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Abstract

This research investigated the sustainable biosynthesis of silver nanoparticles (AgNPs)
using Zinnia elegans L. extracts to demonstrate the potential of plant-based methods in
nanotechnology. The antioxidant and antibacterial properties of the plant extracts were
evaluated, and the phytocompounds that react as natural reducing agents in the synthesis of
AgNPs were characterized. This approach has demonstrated the potential of Zinnia elegans
L. as an environmentally friendly source for the production of AgNPs. The biosynthesized
AgNPs were characterized based on their optical, structural, and morphological properties
using various techniques, including scanning electron microscopy (SEM), attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), and thermogravimetric
and differential thermal analysis (TGA /DTA). X-ray diffraction (XRD) analysis confirmed
the presence of pure silver phases exhibiting a face-centered cubic (FCC) crystalline struc-
ture. Ultraviolet-visible (UV-Vis) spectroscopy revealed an absorption peak at 462 nm,
which is characteristic of the surface plasmon resonance associated with AgNPs. ATR-FTIR
analysis identified several vibrational peaks corresponding to the functional groups of the
constituents present in the biosynthesized AgNPs. The size distribution of the AgNPs was
found to range from 10 to 30 nm, and both SEM and TEM confirmed their predominantly
spherical morphology. Energy dispersive X-ray spectroscopy (EDX) analysis corroborated
the predominance of silver as the principal element within the composition of the nanopar-
ticles. This technique provided quantitative elemental analysis, confirming the high purity
and concentration of silver in the synthesized AgNPs. The study effectively elucidated the
synthesis of AgNPs utilizing plant extracts as natural reducing agents. The synthesized
AgNPs exhibited significant antibacterial and antioxidant activities, indicating their poten-
tial applicability in diverse biomedical and environmental contexts. Employment of the
advanced characterization techniques facilitated a thorough understanding of the multi-
faceted properties of the synthesized AgNPs, thereby enhancing their viability for future
research and application in nanomedicine and bioremediation. Using Zinnia elegans L. for
the biosynthesis of plant-synthesized AgNPs is a sustainable and eco-friendly technique
that offers a viable alternative to conventional chemical processes.
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1. Introduction

The expanding demand for eco-friendly and biocompatible nanomaterials has led
to a focus on green synthesis methods that utilize plant-based resources. Zinnia elegans
L. is a highly valued and versatile ornamental plant with significant potential for various
horticultural and environmental applications. Its diverse flower forms, ease of cultivation,
and ability to adapt to different conditions make it a staple of ornamental horticulture.
Several varieties and cultivars have been developed and studied for their unique traits
and adaptability. Zinnia elegans L., a member of the Asteraceae family, includes 20 annual
and perennial plant species found in South America and Mexico [1]. Zinnia elegans L., an
annual, fast-growing, flowering plant with high biomass, is primarily cultivated for its
flowers and production of natural dyes. Zinnia elegans L. holds significant potential as a
source of bioactive secondary metabolites with various therapeutic properties [2,3].

Studies have shown that Zinnia elegans L. exhibits a variety of biological properties,
including antioxidant [3], antifungal [4], antibacterial [5], antimalarial [4], and cytotoxic [6]
properties. Zinnia elegans L. contains various bioactive secondary metabolites, such as
phenolic acids and flavonoids [7]. These compounds promote the plant’s biological ac-
tivities, enhancing its potential as a reducing and stabilizing substance in nanoparticle
synthesis. Phenolic compounds, including phenolic acids and flavonoids, are known for
their strong antioxidant and redox properties [3]. This enables them to donate electrons and
reduce metal ions during the formation of nanoparticles. Flavonoids, including quercetin
and luteolin derivatives, participate in the reduction process and act as natural capping
substances. These agents stabilize the surface of synthesized nanoparticles, influencing
their size and morphology. These phytochemicals have also been associated with various
biological effects, including anti-inflammatory, antimicrobial, and anticancer properties [8].
These findings further reinforce the idea that AgNPs synthesized from Zinnia elegans L.
could be used to promote environmentally sustainable strategies in environmental biotech-
nology and antibacterial treatment [6]. The methanolic extract of Zinnia elegans L. is rich in
phenolic compounds and exhibits greater antioxidant activity than other extracts obtained
using chloroform or n-hexane. This suggests that the antioxidant activity is due to its high
polyphenol content [4]. Studies have also confirmed the presence of saponins, tannins,
and quinones as phytochemicals along with other terpenoids in Zinnia elegans L. leaves [9].
While initial studies have identified several promising compounds, further research and
innovative strategies are essential to overcome existing challenges and fully realize their
medical applications. Plant cell cultures have also demonstrated the potential to synthesize
phytopharmaceuticals with biological activity. In this regard, Zinnia elegans L. has been
investigated as a source of bioactive phytometabolites using in vitro callus cultures.

Nanotechnology involving metal nanoparticles has found broad applications in vari-
ous scientific and technological fields, including the biomedical sciences. This advanced
technology is attributed to the distinctive physical-chemical traits of nanoparticles, which
are defined by their size and shape. Based on their special antimicrobial, optical, and
catalytic features, AgNPs have been widely used in various fields, including medicine,
agriculture, environmental science, and industry. In the biomedicinal field, AgNPs are
predominantly used for their antimicrobial properties since they are effective against a
broad spectrum of microorganisms and viruses. They are used in protective coatings for
medical devices, diagnostic tools, and drug nanodelivery systems [10-14]. In agriculture,
AgNPs improve the efficacy of pesticides and fertilizers, while protecting crops against
pathogens [15,16]. In environmental applications, AgNPs play a crucial role in water purifi-
cation and pollutant detection [14,17,18]. In the bioindustry, AgNPs function as catalysts in
a variety of chemical reactions, including the degradation of synthetic dyes and the removal
of polluting substances. This capability is attributable to their elevated surface area and
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reactivity [14,17,19]. AgNPs are also used in the production of electronic components and
optical instruments due to their distinctive electrical and optical properties [19].

Conventional methods of synthesizing AgNPs involve hazardous chemicals, whereas
advanced, eco-friendly synthesis has attracted considerable interest owing to cost-effective
and non-toxic characteristics. This bioprocessing method uses plant extracts, microor-
ganisms, and other bioresources as reducing agents, providing a biological alternative
to traditional methods [20-23]. AgNPs obtained by green synthesis are widely used in
health-related fields due to their antimicrobial and anticancer properties [20-22,24-28], as
well as for wound healing [22]. They are also used in environmental applications, such as
the monitoring and treatment of water pollution [29,30].

Despite extensive research on green synthesis using various plant extracts, little data
exist on Zinnia elegans L. specifically. Only a few studies have investigated the use of Zinnia
elegans L. leaf extract for AgNP biosynthesis, focusing exclusively on in vivo synthesis and
evaluation [8]. The present study explores Zinnia elegans L. as a biosynthetic platform in
both in vitro and in vivo (leaves, stems, and blossoms) contexts. These findings suggest
the possibility of using AgNPs derived from bioresources as antibacterial agents and
for studying antibiofilm activity in the future. Using Zinnia elegans L. for the biological
synthesis of AgNPs is a sustainable and effective method with significant potential for
biomedical applications, especially in cancer therapy and bioimaging.

The research evaluated the antioxidant and antibacterial properties of Zinnia elegans
L. blossoms, leaves, and stems. It also examined the concentrations of biologically active
compounds, such as phenolic compounds, phenolic acids, and flavonoids, in these extracts,
as well as in leaf, stem, and root callus cultures. Additionally, AgNP biosynthesis was
performed using Zinnia elegans L. plant extracts. The resulting AgNPs were characterized
based on their optical, structural, and morphological properties. The characterization of the
AgNPs included scanning electron microscopy (SEM), attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FIIR), and thermogravimetric and differential ther-
mal analysis (TGA/DTA). The antibacterial activity of AgNPs against both Gram-positive
and Gram-negative bacteria was also tested.

This study demonstrates the biological activity of Zinnia elegans L. plant extracts,
as well as the sustainable production and characterization of plant-synthesized AgNPs.
This environmentally friendly approach offers a bio-sustainable alternative to the usual
methods and positions Zinnia elegans L. as a valuable resource in the growing field of
advanced nanotechnology. Future research endeavors should focus on optimizing synthesis
parameters and exploring the diverse functional properties of the synthesized AgNPs for
applications in biomedicine, enzymology, environmental remediation, and beyond.

2. Materials and Methods
2.1. Materials and Methods

Pure analytical reagents and distilled water were used to prepare the solutions. All
reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA) and were used without
modification.

Formation of callus cultures of Zinnia elegans L: The seeds were first washed with 70%
ethanol solution for 60 s, followed by surface sterilization with 0.1% HgCl, for 10 min. Then,
the seeds were rinsed three times with sterile deionized water. The seeds were cultured on
a Murashige and Skoog (MS) medium, supplemented with 6-benzylaminopurine (BAP)
(1 mg/L) and 1-naphthylacetic acid (NAA) (1 mg/L) [31]. The callus culture cycle was
maintained for 30 days under controlled conditions.
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Preparation of Zinnia elegans L. plant extracts: The aerial parts of Zinnia elegans L. were
collected in Kaunas, Lithuania. The blossoms, leaves, and stems were carefully separated,
thoroughly washed with distilled water, and dried at 45 °C.

The ferric ion (Fe**) reducing antioxidant power was used. An increase in the ab-
sorbance of the reaction mixture corresponds to higher reducing power. This method was
performed according to the literature [32].

The ferric ion reducing antioxidant power (FRAP) assay was performed. Antioxidant
activity was determined according to the literature [32].

For the DPPH radical scavenging assay, the radical scavenging activity of Zinnia
elegans L. plant extracts was measured using a method that was previously described in
the literature [32]. Determination of the total phenolic content: The total phenolic content
was determined by the Folin-Ciocalteu method [33].

Determination of the total phenolic acid content: Extraction was carried out according
to the method described by Kvasnicka et al. [34].

For the determination of the total flavonoid content, the aluminum chloride assay [35]
was used.

Antibacterial activity studies: The agar diffusion method [26] was used to evaluate the
antibacterial activity. Two bacterial species, Escherichia coli and Bacillus subtilis, were used
as test organisms [23,27]. Ciprofloxacin was used as a positive control at a concentration of
12.5 pg/mL in all experiments.

Synthesis of AgNPs: AgNPs were synthesized using extracts of Zinnia elegans L. plant.
The plant material (2.5 g) was homogenized in ultra-pure water (45 mL) and heated up to
60 °C for 40 min. The mixture was then filtered through Whatman No. 1 filter paper. The
plant extract (5 mL) collected as filtrate was added to the aqueous AgNOj5 solution (2.5 mL,
1 M) to reduce Ag* ions. The AgNOj3 solution was freshly prepared and used on the same
day. The reaction mixture was stirred at 100 rpm at 25 °C for 5 min. The pH of the solution
was adjusted to 9 with 0.01 M NaOH. The AgNP synthesis reaction mixture was kept at
room temperature for 24 h until the resulting solution turned dark brown. The solution was
then centrifuged at 9000 rpm for 10 min using a Hettich Universal 320 centrifuge (Hettich
GmbH & Co., Tuttlingen, Germany) and dried in air.

2.2. Characterization of AGNPs

XRD diffraction analysis of AgNPs: The biosynthesized AgNPs were characterized
to study their phase and crystallinity using an X-ray diffractometer (D8 Advance diffrac-
tometer, Bruker AXS, Karlsruhe, Germany). The average crystallite size of the AgNPs
was calculated using the Debye-Scherrer equation [36]. The experimental value(s) of d
(lattice spacing) for the crystallite were determined using the Bragg relation [37]. The lattice
parameters of the AgNP crystallites were calculated according to the equation previously
described in the literature [38,39].

Optical properties of AgNPs: The optical absorption of the AgNPs was measured at
room temperature using a Lambda 35 UV-Vis spectrometer (PerkinElmer Inc., Waltham,
MA, USA) in the 380-700 nm range.

ATR-FTIR analysis of AgNPs: The presence of functional groups was confirmed using
a Bruker ALPHA spectrometer (Bruker Optik GmbH, Ettlingen, Germany), which was
equipped with attenuated total reflectance-Fourier transform infrared spectroscopy and a
platinum ATR single reflection diamond module.
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SEM/EDX and TEM/EDX analysis of AgNPs: The size and shape of the nanoparticles
were studied using a scanning electron microscope (SEM, Carl Zeiss AG, Oberkochen, Ger-
many). Stoichiometric analysis was performed by energy-dispersive X-ray spectroscopy
(EDX, Bruker Quantax 200, Bruker Nano GmbH, Berlin, Germany) coupled to SEM, and
by transmission electron microscope (TEM, Tecnai G2 F20 X-TWIN, FEI Company, Eind-
hoven, The Netherlands) equipped with an EDX energy-dispersive X-ray spectrometer and
r-TEM detector.

Thermogravimetric analysis: Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were performed to evaluate the thermal stability and composition
of the biosynthesized AgNPs. The thermal stability and the loss of surface weight of the
AgNPs were determined on a Linseis STA PT1600 thermal analyzer (Linseis Massgeraete
GmbH, Selb, Germany). The TGA /DTA spectra were obtained under an N, atmosphere at
a heating rate of 10 °C-min~! within the temperature range of 30 to 930 °C.

Statistical analysis: Statistically significant comparisons between Zinnia elegans L. plant
in vivo extracts (from leaves and stems) and callus cultures (in vitro from leaves and stems)
were carried out with an unpaired two-tailed ¢-test, with a significance level set at p < 0.01.
GraphPad Prism version 8.0.2 for Windows (San Diego, CA, USA) was used [31].

3. Results and Discussion

This study examined the biochemical properties of Zinnia elegans L., including its
antioxidant activity and phytocompound concentrations in its extracts. The antibacterial
activity of plant extracts against selected bacteria was also investigated. Additionally, the
biosynthesis of AgNPs using Zinnia elegans L. extracts was performed and fine-tuned. The
resulting AgNPs were characterized based on their optical, structural, and morphological
properties. Their antibacterial activity was also tested against chosen bacteria.

3.1. Biochemical Properties of Zinnia elegans L.
3.1.1. Antioxidant Activity

Antioxidants are defined as substances, either naturally occurring or synthetic, that
are capable of preventing or retarding cell damage caused by reactive oxidants. These
substances act at low concentrations and must effectively neutralize target radicals while
producing less-toxic reaction products. It is important to note that a universal antioxidant
does not exist. Rather, various antioxidants act on different reactive species through diverse
mechanisms and in different cellular locations [40].

The reducing (antioxidant) properties of plant extracts are evaluated by assessing their
ability to donate electrons and neutralize free radicals. These antioxidants can prevent
oxidative damage to cells by removing harmful radicals. Several techniques have been
used to evaluate antioxidant activity, including the ferric ion (Fe**) reducing antioxidant
power determination assay, the DPPH radical scavenging assay, and the FRAP assay.

The method for the determination of the reducing (Fe3*) antioxidant power of Zinnia
elegans L. plant extracts measures how well antioxidants donate electrons. In the assay,
the reduction of ferric ions (Fe®") to ferrous ions (Fe?") indicates reducing power. The
color change indicates the formation of a Fe?* complex, and absorbance is measured at
700 nm [32].

Evaluation of the reducing properties of Zinnia elegans L. blossom, leaf, and stem
extracts demonstrated that the blossom extract exhibited the most significant reducing (i.e.,
antioxidant) properties (Figure 1). The absorbance of the blossom extract was 0.8 o.u. at
700 nm. In contrast, the stem extract exhibited the lowest absorbance of 0.2 o0.u., suggesting
that its reducing properties were the weakest among the extracts examined.
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Zinnia elegans L. plant in vivo and in vitro extracts

Figure 1. Reducing (antioxidant) properties of Zinnia elegans L. plant extracts. The error bars show the
mean £ SD from three replicates. Asterisks show statistically significant comparisons between Zinnia
elegans L. plant in vivo extracts (from leaves and stems) and callus cultures (from leaves and stems)
in vitro were tested with an unpaired two-tailed t-test, with a significance level set at * p < 0.01.

The reducing (antioxidant) power of the callus culture extracts from Zinnia elegans
L. leaves, stems, and roots was 1.07, 1.03, and 1.02 o.u., respectively. The callus culture
extracts from the leaves exhibited the highest reducing power activity (1.07 o.u.).

The antioxidant activity of Zinnia elegans L. plant extracts was evaluated by DPPH
radical scavenging assay. This assay is a widely used method for evaluating the free radical
scavenging capacity of different plant samples [41].

The results obtained (Figure 2) indicated that the callus culture extracts from the leaves,
stems, and roots of Zinnia elegans L. exhibited DPPH inhibition values of 88.23%, 93.22%,
and 91.92%, respectively. The most significant DPPH inhibition was observed for stem
callus culture extracts, reaching 93.22%.
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Zinnia elegans L. plant in vivo and in vitro extracts

Figure 2. Antioxidative activity according to the DPPH assay of Zinnia elegans L. plant extracts.
The error bars show the mean + SD from three replicates. Asterisks show statistically significant
comparisons between Zinnia elegans L. plant in vivo extracts (from leaves and stems) and callus
cultures (from leaves and stems) in vitro were tested with an unpaired two-tailed t-test, with a

significance level set at * p < 0.01.

The results of the in vivo investigation revealed that the blossom extract of Zinnia
elegans L. exhibited the highest antioxidant activity (71.60%). The leaf extract demonstrated
a slightly lower inhibition activity of 65.12%, and the stem extract exhibited the lowest
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antioxidant activity at 30.08%. The DPPH radical scavenging activity results are consistent
with those reported in the literature [9], which indicated that the ethanolic extract of Zinnia
elegans L. leaves significantly scavenged the DPPH radicals.

The antioxidant activity of Zinnia elegans L. plant extracts was evaluated by ferric ion
reducing antioxidant power (FRAP) assay [42,43].

As seen from the results in Figure 3, the callus culture extracts from leaves, stems,
and roots of Zinnia elegans L. exhibited significant antioxidant activity (12.41 umol/L,
13.99 umol/L, and 12.55 pmol/L, respectively), which was much higher than that of plant
extracts in vivo. Among these samples, blossom extract in vivo exhibited the highest an-
tioxidant activity (6.20 umol/L), while the stem extract exhibited the lowest (2.41 pmol/L).

20
*
o T 157 .
5=
=< ©
> £
o 2 109
é +
‘o
o
['8 5
Q=
o o © o & &
& 4\‘\ 4\“ 04@ 0@ oO"'
& R o8 A &‘} .
& @ & O O g
(9 > (2 R\ R
2 2 <* @ &
0 v N N N
32 o4 ? <

Zinnia elegans L. plant in vivo and in vitro extracts

Figure 3. Antioxidative activity according to the FRAP method in Zinnia elegans L. plant extracts.
The error bars show the mean + SD from three replicates. Asterisks show statistically significant
comparisons between Zinnia elegans L. plant in vivo extracts (from leaves and stems) and callus
cultures (from leaves and stems) in vitro were tested with an unpaired two-tailed t-test, with a
significance level set at * p < 0.01.

In summary, in the FRAP assay, the antioxidant activity (13.99 umol/L) of the stem
callus was the most significant.

3.1.2. Estimation of the Total Concentration of Phenolic Compounds

Total phenolic concentration is defined as the total amount of phenolic compounds
present in a sample. The Folin-Ciocalteu assay is a common method for determining total
phenolic content [42,43]. In this assay, the obtained samples formed a blue complex, the
absorbance of which was measured at 725 nm.

As shown in Figure 4, the concentrations of phenolic compounds in Zinnia elegans
L. leaf, stem, and root callus culture extracts were 27.78, 25.80, and 30.14 mg/100 g, re-
spectively. The highest concentration was recorded in root callus extracts. The highest
concentration of phenolic compounds in Zinnia elegans L. blossom extracts in vivo was
20.29 mg/100 mg. A slightly lower concentration of phenolic compounds was found in
Zinnia elegans L. leaf extracts at 17.49 mg/100 mg. The stem extract of Zinnia elegans L.
had the lowest concentration of phenolic compounds at 2.43 mg/100 mg. The high levels
of phenolic and flavonoid compounds in Zinnia elegans L. contribute significantly to its
antioxidant properties [9].
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Zinnia elegans L. plant in vivo and in vitro extracts

Figure 4. Concentration of phenolic compounds in plant extracts of Zinnia elegans L. The error bars
show the mean + SD from three replicates. Asterisks show statistically significant comparisons
between Zinnia elegans L. plant in vivo extracts (from leaves and stems) and callus cultures (from
leaves and stems) in vitro were tested with an unpaired two-tailed -test, with a significance level set
at*p <0.01.

3.1.3. Estimation of the Concentration of Phenolic Acids

Phenolic acids are a significant class of non-flavonoid phytochemicals. They exist in
both free and bound forms. A substantial body of research has demonstrated that phenols,
phenolic acids, and polyphenolic compounds—including flavonoids—exhibit remarkable
antioxidant features. These biochemicals play a pivotal role in neutralizing free radicals
and reducing oxidative stress [10,11,28].

The phenolic acid concentration assay, according to caffeic acid, revealed that the
blossom extract of Zinnia elegans L. exhibited the highest concentration at 2.29% (Figure 5).
Concentrations in the callus cultures obtained from the leaves, stems, and roots were 1.37%,
1.49%, and 1.63%, respectively.
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Figure 5. Phenolic acid concentration in plant extracts of Zinnia elegans L. The error bars show the
mean £ SD from three replicates. Asterisks show statistically significant comparisons between Zinnia
elegans L. plant in vivo extracts (from leaves and stems) and callus cultures (from leaves and stems)
in vitro were tested with an unpaired two-tailed t-test, with a significance level set at * p < 0.01.

The concentration of phenolic acids in the leaf extract of Zinnia elegans L. was 1.66%,
while the lowest concentration (0.637%) was found in the stem extract.
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3.1.4. Estimation of the Total Concentration of Flavonoids

Flavonoids are a diverse group of secondary plant metabolites that play important bio-
logical roles [44]. The total flavonoid content is commonly determined using the aluminum
chloride (AICl3) colorimetric assay. As shown in Figure 6, the concentration of flavonoids
extracted from different parts of Zinnia elegans L., according to quercetin, ranged from 0.026
t0 0.189 mg/g.
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Figure 6. Flavonoid concentration (according to quercetin) in Zinnia elegans L. plant extracts. The error
bars show the mean + SD from three replicates. Asterisks show statistically significant comparisons
between Zinnia elegans L. plant in vivo extracts (from leaves and stems) and callus cultures (from
leaves and stems) in vitro were tested with an unpaired two-tailed t-test, with a significance level set
at*p <0.01.

The flavonoid concentration assay revealed that the leaf extract of Zinnia elegans L. had
the highest concentration of flavonoids (according to quercetin) at 0.189 mg/g (Figure 6).
The blossom extract had a lower concentration of 0.065 mg/g. The lowest concentration
(0.026 mg/g) was found in the stem extract. Flavonoid concentrations of 0.096, 0.097,
and 0.08 mg/g were measured in the callus culture extracts from the leaves, stems, and
roots, respectively.

3.1.5. Determination of the Antibacterial Activity of Zinnia elegans L. Plant Extracts

The antibacterial activity of Zinnia elegans L. blossom, leaf, and stem extracts was
determined using the agar diffusion method against chosen bacteria.

As shown in Figure 7, the extracts of Zinnia elegans L. blossoms and the callus cultures
of the stems exhibited the highest antibacterial activity against E. coli with inhibition zones
of 1.45 cm and 1.41 cm, respectively.

Extracts from Zinnia elegans L. leaves in vivo (inhibition zone—1.44 cm) and callus
cultures from roots (inhibition zone—1.43 cm) exhibited the highest activity against B.
subtilis (Figure 8).

All Zinnia elegans L. extracts exhibited antibacterial activity against both Gram-positive
and Gram-negative pathogenic bacteria. Previous studies have also reported the antibac-
terial activity of Zinnia elegans L. against E. coli, B. subtilis, and Staphylococcus aureus [5].
However, both hot and cold aqueous and ethanolic extracts from Zinnia elegans L. leaves,
stems, and blossoms showed no antibacterial activity against Mycobacterium tuberculosis
despite the assumption that certain plant-derived compounds might exhibit specific activity
against the tubercle bacillus [7,45].
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Figure 7. Antibacterial activity of Zinnia elegans L. against E. coli. The error bars show the mean + SD
from three replicates. Asterisks show statistically significant comparisons between the ciprofloxacin
and plant in vivo and in vitro extract experiments, which were tested with an unpaired two-tailed
t-test, with a significance level set at * p < 0.01.
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Figure 8. Antibacterial activity of Zinnia elegans L. against B. subtilis. The error bars show the
mean =+ SD from three replicates. Asterisks show statistically significant comparisons between the
ciprofloxacin and plant in vivo and in vitro extract experiments, which were tested with an unpaired
two-tailed f-test, with a significance level set at * p < 0.01.

3.2. Biosynthesis of AgNPs Using Zinnia elegans L. Plant Extracts

Plant extracts from Zinnia elegans L., containing phytoactive metabolites, were used
to synthesize AgNPs. These bioactive compounds act as reducing substances during the
biosynthesis of AgNPs, enabling them to reduce Ag* ions into metallic Ag® nanoparticles.

In vivo and in vitro Zinnia elegans L. extracts were used for biological evaluation to
comprehensively assess their biological activity. However, the AgNPs were synthesized
exclusively for in vivo applications, for which biocompatibility and efficacy are paramount.

The initial reduction efficiency of AgNO3 by Zinnia elegans L. was visually evaluated
by observing a color change of the reaction mixture from yellow to dark brown. This color
change is a result of the surface plasmon resonance properties of the formed AgNPs. The
appearance of the brown color confirmed that Ag* had been successfully reduced to Ag’
in the aqueous solution [6,8].
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To optimize the yield of AgNPs, two ratios of extract to AgNO3 were tested: 1:2 and
2:1. The highest yield, 0.1834 g of AgNPs, was obtained using the blossom extract at a
ratio of 2:1, compared to 0.0542 g at a ratio of 1:2. A similar trend was observed with the
leaf extract: 0.1724 g at a ratio of 2:1 compared to 0.0426 g at a ratio of 1:2. However, the
stem extract produced AgNPs at a higher yield at a ratio of 1:2 (0.299 g) than at a ratio of
2:1 (0.0969 g). Based on these results, the 2:1 ratio using blossom extract was selected for
further AgNPs analysis and characterization due to its superior yield of nanoparticles.

In summary, while protein-templated and enzyme-mediated syntheses, as well as cell-
free protein bionanofactories, indeed represent promising aqueous and low-temperature
routes with advantages such as narrower particle size distribution, plant-based synthesis
still offers notable benefits. These include economic feasibility, environmental safety,
enhanced stability and efficiency of the nanoparticles, faster biosynthesis, and reduced
energy requirements [46].

3.3. Characterization of AGQNPs
3.3.1. UV-Vis Absorption Spectroscopy

Ultraviolet—visible spectrophotometry is a widely used approach for analyzing
nanoparticles by measuring their light absorption. This method is particularly useful
for identifying metal nanoparticles through their surface plasmon resonance bands, which
depend on the particle size, shape, and composition. Localized surface plasmon resonances
(LSPR) arise from the coherent oscillation of conduction band electrons induced by incident
light at the nanoparticle surface. For AgNPs, this phenomenon typically produces an
absorption maximum within the 400450 nm range. The peak position is highly sensitive
to particle size, shape, surface state, and interparticle interactions [47]. The recorded ab-
sorption spectrum showed a distinct localized surface plasmon resonance peak centered at
462 nm, accompanied by significant spectral broadening (Figure 9).
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Figure 9. UV-Vis absorption spectrum of the AgNPs synthesized by the extract of the Zinnia elegans
L. blossoms.

Such broadening is characteristic of polydisperse nanoparticle systems in which dif-
ferent particle sizes result in a convolution of plasmonic responses across a range of
wavelengths. The absorption maximum observed at 462 nm slightly exceeds the typical
range for monodisperse spherical AgNDPs, indicating a red shift. This shift may be due
to an increased average particle size, slight morphological anisotropy, or interparticle
coupling effects caused by partial aggregation. Additionally, the broad spectral profile
supports the presence of a polydisperse colloidal distribution. The position and shape of
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the LSPR band align well with previously reported spectra of synthesized AgNPs under
similar colloidal conditions [6,19], confirming the successful formation of plasmonically
active nanostructures.

3.3.2. ATR-FTIR Spectrum Analysis

Fourier transform infrared spectroscopy was used to identify the functional groups
present on the surface of AgNPs synthesized using Zinnia elegans L. blossom extract
(Figure 10). Several distinct absorption bands, which indicate the involvement of various
phytochemical constituents in reducing and stabilizing the AgNPs, are seen in the ATR-
FTIR spectrum.

Transmittance (%)

1529

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

Figure 10. ATR-FTIR spectrum of AgNPs synthesized by the extract of the Zinnia elegans L. blossoms.

A broad band at approximately 3741 cm~! corresponds to N-H amide [48] stretching,
while a band at 3171 cm~! corresponds to O-H stretching vibrations that are typically
associated with the hydroxyl groups in phenols, alcohols, or flavonoids [49,50]. The band
at 2914 cm~! has been assigned to C-H stretching vibrations of aliphatic -CH, groups,
suggesting the presence of long-chain hydrocarbons or terpenoids. The absorption band
at 2312 cm ! can be attributed to stretching vibrations of C=C or possibly interactions of
CO, absorbed from the atmosphere. The intensive band at 1529 cm ™! may correspond to
the asymmetric N-O stretching (possibly in nitro compounds) or aromatic C=C stretching
in polyphenolic compounds. The peak at 1373 cm ™! is characteristic of C-N stretching
vibrations, indicating the presence of amine groups. The bands at 1270 cm~! and 1026 cm ™!
are commonly associated with C-O stretching vibrations, probably from alcohols, esters, or
ethers. Notably, an absorption peak at 533 cm ! corresponds to Ag-Ag bond vibrations,
confirming interaction between the silver core and biomolecules in the extract. This indi-
cates successful capping and stabilization of AgNPs by plant-derived compounds [50,51].
The broad stretching vibrations corresponding to the H-C=0, i.e., C-H functional groups
of aldehydes and the -OH groups of alcohols and phenols, indicate that the biomolecules
in the extract can act as reducing, capping, and stabilizing agents in the synthesis of Ag-
NPs [8,40,50]. The Zinnia elegans L. plant extract contains various polyphenolic compounds
that can chelate silver ions and subsequently reduce them to zero-valent AgNPs.

3.3.3. X-Ray Diffraction Analysis

The crystalline structure and average crystallite size of the synthesized AgNPs were
investigated using X-ray diffraction. The diffraction pattern revealed characteristic peaks
at 20 values of 38.13°, 44.33°, and 64.51°, as seen in Figure 11. These peaks correspond to
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the (111), (200), and (220) crystallographic planes of the face-centered cubic (FCC) silver
structure, respectively. The presence of these peaks confirms the crystalline nature of the
AgNPs and their FCC structure, which is consistent with the standard JCPDS card No.
04-0783 [38,50,52,53]. Additional peaks also appear in the diffractogram at 26 = 27.74°,
32.09°, 34.34°,46.17°, 48.11°, and 53.88°, 57.43° (marked with stars) and are weaker than
the silver peaks. These spectral peaks are ascribed to the presence of crystallized organic
compounds acting as capping and stabilizing agents on the surface of the AgNPs. Compa-
rable findings have been documented for AgNPs synthesized via eco-friendly synthesis
methods [49,50,54].
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Figure 11. The diffractogram of AgNPs synthesized using the extract of Zinnia elegans L. blossoms.
*—Crystallized organic compounds.

The average crystallite size of the Ag nanoparticles was determined using the Debye—
Scherrer equation [36] and yielded a value of approximately 25 nm. The crystalline size of
the AgNPs varies depending on the synthesis method and the biological reducing agents
used. Reported sizes range from 5.5 nm [55] to approximately 60 nm [6,48]. Other studies
report sizes within the 10-30 nm range [38,56].

The experimental values of d (lattice spacing) for the crystallites and the lattice param-
eters (1) of AgNP crystallites are shown in Table 1.

Table 1. Data on the crystallite diameter size (D), full width at half maximum (FWHM, B), interplanar
spacing (d), and lattice parameters (a) of the prepared AgNPs.

20 of the Intense FWHM Mil}er C1:ysta11ite InterPlanar Lattice
Peak (©) Bt ©) Indices Diameter D  Spacing d Parameters
(hkl) (nm) (nm) a (nm)
38.13 0.229 111 36.70 0.236 0.4085
44.33 0.405 200 21.19 0.204 0.4084
64.51 0.507 220 18.54 0.144 0.4082
Average values (nm) 25.48 0.195 0.4084

The experimentally determined average lattice parameter (0.4084 nm) closely matches
the standard value for FCC silver, as reported in JCPDS card No. 04-0783 (a = 0.4086 nm) [38],
thereby confirming the crystalline nature and phase purity of the synthesized nanoparticles.

3.3.4. SEM/EDX Analysis of AgNPs

SEM was applied to examine the surface morphology of the AgNPs produced using
Zinnia elegans L. blossom extract. The representative micrograph is presented in Figure 12.
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The nanoparticles exhibited predominantly spherical morphology with moderate poly-
dispersity. Some aggregation was observed, which is commonly associated with the high
surface energy of nanoscale materials and the partial capping of biomolecules in the plant
extract. The relatively smooth surfaces and visible particle boundaries confirm the particles’
nanoscale dimensions.

WD=90mm Mag= 10.00KX EHT =20.00kV Signal A=NTS BS

"_r"" WD=90mm Mag= 500KX EHT =20.00 k. Signal A= SE1

(a) (b)

Figure 12. SEM images of AgNPs synthesized by the extract of the Zinnia elegans L. blossoms:
(a) x5000; (b) x10,000.

EDX analysis was performed to determine the sample’s elemental composition (Figure
51). The EDS spectrum revealed a strong peak corresponding to metallic silver, thereby
confirming the successful synthesis of AgNPs. Quantitative analysis of the sample (Table S1)
revealed that silver was present in the highest quantity (84.74 at.%), while minor amounts
of carbon (4.57 at.%), oxygen (7.67 at.%), and chlorine (3.02 at.%) were also detected.
The presence of carbon and oxygen can be attributed to organic compounds derived
from the Zinnia elegans L. extract that likely acted as reducing and capping agents during
biosynthesis. The presence of chlorine may be attributed to metabolites or precursors from
the residual plants used in the synthesis process. The high silver content, in conjunction
with the absence of other metallic impurities, indicates the purity of the obtained AgNPs
and efficacy of the green synthesis method.

3.3.5. TEM/EDX Analysis of AgNPs

TEM analysis was carried out to explore the morphology and size distribution of
AgNPs biosynthesized using the blossom extract of Zinnia elegans L. Figure 13 and Figure
52 show that the AgNPs were predominantly spherical and relatively uniform in shape,
though some variation in size was observed. While the particles are well dispersed, they
tend to form small agglomerates due to interparticle interactions and the presence of
residual phytochemicals from the Zinnia elegans L. extract.

50 nm 100 nm

(@) (b)

Figure 13. TEM images of AgNPs synthesized by the extract of the Zinnia elegans L. blossoms:
(a) 50 nm; (b) 100 nm.
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The image confirmed that the particles were in the nanometer range, with the majority
of the particles being less than 50 nm in diameter. Some larger particles or aggregates were
also visible, possibly resulting from partial coalescence during synthesis or drying. The
high-resolution contrast indicates that the nanoparticles are crystalline in nature, which is
consistent with the SEM and XRD results. The TEM analysis results were correlated with
those of the XRD results, which reported an average crystallite size of around 25 nm for the
AgNPs. According to the literature [38,56], the surface plasmon of nanoparticles with such
diameters and spherical shapes is usually detected at 450470 nm. Thus, these results also
correlate with the ones of UV-Vis analysis.

The EDX spectrum confirms the presence of elemental silver, thereby supporting the
findings obtained from the XRD analysis (Figure S3).

3.3.6. TGA/DTA Analysis of AgNPs

TGA/DTA were performed on biosynthesized AgNPs over a temperature range of
30-930 °C (Figure 14). These analyses evaluated the thermal resistance of biosynthesized
nanoparticles and identified the presence of oxygen-containing functional groups. The
thermogram showed continuous weight loss in four stages. The first stage accounted for
approximately 3% weight loss between room temperature and 165 °C and was due to
the evaporation of physically adsorbed water and other volatile impurities. The second
phase, observed between 165 °C and 265 °C, exhibited a 13% mass decrease, likely resulting
from the thermal decomposition of surface-bound organic stabilizers, including reducing
sugars and carbonyl-containing capping agents. These findings are consistent with the
ATR-FTIR results (Figure 10), which confirm the presence of such functional groups on the
nanoparticle surface. Further degradation occurred in the third (265-560 °C) and fourth
(560-900 °C) phases, producing additional mass losses of 16% and 8%, respectively. These
stages were likely linked to the continued breakdown of organic components and structural
alterations of the AgNPs at higher temperatures. Based on the total mass loss profile, it can
be inferred that the sample was approximately 59.81% pure, thermally stable elemental
silver. These data confirm the high silver content and thermal stability of the synthesized
nanoparticles. These findings are consistent with the previous reports on the biosynthesis
of AgNPs, which also demonstrated comparable levels of purity [53,57].
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Figure 14. TGA/DTA thermogram of AgNPs synthesized by the extract of the Zinnia elegans
L. blossoms.
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The corresponding DTA curve showed two prominent endothermic peaks. The first
peak, which was observed at 116 °C, was likely associated with the evaporation of
adsorbed water or other physically bound species. The second, intense endothermic
peak, detected at 276 °C, was presumed to be associated with crystallization processes
of AgNPs [58].

3.4. Antibacterial Activity of AGQNPs

The antibacterial assay of AgNPs was performed by testing their properties against
E. coli and B. subtilis bacteria. The antibiotic ciprofloxacin was used as a positive control.
AgNPs act on bacterial strains through two pathways: action at the bacterial cell membrane
level and alteration of the bacterial cellular content. AgNPs can bind to the bacterial cell
membrane, causing damage and increased permeability. Ultimately, this leads to cell
death due to leakage of cellular material. AgNPs have been reported to directly affect
cellular mechanisms within bacteria by altering the structure and function of their DNA
and proteins [6,24,59].

3.4.1. Antibacterial Activity of AgNPs Against E. coli

Antibacterial activity assays using colloidal solutions of AgNPs synthesized with
Zinnia elegans L. blossom, leaf, and stem extracts revealed that those synthesized with
blossom extract exhibited the strongest antibacterial effect against E. coli, with an inhibition
zone diameter of 2.27 cm (Figures 15 and 16). Those synthesized using leaf and stem
extracts showed slightly lower activity, with inhibition zones measuring 1.96 cm and
1.93 cm, respectively. Comparing the antibacterial activity of the blossom-derived AgNPs
with that of the antibiotic ciprofloxacin demonstrated that the AgNPs were similarly
effective against E. coli, indicating their strong antibacterial potential.

3
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1

Inhibition zone, cm
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Colloidal AgNPs (from blossoms, leaves, stems)

Figure 15. Antibacterial activity of colloidal AgNPs (from blossoms, leaves, and stems) against E.
coli. The error bars show the mean =+ SD from three replicates. Asterisks show statistically significant
comparisons between the ciprofloxacin and plant in vivo extract experiments, which were tested
with an unpaired two-tailed t-test, with a significance level set at * p < 0.01.
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Figure 16. Inhibition zones formed by colloidal AgNPs synthesized using Zinnia elegans L. extracts
against E. coli: (a) blossoms; (b) leaves; (c) stems.

3.4.2. Antibacterial Activity of AgNPs Against B. subtilis

Assays of antibacterial activity using colloidal solutions of AgNPs synthesized using
Zinnia elegans L. blossom, leaf, and stem extracts revealed that those synthesized with
blossom extract exhibited the strongest antibacterial activity against the Gram-positive
bacterium B. subtilis, with respective inhibition zone diameters of 2.31 cm and 2.27 cm,
respectively (Figures 17 and 18). Colloidal AgNPs synthesized with stem extract exhibited
slightly lower activity, with an inhibition zone diameter of 2.10 cm. It is worth noting that
the antibacterial test of colloidal AgNPs synthesized with blossom and leaf extracts against
B. subtilis is on par with that of ciprofloxacin and, thus, reveals a promising potential of
nanoparticles synthesized using an eco-friendly green synthesis pathway.

Essentially, it is critical to explore the long-term impact of using AgNPs on microbial
communities and the development of resistance. This could involve examining the en-
vironmental fate of AgNPs, conducting green toxicological tests, and investigating their
environmental impact [60].
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Figure 17. Antibacterial activity of colloidal AgNPs solutions (from blossoms, leaves, and stems)
against B. subtilis. The error bars show the mean + SD from three replicates. Asterisks show
statistically significant comparisons between the ciprofloxacin and plant in vivo extracts experiments,
which were tested with an unpaired two-tailed t-test, with a significance level set at * p < 0.01.



Sustainability 2025, 17, 9451

18 of 22

(a) (b) (©)

Figure 18. Inhibition zones formed by colloidal AgNPs synthesized using Zinnia elegans L. extracts
against B. subtilis: (a) blossoms; (b) leaves; (c) stems.

4. Conclusions

This study has shown that extracts from Zinnia elegans L. have substantial antioxidant
and antibacterial properties. These properties are primarily due to the plant’s high phenolic
compound content, including phenolic acids and flavonoids. The antioxidant capacity of
Zinnia elegans L. extracts was evaluated through different bioassays, which demonstrated
that callus culture extracts exhibited the highest levels of antioxidant activity. Zinnia elegans
L. demonstrates significant potential for synthesizing bioactive phytometabolites through
in vitro callus cultures. This enhanced capacity can be linked to the elevated concentrations
of bioactive phenolic compounds, which are known to scavenge free radicals and mitigate
oxidative stress. In addition to their antioxidant properties, extracts from Zinnia elegans L.
exhibit significant antibacterial activity against selected microbial pathogens.

The research provides a thorough examination of the plant’s biosynthesis of AgNPs
utilizing extracts from Zinnia elegans L., showcasing the remarkable potential of this plant
in nanotechnology applications. Formation of the AgNPs was confirmed by a color change
of the reaction mixture, a characteristic UV-Vis absorption peak at 462 nm, and results
of EDX analysis. ATR-FTIR data supported the involvement of phenolic compounds in
the reduction and stabilization processes. XRD analysis of AgNPs revealed an average
crystallite size of approximately 25 nm. This is consistent with TEM observations showing
the AgNPs to be spherical, with an average particle size below 50 nm. The XRD pattern also
confirmed the face-centered cubic crystalline structure of the silver with a lattice constant
of 0.4084 nm. Complementary TGA/DTA analysis revealed a total mass loss of 40%,
indicating that the biosynthesized nanoparticles contain approximately 60% pure elemental
silver. The AgNPs exhibited pronounced antibacterial activity against the selected bacteria,
indicating their potential applicability in industrial biotechnology.

This study highlights the successful biosynthesis of AgNPs using Zinnia elegans L.
extracts, emphasizing the plant’s potential as a valuable resource for sustainable, advanced
nanobiotechnology applications. The possible uses of enzyme immobilization highlight
the significance of this research, suggesting that the integration of biogenic nanoparticles
could revolutionize various industrial processes. As we move towards a more sustainable
future, the findings of this study serve as a testament to the innovative possibilities that
nature offers in the development of advanced nanomaterials. Future investigations should
further explore the functional properties of these plant-synthesized AgNPs and their
applications in diverse fields, ultimately contributing to a greener and more efficient
technological landscape. Continued research in this field will elucidate the mechanisms
of nanoparticle formation and expand their applications in medicine, agriculture, and
environmental science.

In conclusion, although AgNPs demonstrate significant biopharmaceutical applica-
tions, their potential risks to biological systems highlight the need for further studies on
their biocompatibility and green toxicology. Integrating safer design concepts and per-
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forming comprehensive safety assessments are essential for ensuring their responsible
use across various fields. Additionally, future research should focus on developing safer
photodynamic therapeutic agents using plant-mediated AgNPs synthesized via microemul-
sions. Green synthesis methods represent a promising approach to the sustainable and
eco-friendly production of nanoparticles, consistent with the principles of advanced biotech-
nology and engineering. Further investigations in this field will contribute to overcoming
current challenges and fully realizing the prospects of green nanotechnology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su17219451/s1, Figure S1: EDX spectrum of AgNPs formed
using Zinnia elegans L. blossom extract (by SEM analysis); Table S1: EDX data; Figure S2: TEM of
AgNPs formed using Zinnia elegans L. blossom extract; Figure S3: EDX spectrum of AgNPs formed
using Zinnia elegans L. blossom extract (by TEM analysis).
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AgNPs  Silver nanoparticles

BAP 6-Benzylaminopurine

NAA 1-Nahtylacetic acid

DPPH  2,2-Diphenyl-1-picrylhydrazyl

FRAP  Ferric ion reducing antioxidant power
XRD X-ray diffraction

FCC Face-centered cubic

FTIR Fourier transform infrared

SEM Scanning electron microscopy
TEM Transmission electron microscopy

EDX Energy-dispersive X-ray spectroscopy
TGA Thermogravimetric analysis
DTA Differential thermal analysis
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