± 0.6

Ag-TiO2-NPs 11.0 ± 1.0

S. enterica

Ag-NPs 19.7 ± 2.1

Ag-SeO2-NPs 32.7 ± 1.2

Ag-TiO2-NPs 25.0 ± 1.0

The activity of silver nanoparticles was observed against Streptococcus mutans,
Escherichia coli, and Staphylococcus aureus [59]. The kinetic process of silver nanoparticles
against bacterial species could be hypothesized for different mechanisms: (i) Penetration
into bacterial cell membranes, changing the structure of the cell membrane, and even
resulting in cell death. (ii) The efficacy of nanoparticle activity could not depend upon the
nanoscale but was also due to their large ratio of surface area to volume. (iii) Another hy-
pothesis is that, during the penetration of nanoparticles into the cell membrane, the reactive
oxygen species are generated and interrupt the replication of deoxyribonucleic acid via the
released silver ions [60]. (iv) Additionally, the titanium nanotube surfaces containing silver,
copper, zinc, or selenium showed antibacterial activity toward Staphylococcus epidermis
DSM3269 [61]. Our results matched with the previous study of Filipović, et al. [62] that
found that selenium nanoparticles were found to have antimicrobial activity against Staphy-
lococcus aureus (ATCC6538), E. coli (ATCC8739), Enterococcus faecalis (ATCC29212), Bacillus
subtilis (ATCC6633), Salmonella sp., Klebsiella pneumonae (NCIMB9111), and Pseudomonas
aeruginosa (ATCC9027).

The successful synthesis of these eco-friendly nanoparticles with potent antibacterial
properties opens up new avenues for medical applications. These nanoparticles have the
potential to revolutionize alternate therapies and contribute to the development of environ-
mentally sustainable nanomedicines for combating bacterial infections. Additionally, the
study paves the way for future research into utilizing nature-inspired approaches for green
and effective medical advancements.

3.3.3. Cytotoxic Activity

The cytotoxic activity of the biosynthesized Ag-NPs, the Ag-TiO2 bmNPs, Ag-SeO2
bmNP nanoparticles, and Beta vulgaris aqueous extract was evaluated in vitro, applying
the MTT assay (Figure 8 and Table S4). WI38 was used as a normal cell line, and HePG2
and MCF-7 were applied as tumor cell lines. The results specified that Beta vulgaris ex-
tract revealed the least cytotoxic potency against the tumor cell lines, specifically HePG2
with IC50 = 67.96 ± 3.7 µg/mL and MCF-7 cell lines with IC50 = 59.20 ± 3.3 µg/mL.
It was significant to emphasize that the formation of metallic/bimetallic nanoparticles
improved the cytotoxicity against the inhibition of cell line growth. Particularly, the Ag
NPs revealed improved cytotoxicity against the HePG2 (IC50 = 39.69 ± 2.3 µg/mL) and
MCF-7 (IC50 = 45.40 ± 2.5 µg/mL) cell lines in comparison with the results of the plant
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extract. Furthermore, the formation of bimetallic nanoparticles improved the cytotoxicity
against the tumor cell lines in comparison to the cytotoxic effects of silver nanoparti-
cles. Thus, the Ag-TiO2 bmNPs revealed strong cytotoxicity against the HePG2 cell line
(IC50 = 18.18 ± 1.5 µg/mL). In addition, the Ag-SeO2 bmNPs displayed a strong cytotoxic
effect against the MCF-7 cell line (IC50 = 17.92± 1.4 µg/mL). In comparison with the results
with doxorubicin, it was noted that the Ag-TiO2 bmNPs and Ag-SeO2 bmNPs were the
most effective cytotoxic agents acquired from a bio-source, with fewer side effects on the
growth of the normal cell line (WI38). Ag-TiO2 bmNPs are the most appropriate cytotoxic
agent against the WI38 cell line, with IC50 = 83.39 ± 4.1 µg/mL; this led to the highest
percentage of cell viability.
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Figures 9 and S2 and Table S5 introduce the percentages of cell viability at different
concentrations (1.56–100 µg/mL). The high dose of the samples led to the improved %
inhibition against the cell growth in line with the least cell viability. At 100 µg/mL, the
Ag-SeO2 bmNPs displayed the most reduced % of cell viability against both types of tumor
cell lines. It still remains that doxorubicin has a great impact on the growth of tumors and
normal cell lines. The Ag-TiO2 bmNPs displayed the most improved cytotoxicity against
WI38 cells, with 48.2% viability; at the same time, this nano-solution has good cytotoxicity
against the following tumor cell lines: HePG2: 21.4% and MCF-7: 28.3%. The decrease in
the dose concentration resulted in increased cell viability percentages. Silver nanoparticles
have the most potent cytotoxic effect against WI38 cells at 12.5 µg/mL (93.5%) and have no
cytotoxic action at 6.25 and 3.125 µg/mL.

The mechanism of the cytotoxicity of metal nanoparticles against WI38, HePG2,
and MCF7 is not fully understood, but it is thought to involve a combination of fac-
tors, including surface morphology of the nanoparticles, size, shape, surface defects, and
bioaccumulation [63]. Precisely, the surface chemistry [64] of metal nanoparticles can affect
their toxicity, in which positively charged nanoparticles are more likely to interact with
cell membranes and cause damage. Smaller [65] and needle-shaped [66] nanoparticles are
more likely to enter cells and cause damage. The presence of surface defects [67] on metal
nanoparticles can also affect their toxicity. These defects can act as sites for the generation
of reactive oxygen species (ROS), which can damage cells. The relative importance of these
mechanisms may vary depending on the metal nanoparticle, the cell type, and the exposure
conditions. For example, some metal nanoparticles may be more cytotoxic to WI38 cells
than HePG2 cells [68]. In addition to these mechanisms, metal nanoparticles may also
have other effects that contribute to their cytotoxicity. For example, metal nanoparticles
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can induce inflammation, which can damage cells. Silver nanoparticles can generate ROS,
which can damage DNA and other cellular components [69]. Silver nanoparticles can also
induce apoptosis by activating caspases [33]. It is important to note that the cytotoxicity
of metal nanoparticles can vary depending on the specific nanoparticle and the exposure
conditions [70]. Additionally, the toxicity of metal nanoparticles can be increased by the
presence of other chemicals, such as organic solvents or surfactants.
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4. Conclusions

Beta vulgaris L. extract was used as a reducing and capping agent, as it is eco-friendly
and can be easily scaled up for the phytogenic synthesis of metallic silver/bimetallic
nanoparticles. These nanoparticles were characterized using a variety of techniques, in-
cluding UV-Vis spectroscopy, FTIR, TEM, and zeta potential analyses, to investigate their
optical properties, functional groups, surface morphology, size, shape, and aggregation
of nanoparticles. The antioxidant, antibacterial, and cytotoxic activities of Beta vulgaris
extract as well as nanoparticles were assessed using a variety of in vitro assays. The metal-
lic/bimetallic nanoparticles revealed reduced phytochemical constituents compared with
the plant extract, thus reducing their antioxidant capacity. This performance is attributed
to the participation of the phenolic hydroxyl groups in the bio-reduction of metal ions
in the solution. The metallic/bimetallic nanoparticles displayed improved antibacterial
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activity against the variety of bacterial species; this is attributed to the large surface area
and aggregation factors of the nanoparticles. In addition, the in vitro cytotoxic assessment
of metallic/bimetallic nanoparticles revealed strong cytotoxicity against the HePG2 and
MCF7 cell lines, with decreased cell viability percentages, by increasing the sample dose.
The phytochemical analyses indicated the significance of phenolic, flavonoid, and tannin
contents for developing biological activities with targeted therapeutic effects. In conclusion,
the biosynthesis of nanoparticles, characterization of nanoparticles, biological assessments,
and phytochemical analyses are all critical aspects of the development of safe and effective
nanoparticles for biomedical applications.
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