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ABSTRACT

Green nanoparticle synthesis is a biotechnological approach that uses plant extracts, offering important
advantages and allowing the synthesis of nanoparticles with remarkable properties for use in numerous
scientific fields. In particular, its application in agriculture stands out for the benefits it offers to plants,
improving their development. The objective of this study was to synthesize silver nanoparticles (AgNPs) using
aqueous extract of Azolla spp. with the purpose of applying them in the in vitro cultivation and field sowing
of radish (Raphanus sativus). Indeed, to synthesize the nanoparticles, 9 mM silver nitrate solutions were mixed
with 5% Azolla aqueous extract. The pH was adjusted to 7.5 with 0.1 mM NaOH and the solution was stored
for 5 days. Finally, it was centrifuged (5500 rpm for 15 min) and the nanoparticles were dried in a muffle (45°C
for 12 h). According to the characterisation of AgNPs, UV-VIS spectroscopy revealed an absorbance peak
maximum of 2,651 at 430 nm, the presence of functional groups determined by FT-IR and phytochemical
screening, and a nanoparticle size between 25 - 75 nm based on AFM data. In addition, the application of
AgNPs in radish showed a remarkable effect on the in vitro germination percentage of 95% after 6 days of
cultivation; however, the average number of seeds that developed their cotyledons and there in vitro growth
was not favored, being lower than the control and Azolla extract treatments, respectively. The field evaluation
of the plants treated with nanoparticles, on the other hand, showed a slightly higher growth than the control
reflected in the average plant height, leaf development and weight of the radish tuber, but it was not
significantly different and presented lower values compared to the other treatments applied.
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Copyright: © 2026. This is an open-access article distributed under the terms of the Creative Commons Attribution License.
(https:/ / cre-ativecommons.org/licenses/by/4.0/).



9700

GAVIN-MOYANO CESAR et al

1. INTRODUCTION

Technological advancement has been a
fundamental component in the development of
viable alternatives to address the various limitations
currently faced by the agricultural sector. As the
global population increases, greater food production
is required to meet the nutritional demands of the
human population. In fact, Rea et al. (2015) and Cota
et al. (2016) mention that “according to the latest UN
calculations, the world population will increase from
6.8 billion to 9.1 billion by 2050.”

Nanotechnology has emerged as a technological
and scientific advancement capable of transforming
agriculture through the provision of innovative tools
for the molecular detection of biotic and abiotic
stress, as well as for the rapid identification of
phytopathogenic diseases and the enhancement of
plant capacity to absorb water, nutrients, and
pesticides (Lateef et al, 2013; Lira et al., 2018).
Moreover, nanobiotechnology enhances and
complements knowledge of crop biology and,
therefore, can potentially optimize crop yield and
nutritional value (Fraceto et al., 2016).

Silver nanoparticles (AgNPs) are nanomaterials
with sizes ranging from 1 to 100 nm in at least one
dimension (Alvear, 2019). As size decreases, the
surface area-to-volume ratio increases, leading to
significant modifications in their physical, chemical,
and biological properties. Due to their extremely
small size, these mnanoparticles can penetrate
biological tissues more effectively (Sanchez, 2017;
Esquivel and Mas, 2021).

Azolla spp., a plant belonging to the Azollaceae
(Salviniaceae) family, is known for its symbiotic
association with the cyanobacterium Anabaena. It is
an aquatic fern native to temperate regions of the
American continent (Samad et al., 2020). This plant is

widely used as a nutrient-rich organic fertilizer to
improve soil fertility and is particularly noted for its
ability to fix atmospheric nitrogen (N;) and
accumulate heavy metals. Additionally, Azolla
biomass represents a promising resource for the
green synthesis of silver nanoparticles (AgNPs) for
agricultural applications (Lépez et al., 2022).

In Ecuador, approximately 15,000 hectares of
radish are cultivated in the inter-Andean region
(Vera, 2024). Radish (Raphanus sativus L.) is a
horticultural crop with strong market potential,
characterized by a diverse nutritional profile that
benefits consumer health and moderate commercial
value.

The present study aims to qualitatively
characterize metabolites with reducing capacity in
Azolla spp. extract and to identify the formation of
silver nanoparticles synthesized from this extract.
Subsequently, the effect of these nanoparticles will be
evaluated under in vitro conditions and in field
cultivation of radish (Raphanus sativus L.) to assess
their potential for improving crop development.

Based on the above, this study was conducted to
evaluate the benefits of synthesizing silver
nanoparticles (AgNPs) using Azolla spp. biomass and
their effect on radish (Raphanus sativus L.) seedlings.

2. METHODOLOGY

The study involved the synthesis of silver
nanoparticles (AgNPs) from the aqueous extract of
Azolla spp. and their application in radish cultivation.
The experimental design relevant to the study is a
completely randomized block design (CRBD) for in
vitro and field evaluation. In this sense, for the in
vitro cultivation, 4 treatments with 4 repetitions were
established, each containing 10 certified seeds of the
Crimson Giant radish variety per replica (Table 1).

Table 1: Experimental Design for the In Vitro Cultivation of Radish.

Treatment Replicates (n) | Seeds per replicate Applied treatment Concentration Dose per replicate
TO (Control) 4 10 Agar medium N/A N/A
T1 4 10 Azolla extract 0.05gmL 1 1mL
T2 4 10 Silver nanoparticles 50mgL- 1t 1 mL
T3 4 10 Murashige and Skoog medium (MS) 454gl 1 0181 g

Note: The Treatments Were Applied Prior To In Vitro Planting in the Laminar Flow Chamber.

The field cultivation carried out after
transplantation was constituted with 20% of the
plants cultivated in vitro for each treatment, such that

the application of 4 treatments was evaluated in 8
experimental units for each, selecting the in vitro
plants randomly (Table 2).

Table 2: Experimental Design for Field Cultivation of Radish (Raphanus Sativus L.).

Treatment Replicates (n) | Plants per replicate Applied treatment Concentration | Application dose per plant
TO (Control) 8 1 Control (no treatment) N/A N/A
T1 8 1 Aqueous extract of Azolla 0.05gmL" 1 25 mL
T2 8 1 Silver nanoparticles 50mgL- 1t 25 mL
T3 8 1 Granular fertilizer 150 kgha ! 0.165 g

Note: Treatments Were Applied Every Two Weeks, And Irrigation Was Performed Every Three Days Throughout the Experiment.
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In this way, the total population evaluated in the
in vitro culture amounts to 160 radish seeds, while in
the field culture, 20% of the seedlings germinated in
vitro were evaluated, totaling 32 radish plants. It
should be noted that the data from this study were
processed using the statistical program Infostat
version 2020, and an analysis of variance (ANOVA)
was performed using the Tukey test with a p-value
>0.05 to determine if there were significant
differences between the treatments used.

2.1. Synthesis Of Nanoparticles

To synthesize silver nanoparticles, silver nitrate
(AgNOs) was purchased from La Casa del Quimico
in Quito, Ecuador. The Azolla used in this study was
obtained from a local supplier in Loja, Ecuador. The
first step consisted of preparing an aqueous extract.
For this purpose, Azolla was washed with tap water
to remove roots and residual impurities. After
cleaning, 5 g of Azolla were weighed and crushed
using a mortar and pestle. The material was then
transferred, using a funnel, into a 100 mL volumetric
flask and filled with distilled water to the mark.
Subsequently, the metabolites were extracted by
placing the solution in a water bath at 80 °C for 20
min. After extraction, the solution was removed from
the water bath and allowed to cool to room

temperature. It was then filtered under vacuum,
transferred into 100 mL glass vials, and stored at 4-8
°C until use. The obtained aqueous Azolla extract was
used as both a reducing and stabilizing agent for the
synthesis of silver nanoparticles. In parallel, a 9 mM
silver nitrate solution was prepared by dissolving
1.528 g of AgNO3 in 1 L of distilled water. Once both
the aqueous extract and the silver nitrate solution
were prepared, 1 L of the AgNO; solution was
transferred to an Erlenmeyer flask and heated to 80
°C. Upon reaching this temperature, 50 mL of the
Azolla extract were added under continuous stirring
to ensure homogeneity. The pH of the mixture was
then measured at room temperature and adjusted to
7.5 using 0.1 M sodium hydroxide. Finally, the
solution was transferred to a 1 L glass container,
covered with aluminum foil, labeled, and stored at
room temperature for 5 days. After this period, the
supernatant was partially removed, leaving
approximately 200 mL containing the precipitate.
The mixture was homogenized by agitation and
transferred into centrifuge tubes, followed by
centrifugation at 5500 rpm for 15 min. Subsequently,
the supernatant was discarded, and the resulting
pellet was collected and stored in microcentrifuge
(Eppendorf) tubes. The nanoparticles were dried in a
drying oven at 45 °C for 12 h, obtaining a dry sample
see Figure 1).

Figufe 1: Precipitation Of Silver Nanoparticles.

2.2. Characterization Of the Nanoparticles

The silver nanoparticles synthesized from the
aqueous extract of Azolla were characterized and
sent for three analyzes at the Laboratory of Services
and Products (OSP) of the Faculty of Chemical
Sciences at the Central University of Ecuador in
Quito, Ecuador. Thus, analyzes were conducted
using ultraviolet-visible spectroscopy (UV-Vis),
Fourier-transform infrared spectroscopy (FT-IR), and
to determine the structure and size of the silver
nanoparticles, atomic force microscopy (AFM)
analysis was performed.

2.3. Phytochemical Screening of the Aqueous
Extract of Azolla

A 75 mL sample of aqueous Azolla extract was
qualitatively analyzed at SSV Consulting in Guayas,
Ecuador, to determine the metabolites present in the
extract used as a reducing and stabilizing agent in the
synthesis of silver nanoparticles. The Liebermann-
Burchard test was performed to detect triterpenes
and steroids; the Mayer and Wagner tests for
alkaloids; the Shinoda test for flavonoids; the ferric
chloride test for tannins and phenols; the foam test
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for saponins; the Fehling test for reducing sugars;
and the Borntréger test for quinones.

2.4. Preparation Of In Vitro Culture

For in vitro culture, a total of 16 sterilized 370 mL
flasks were used, each containing 40 mL of 1% (w/v)
agar as a solid support for all treatments. Four flasks
corresponding to the Murashige and Skoog (MS)
treatment (T3) were additionally supplemented with
0.724 g of MS medium along with the agar (Table 3).
Once the agar was dispensed into each flask, the
flasks were sterilized in an autoclave at 121 °C for 15
min and allowed to solidify at room temperature.

Subsequently, under aseptic conditions in a
previously sterilized laminar flow hood, all flasks
containing agar, the sterilized seeds, a 50 mg L™
silver nanoparticle solution prepared in sterile
distilled water, and the aqueous Azolla extract were
arranged to initiate in vitro culture. A total of 10
seeds were aseptically placed in each flask using
sterile forceps. The flasks were then sealed with
aluminum foil and Parafilm. Prior to planting, 1 mL
of Azolla extract was added to each flask
corresponding to the Azolla treatment (T1).
Similarly, for the nanoparticle treatment (T2), 1 mL of
AgNPs solution was added to each flask, after which
planting was carried out (see Figure 2).

Figure 2: In Vitro Planting of Radish Seeds.

The data on germination and in vitro growth were
taken every 24 hours. Among the evaluated data, the
germination percentage, growth rate (cotyledon

emergence), root length, and plant size were
considered.

Table 3: Experimental Design for In Vitro Seed Culture Using Agar Medium.

. . Medium volume per . .
Treatment Replicates (n) | Support medium replicate (mL) Applied treatment Dose per replicate
TO (Control) 4 Agar medium 40 mL Agar (no additive) N/A
T1 4 Agar medium 40 mL Azolla extract 1mL
T2 4 Agar medium 40 mL Silver nanoparticles (AgNPs) 1mL
Agar medium + Murashige and Skoog medium
T3 4 MS 40 mL (MS) 0181g

Note: The Agnps Solution Was Applied At 50 Mg L™, The Azolla Extract At 0.05 G MI™%, And the MS Medium At4.54 G L™

2.5. Field Cultivation

The field evaluation was conducted by
transplanting radish seedlings grown in vitro. For
this purpose, 8 plants per treatment were
transplanted, initially into seedbeds containing peat
as substrate. Once the seedlings developed true
leaves, they were transferred to individual 1 L pots

containing prepared soil. The plants were
maintained under irrigation every 3 days. According
to the treatments established in Table 6, edaphic
applications were performed every 14 days. Data
were recorded throughout the cultivation period
until harvest at 55 days. The evaluated parameters
included leaf number, emergence of new shoots,
tuber weight, and plant height (see Table 4).

Table 4: Experimental Treatments Used in the Field Cultivation of Radish (Raphanus Sativus L.).

Treatment Replicates (n) Applied treatment Concentration Application dose per replicate
TO (Control) 8 Water N/A N/A
T1 8 Azolla extract 0.05gmL- 1! 25 mL
T2 8 Silver nanoparticles (AgNPs) 50mgL 1! 25 mL
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| T3 | 8 |

Granular fertilizer

| 150kgha! | 0.165 g |

Note: In Treatment T3, The Commercial Granular Fertilizer Yaramila™ Complex (N-12%-P205-11%-K20-18%) Was Applied.

3. RESULTS

3.1. Phytochemical Screening of the Aqueous
Extract of Azolla Spp.

The aqueous extract of Azolla spp. used as a

reducing and stabilizing agent in the synthesis of
silver nanoparticles showed the presence of essential
metabolites in this synthesis process. Thus, through
qualitative analysis, the presence of alkaloids,
flavonoids,  anthocyanins, tannins, phenols,
saponins, and amino acids was identified (Table 5).

Table 5: Qualitative Phytochemical Screening of the Aqueous Extract of Azolla Spp.

Phytochemical group Test / reagent Result
Triterpenes / Sterols Liebermann-Burchard test -
Alkaloids Mayer test +
Wagner test +
Dragendorff test +
Flavonoids / Anthocyanins Shinoda test +
Phenols / Tannins Ferric chloride test +
Reducing sugars Fehling test -
Saponins Foam test +
Amino acids Ninhydrin test +

Note: (+) Presence of the Metabolite; () Absence. Results Provided by SSV Consulting.

3.2. Characterization Of Agnps

The UV-Vis absorption spectrum of silver
nanoparticles synthesized using an aqueous extract
of Azolla after 5 days revealed a single band with a
maximum peak corresponding to the surface

Absorbancia

plasmon resonance (SPR) of the nanoparticles within
the ultraviolet-visible range, measured between 350
and 700 nm. In this regard, an absorbance of 2.651
was recorded with a maximum peak at 430 nm
(Figure 3).
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Figura 3: UV-Vis Spectrum of Silver Nanoparticles Synthesized with Aqueous Extract of Azollanote. The UV-
Vis Spectrum Was Measured Between 350 To 700 Nm and A Maximum Absorbance Peak Of 2.651 Was
Recorded At 430 Nm.

3.3. Fourier Transform Infrared Spectroscopy
(Ft-Ir)

The presence of functional groups in the Azolla
extract facilitated the synthesis of silver
nanoparticles. In this regard, the FT-IR analysis
confirmed the presence of various vibrations
between 400 and 4000 cm™ corresponding to a great
diversity of functional groups. Among them, the
region between 3000 and 4000 cm™ stands out, with
peaks indicating the presence of C-H, -OH, and N-H
bonds, mainly associated with alcohols and amines.
In the lower region, between 2000 and 3000 cm™,

vibrations of C=C and C=N bonds were found. In the
region from 1000 to 2000 cm™, on the other hand,
bands corresponding to double bonds C=0, C=C,
C=N, and single bonds C-O and C-N were detected,
which may indicate the presence of functional groups
such as alcohols, carboxylic acids, amines, amides,
and esters. On the other hand, in the lower range
between 400 and 1000 cm™, there are vibrations of
simple bonds such as C-C, C-O, and C-N, which may
be associated with aromatic groups and other
functional groups that allowed for the stabilization
and coating of the nanoparticles (Figure 4).
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Figure 4: FT-IR Spectrum of Agnps Biosynthesized with Azolla Spp. Extract.

Note: The Infrared Spectrum Was Measured Between 400 To 4000 Cm™1.
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Figure 5: Result Obtained by Atomic Force Microscopy of Agnpsnote. The Height and Size Distribution of
Silver Nanoparticles Are Shown By AFM. (A) 2D Image of the Horizontal Cross-Section of Agnps, (B) 3D
Image, And (C) Line Profiling.

3.5. Evaluation Of In Vitro Culture

The observations made during the in vitro
cultivation, especially in the germination percentage
and growth rate based on the average number of
germinated seeds, grown plants, and the appearance
of cotyledons, revealed minimal differences among
the 4 treatments applied.

3.5.1. Germination Percentage

At the end of the in vitro evaluation (6 days), no
significant differences were found according to the
analysis of variance of the data based on the Tukey
test (p>0.05) shown in Table 6. Thus, the treatments
of Nanoparticles (T2), Control (T0), and Azolla (T1)
did not show a significant difference, but in
comparison to the Murashige and Skoog (13)
treatment, they were significantly different.

Table 6: Comparison Of Treatment Means Using the Tukey Test (A = 0.05).

Treatments Means n S.E.
TO 8.75 4 0.91 A
T1 7.50 4 0.91 AB
T2 6.75 4 091 AB
T3 4.00 4 0.91 B

Note: Means With a Common Letter Are Not Significantly Different (P > 0.05).

However, in Figure 6a, the germination data show
that the use of silver nanoparticles (T2) stimulates
greater seed germination over time, with 15 seeds
germinated at 24 hours and 38 seeds germinated at
124 hours of cultivation, achieving a total of 37%
initially and 95% at the end of the evaluation (6 days).
Compared to the other treatments, TO also showed a

high germination percentage of 37% and 92% at the
beginning and end of the evaluation, respectively.
The T1 treatment, on the other hand, had a
germination percentage lower than the previous two
treatments, with a total of 15 and 82%. On the
contrary, treatment T3 showed the lowest
germination percentages, with 5% and 67%,
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respectively (Figure 6b).
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Figure 6: Percentage Of Seeds Germinated In Vitro.
Note: Bar Chart (Left) And Frequency Polygon (Right) Of the Percentage of Seeds Germinated In Vitro. Control Treatment (T0),
Azolla (T1), Nanoparticles (T2), And MS (T3).

3.5.2. Growth Rate

The growth rate of radish plants was evaluated
based on the emergence of cotyledons and plant size,
showing differences between treatments. In this
regard, based on the average number of seeds that
developed their cotyledons during in vitro
cultivation at 3 and 6 days, it was revealed that the
best treatment was the control (T0), followed by the
Azolla (T1) and Nanoparticles (T2) treatments, with
Murashige and Skoog (T3) showing the lowest

100 -

87,5

80 1

60 A

40

A

Porcentaje de crecimiento (%)

TO T

average (Figure 7).However, through the analysis of
variance, it was discovered that the results among the
three treatments T0, T1, and T2 were not significantly
different, but they were with respect to treatment T3.
Thus, after 6 days of in vitro cultivation, it was found
that 87.5% of the seeds germinated in TO developed
to form their primordial leaves. On the contrary, the
T1 treatment resulted in a growth of 75%, while T2
produced a growth of 67.5%, in contrast to T3, which
only resulted in a growth of 40%.

aDIA 3
mDIA 6

T2 T3

Tratamientos

Figure 7: Percentage Of Plants Developed in In Vitro Culturenote. Data From the Control Treatmment (T0),
Azolla (T1), Nanoparticles (T2), And MS (T3) Are Shown.

The data from the measurements of root and
pseudostem length of radish plants in in vitro culture
established that the treatment with Azolla (T1)

showed the highest average with 5.66 and 6.06 cm for
root and stem, respectively, followed by TO with
values of 4.5 and 5.31 cm and T2 with 4.31 and 5.56
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c¢m corresponding to root and stem length. However,
treatment T3 showed the lowest values, with 2.97 and
418 cm (Figure 8). It should be noted that the
statistical analysis of these data revealed a significant
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Figure 8: Average Root and Stem Length of Radish Plants in In Vitro Culture At 6 Daysnote. Data From the
Control Treatment (T0), Azolla (T1), Nanoparticles (T2), And MS (T3) Are Shown.

3.6. Field Crop Evaluation

At the end of the field evaluation of the radish
crop, it was demonstrated that T3, corresponding to
the fertilizer treatment, showed the best average
plant height with 17.06 cm (Table 7). Thus, the
analysis of variance (ANOVA) revealed that it is
significantly different from the values observed in
treatments T0, T1, and T2 corresponding to the

control, azolla, and nanoparticles treatments, with
the latter two having averages close to 14.81 and
1415 cm, respectively. These values were
significantly different and higher than those obtained
in the control treatment, which was 12.65 cm.
Therefore, the T3 treatment demonstrated a
differential and elevated growth compared to the
other treatments, while the T1 and T2 treatments
were slightly superior to TO (Figure 9a).

Table 7: Initial And Final Mean Values of Plant Height, Number of Leaves, Number of Shoots, And Tuber

Weight in Radish Plants Under Different Treatments.

Treatment |Initial height (cm) | Initial leaves | Initial shoots | Final height (cm) | Final leaves | Final shoots | Tuber weight (g)
TO 5.81 1.50 0.50 12.65 6.37 0.62 19.01
T1 6.93 1.87 0.50 14.81 6.75 0.87 26.70
T2 6.55 1.75 0.62 14.15 6.50 0.87 23.52
T3 5.12 1.75 0.50 17.06 7.62 1.00 3253

Note: Values Correspond to the Averages Recorded at Day 15 (Initial Evaluation) And Day 35 (Final Evaluation).

Similarly, the evaluations of the number of leaves
and shoots revealed that the fertilizer treatment (13)
was the most effective for the leaf development of the
radish plant in field cultivation (Figures 9c and 9d),
with values of 7.62 and 1, respectively, which were
significantly different from TO. In contrast, the Azolla
(T1) and Nanoparticles (T2) treatments recorded
lower values, but slightly higher than the control
(TO), with averages of 6.75 and 6.50 for the number of
leaves and 0.87 and 0.87 for the number of sprouts,

respectively.

The weight of the tuber harvested at 55 days also
showed a similar pattern (Figure 9b), where the
fertilizer treatment (T3) achieved the best average
with 32.53 g, but it was not significantly different
from the others (p>0.05). However, it emerged as the
best treatment followed by T1 and T2, which were
not significantly different compared to the control
treatment (T0), despite recording a higher average
than it.
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Figure 9: Evaluation of Field Results of Radish.
Note: The Graphs Show the Results Obtained on the Days of Evaluation of the Radish Crop in the Field, So That the Average Plant
Height (A), Tuber Weight (B), Number of Leaves (C), And Number of Shoots (D) Can Be Observed.

4. DISCUSSION

The qualitative phytochemical screening of the
aqueous extract of Azolla spp. revealed the presence
of alkaloids, flavonoids, anthocyanins, tannins,
phenols, saponins, and amino acids. The presence of
these metabolites enables the reduction of silver ions
(Ag") into metallic silver (Ag°), acting as both
reducing and stabilizing agents. Recent studies have
further clarified the mechanistic role of plant-derived
metabolites in the green synthesis of silver
nanoparticles. Phenolic compounds and flavonoids
act as electron donors, facilitating the reduction of
Ag® ions, while simultaneously forming a capping
layer that stabilizes the nanoparticles and prevents
aggregation. This dual role has been widely reported
in recent literature, where plant extracts rich in
secondary metabolites enhance nanoparticle stability
and bioactivity (Goswami et al., 2024). Additionally,
the presence of functional groups such as hydroxyl
and carbonyl groups contributes to strong metal-
ligand interactions, which are essential for
nanoparticle formation and long-term stability.
Espinoza et al. (2022) reported that the synthesis of
AgNPs mediated by plant extracts is attributed to
organic compounds, mainly phenols, terpenoids, and
flavonoids, which promote silver reduction through
redox reactions. Berta et al. (2021) indicated that
phytochemicals serve dual functions as reducing
agents and stabilizers of nanoparticle formation,

involving functional groups such as carboxyl,
carbonyl, and amine groups. Additionally, plant-
mediated nanoparticles are considered more stable
and diverse in shape and size. Majumdar et al. (2023)
also states that these phytochemicals play a key role
in coating nanoparticles and preventing their
agglomeration, thereby enhancing their biological
activity. Therefore, the extract used in this study is
suitable for nanoparticle synthesis due to the
presence of metabolites capable of reducing silver
ions (Ag") provided by silver nitrate, which acts as a
precursor.

Regarding ultraviolet-visible (UV-Vis)
spectroscopy, the silver nanoparticles synthesized
using aqueous Azolla extract exhibited a
characteristic surface plasmon resonance (SPR) band,
with a maximum absorbance of 2.651 at 430 nm
within the range of 350-700 nm, confirming the
formation of AgNPs. Previous studies have
established that UV-Vis spectra are indicative of
nanoparticle formation, as this phenomenon is
associated with the excitation of surface plasmons,
resulting in light absorption in the range of 400-450
nm (Ledezma et al., 2014). These surface plasmons
are directly correlated with nanoparticle size, shape,
crystallinity, and chemical composition (Cruz et al,,
2013). Similarly, studies using plant extracts have
reported SPR peaks between 399 and 439 nm (Pardo
et al., 2022), which is consistent with the results
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obtained in this study.

The UV-Vis absorption peak observed at 430 nm
is consistent with recent reports on plant-mediated
synthesis of AgNPs, where surface plasmon
resonance typically occurs between 420 and 450 nm
depending on particle size and morphology (Akhter
et al., 2024). Similarly, the size range obtained in this
study (25-75 nm) aligns with values reported in
recent studies using plant extracts, which commonly
produce nanoparticles below 100 nm with diverse
morphologies and moderate agglomeration (Haridas
et al., 2025). These findings confirm that the synthesis
conditions employed in this study are comparable to
current green nanotechnology approaches.

FTIR analysis of the Azolla extract revealed the
presence of functional groups (C-H, O-H, N-H,
C=0, C=C, C-0, and C-N) within the range of 400-
4000 cm™, associated with biomolecules such as
alcohols, amines, and carboxylic acids. These groups
are involved in the synthesis, reduction, and
stabilization of silver nanoparticles. The identified
functional groups correspond to biomolecules
responsible for nanoparticle coating and stability
(Anjana et al., 2019). In particular, the carboxyl and
hydroxyl groups of flavonoids play a key role in the
reduction of Ag* ions through chelation mechanisms
and electron transfer processes (Akram et al., 2021).
Furthermore, an increase in pH promotes the
ionization of -OH and -COOH groups, enhancing
nanoparticle stabilization under alkaline conditions
(Amaladhas et al., 2013). These findings suggest that
Azolla extract provides the necessary functional
groups for the bioreduction process.

AFM analysis showed that the AgNPs exhibited
irregular morphology with sizes ranging from 25 to
75 nm. Three-dimensional visualization revealed
surface roughness and slight agglomeration,
indicating a non-homogeneous distribution. Line
profiling showed an approximate nanoparticle
height of 25 nm. These results are consistent with
previous studies reporting nanoparticle sizes within
a similar range. For instance, Moosa et al. (2015)
reported AgNPs with sizes between 66 and 117 nm,
while Majeed et al. (2016) observed nanoparticles
ranging from 30 to 50 nm. Likewise, Anjana et al.
(2019) reported AgNPs synthesized using Azolla
extract with an average size of 23.6 £ 8.18 nm.
Therefore, the synthesis performed in this study
yielded nanoparticles within the expected
nanometric range, with limited agglomeration.

At the end of the in vitro evaluation (6 days),
ANOVA followed by Tukey’s test (p > 0.05) indicated
that treatments TO (control), T1 (Azolla), and T2
(AgNPs) did not differ significantly among

themselves but differed significantly from T3
(Murashige and Skoog medium). Germination data
showed that T2 produced the highest response,
reaching 37% at 24 h and 95% at 124 h, followed by
TO (37% and 92%) and T1 (15% and 82%). Treatment
T3 exhibited the lowest germination percentages (5%
and 67%). These results are consistent with previous
studies. Zuverza et al. (2016) reported a germination
rate of 96% at 125 mg L™ compared to 93% in the
control. Similarly, Tymoszuk (2021) observed
germination rates of 97% and 98% at concentrations
of 50 and 100 mg L™, respectively, compared to 96%
in the control. These findings suggest that silver
nanoparticles slightly enhance germination, likely
due to improved water absorption during early
stages.

The growth rate of radish plants under in vitro
conditions was evaluated based on cotyledon
emergence and plant size. Results showed that TO,
T1, and T2 did not differ significantly among
themselves but differed from T3, which exhibited the
lowest growth. At 6 days, the development of true
leaves was 87.5% in TO, 75% in T1, 67.5% in T2, and
40% in T3. Regarding morphological parameters, T1
showed the highest average root length (5.66 cm) and
pseudostem length (6.06 cm), whereas T3 recorded
the lowest values. These findings partially agree with
Wang et al. (2015), who reported lower root length in
nanoparticle-treated plants compared to the control.
Tymoszuk (2021) also observed variable growth
responses depending on nanoparticle concentration.
Overall, these results indicate that nanoparticle
effects on in vitro growth are inconsistent and
depend on multiple factors.

Field evaluation showed that the fertilizer
treatment (T3) exhibited the highest growth, with an
average plant height of 17.06 cm, significantly higher
than TO, T1, and T2 according to ANOVA. T3 also
recorded the highest number of leaves (7.62) and
shoots (1). Treatments T1 and T2 showed
intermediate values, slightly higher than the control.
Regarding tuber weight, T3 showed the highest
average (32.53 g), although no significant differences
were observed (p > 0.05). Similar trends have been
reported in previous studies. Cakmakci et al. (2022)
observed slight increases in leaf number with
increasing nanoparticle concentrations. Khan (2023)
reported improvements in growth parameters in
fenugreek treated with AgNPs. However,
Krishnappa et al. (2022) found that higher
concentrations inhibited growth, indicating a dose-
dependent effect.

From an applied perspective, the use of plant-
mediated silver nanoparticles represents a promising
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alternative for sustainable agriculture. Green-
synthesized AgNPs have demonstrated
antimicrobial and antioxidant properties, which can
contribute to plant protection and improved crop
performance (Lieu et al, 2024). However, their
effectiveness depends strongly on concentration and
environmental conditions, as excessive accumulation
in plant tissues may lead to phytotoxic effects.
Therefore, while AgNPs offer advantages over
conventional agrochemicals, their application must
be carefully optimized to avoid adverse effects on
plant growth and soil health.

These findings suggest that AgNPs can modulate
plant growth, either by stimulation or inhibition,
depending on concentration and environmental
conditions (Molina, 2015). The effect of silver
nanoparticles on radish may be related to their
interaction with nutrient uptake mechanisms.
Although the exact mechanism remains unclear, it
has been suggested that nanoparticles may interfere
with diffusion pathways or active transport channels,
as silver ions can disrupt membrane integrity
(Zuverza, 2023). Sener and Saygun (2023) also
reported that low concentrations of AgNPs stimulate
growth, whereas higher concentrations exert
inhibitory effects. This behavior is associated with
the high surface area of nanoparticles, which
enhances their interaction with cell surfaces. At high
concentrations, metal accumulation may induce
toxicity through oxidative stress and enzymatic
interactions.

Future research should focus on evaluating a
broader range of nanoparticle concentrations to

determine  optimal doses for agricultural
applications. In addition, studies integrating
physiological, = biochemical, @~ and  molecular

approaches are required to better understand the
interaction between AgNPs and plant systems.
Recent evidence suggests that silver nanoparticles
can induce oxidative stress and alter membrane
integrity in plants, highlighting the need for deeper
investigation into their mechanisms of action
(Tripathi et al., 2024). Moreover, exploring the
combined use of nanoparticles with biofertilizers or
organic amendments could provide innovative
strategies for improving crop productivity while
maintaining environmental sustainability.

Overall, the results indicate that the effect of silver

nanoparticles on radish development depends on
concentration and  underlying physiological
mechanisms that are not yet fully understood. In this
study, the applied concentration (50 mg L) showed
slight improvements over the control but was less
effective than fertilizer and Azolla treatments.
Therefore, further studies are required to elucidate
the mechanisms involved and to evaluate different
concentrations to better understand the effects of
AgNPs on plant development.

5. CONCLUSIONS

The aqueous extract of Azolla spp., acting as a
reducing and stabilizing agent due to its functional
groups, enabled the effective synthesis of silver
nanoparticles (AgNPs) with undefined morphology
and sizes ranging from 25 to 75 nm. These
nanoparticles exhibited slightly enhanced effects on
both in vitro and field cultivation of radish. Seeds of
the Crimson Giant radish variety treated with AgNPs
at a concentration of 50 mg L™ showed a higher
germination percentage (95%) after 6 days compared
to the control (92%), although a lower proportion of
seeds developed cotyledons.

Under in vitro conditions, AgNP-treated
seedlings did not exhibit significant differences in
growth compared to the control and Murashige and
Skoog (MS) treatments, and their performance was
lower than that of seedlings treated with aqueous
Azolla extract in terms of root and stem length. Under
field conditions, AgNP-treated plants showed
improved growth relative to the control in
parameters such as plant height, tuber weight, leaf
number, and shoot production; however, these
differences were not statistically significant when
compared to the other treatments.

Overall, this study demonstrates that plant-based
extracts, such as Azolla spp. biomass, constitute a
viable and sustainable alternative for the green
synthesis of silver nanoparticles. While AgNPs
exhibited a positive effect on seed germination, their
influence on plant growth under both in vitro and
field conditions was limited. These findings highlight
the importance of optimizing nanoparticle
concentration and application strategies to enhance
their agronomic potential.
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