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Abstract. In this study, a green synthesis method for silver nanoparticles (AgNPs) was developed using Morus nigra (black
mulberry) extract in 96% ethanol as a reducing agent and stabilizer. Different extract volumes were evaluated to determine
the optimal synthesis conditions. The formation of AgNPs was confirmed by UV-Vis spectroscopy, with characteristic
absorption peaks around 420 nm. When using a volume of 3.0 mL, a well-defined peak with greater stability over time was
observed, indicating efficient synthesis and a more uniform size distribution. FTIR analysis revealed the presence of
phenolic functional groups and anthocyanins in the extract, confirming their role as reducing and stabilizing agents on the
surface of the AgNPs. Complementarily, Dynamic Light Scattering (DLS) analysis showed that the nanoparticles obtained
with 3.0 mL had a lower average hydrodynamic size and a narrower distribution. In antimicrobial assays, the nanoparticles
showed the largest inhibition zones against Staphylococcus aureus and Escherichia coli.

INTRODUCTION

In recent years, various studies have highlighted the growing interest in silver nanoparticles (AgNPs) due to their
distinctive physicochemical properties and their effectiveness against a wide variety of microorganisms. These
characteristics position them as promising materials for applications ranging from medicine to food preservation and
the treatment of environmental pollutants [1,2]. However, conventional methods used for their synthesis, such as
chemical reduction, require toxic reagents and high temperatures, raising environmental concerns and limiting their
use in products intended for direct contact with living beings [3]. In this context, the green synthesis of nanoparticles,
based on the use of plant extracts as reducing and stabilizing agents, has emerged as a sustainable and environmentally
friendly strategy. Green synthesis allows AgNPs to be obtained under mild temperature and pressure conditions,
reducing the generation of hazardous waste and energy consumption [4,5]. In addition, the secondary metabolites
present in the extracts, such as flavonoids, anthocyanins, and phenolic acids, not only facilitate the reduction of Ag*
ions to Ag®, but also contribute to the stability and surface functionalization of the nanoparticles, improving their
biocompatibility [6,7]. On the other hand, a fundamental aspect in the characterization of AgNPs obtained by green
synthesis is the analysis of surface chemical interactions by Fourier transform infrared spectroscopy (FTIR), which
allows the identification of functional groups present in the extracts that participate in the reduction and stabilization
of the nanoparticles. Recent studies have shown that FTIR spectra of AgNPs synthesized with fruit extracts show
bands corresponding to hydroxyl (—OH), carbonyl (C=0), and carboxyl (~-COOH) groups, confirming the involvement
of polyphenols, flavonoids, and anthocyanins as the main agents responsible for the synthesis and stabilization process
[8]. These observations coincide with recent research, which highlights how FTIR analysis is essential for
understanding the relationship between the natural functionalization of the AgNP surface, its stability, and biological
efficacy [1]. In this vein, fruits with high anthocyanin content, such as blueberries, blackberries, and cherries, have



been recognized as effective sources for the green synthesis of AgNPs, thanks to their richness in phenolic compounds
with antioxidant capacity [8,9]. For example, extracts from blueberries (Vaccinium spp.), particularly V. oxycoccos,
rich in phenolic compounds such as anthocyanins, have been shown to be effective in the green synthesis of silver
nanoparticles (AgNPs). Spherical AgNPs with average sizes in the range of 5-30 nm and an absorption band in the
UV-Vis spectrum centered around 450 nm, attributed to well-defined surface plasmons, have been reported. Similarly,
extracts from cherries (Prunus avium) and raspberries (Rubus idaeus) have been shown to produce nanoparticles with
controlled sizes, good colloidal stability, and significant antimicrobial effects, highlighting the role of anthocyanins
as reducing and stabilizing agents [10,11].

AgNPs produced by green methods exert their antimicrobial activity through mechanisms such as the release of
Ag" ions, capable of altering bacterial proteins and nucleic acids; the generation of reactive oxygen species (ROS) that
cause oxidative damage; and the direct disruption of the cell membrane, leading to the loss of integrity and death of
microbial cells [12,13]. For example, biosynthesized nanoparticles showed significant antimicrobial activity against
Escherichia coli and Staphylococcus aureus, attributed to both their small size and the presence of bioactive
compounds in the extract that act as natural stabilizing agents. Residual biomolecules, such as anthocyanins, contribute
to colloidal stability and enhance interaction with bacterial membranes through steric and electrostatic mechanisms
[10]. Complementarily, AgNPs between 10 and 50 nm have been shown to exhibit potent bactericidal action through
mechanisms that include the generation of reactive oxygen species, damage to cell membranes, and disruption of
essential metabolic processes [13]. However, the effectiveness of these nanoparticles can vary considerably depending
on the microbial species and synthesis parameters, such as the type of extract used, the concentration of nanoparticles,
and the resulting size, factors that must be optimized to achieve lower minimum inhibitory concentrations and broaden
their applicability [3,14].

Morus nigra (black mulberry) is a fruit species characterized by its high content of anthocyanins, flavonoids, and
phenolic acids, compounds that act as reducing agents and antioxidants [13]. Research reports that these metabolites
not only provide the characteristic coloration of blackberries but also facilitate the reduction of Ag" ions and stabilize
nanoparticles by preventing their agglomeration, thus providing greater colloidal stability [6,15]. However, the
potential of Morus nigra extracts for AgNP synthesis has been scarcely explored, opening up an opportunity to develop
functional nanomaterials through a sustainable approach. In this regard, this study aims to develop a green synthesis
method for silver nanoparticles using Morus nigra extract in 96% ethanol, characterize their optical and chemical
properties by UV-Vis and FTIR analysis, and evaluate their antimicrobial activity against Escherichia coli ATCC
25922, Staphylococcus aureus ATCC 29213, and Candida albicans ATCC 10231. The aim is to contribute to the
development of sustainable nanomaterials with potential applications in the biomedical and environmental fields.

METHODOLOGY

The ripe fruits of Morus nigra were harvested fresh, washed with distilled water, and dried at room temperature.
Sixty grams of pulp were weighed, crushed, and mixed with 150 mL of 96% ethanol (Laboratorios Dropaksa S.R.L).
The mixture was subjected to ultrasound under standard equipment conditions of 40 kHz and 50 W for 30 minutes.
The extract was then filtered through Whatman No. 1 paper and stored at 4 °C in amber bottles until use. This ethanolic
extract served as a reducing agent and stabilizer in the synthesis of silver nanoparticles. For the synthesis of Ag NPs,
the green chemistry method was used, employing silver nitrate AgNO3 (Merck -CAS: 7761-88-8) at a concentration
of ImM as the precursor agent. Twenty milliliters of this solution were taken and heated in a thermomagnetic stirrer
at 60 °C and 400 rpm for 10 minutes. Next, 2.5 mL of black mulberry extract was added dropwise, and the pH of the
mixture was adjusted to 10 by controlled addition of sodium hydroxide (NaOH, Merck, CAS: 1310-73-2), without
interrupting the stirring. The resulting solution was allowed to cool in a brown bottle protected from light. This
procedure was repeated for other volumes of extract (from 2.5 mL to 4.0 mL). The synthesized AgNPs were stored
appropriately for subsequent characterization and testing. The optical properties of the extract and colloidal samples
of silver nanoparticles were characterized by UV-Vis spectrophotometry (Shimatzu, UV 1900, Tokyo, Japan) at room
temperature, analyzing the presence of the Surface Plasmon Resonance (SPR) peak typical of silver nanostructures.
The functional groups were determined by FTIR spectrophotometry (Thermo Fisher Nicolet IS-50). The spectrum of
each sample was obtained with 20 scans in a frequency range of 4000 to 400 cm™ with a resolution of 4 cm™. In
addition, dynamic light scattering analysis (Nicomp Nano Z3000) was performed to characterize the size distribution
of Ag nanoparticles (NPs). The antimicrobial activity of the nanoparticles was evaluated by microdilution in plates to
determine the minimum inhibitory concentration (MIC) against E. coli ATCC 25922, S. aureus ATCC 29213, and C.
albicans ATCC 10231. The strains were cultured for 18—24 h at 36 = 1°C and adjusted to a turbidity equivalent to the



McFarland 0.5 standard (=1 x 108 CFU/mL). Serial dilutions of the nanoparticles were prepared from 100% to 0.4%,
and each well was inoculated with 10 uL of microbial suspension to obtain a final concentration of 1 x 10° CFU/mL.
The plates were incubated at 36 + 1°C for 2448 h, and the presence or absence of growth was evaluated. The MIC
was defined as the lowest concentration that completely inhibited growth in all replicates.

RESULTS AND ANALYSIS

The UV-Vis spectrum of black mulberry extract in 96% ethanol (Figure 1a) shows broad absorption with defined
maxima around 420 to 430 nm and a second absorption region between 500 and 540 nm, suggesting the combined
presence of anthocyanins and other phenolic compounds. Anthocyanins, the main pigments responsible for the intense
purple color, usually show absorption maxima in the range of 510 to 540 nm in alcoholic solutions, associated with
their flavylium structure and the pH of the medium. The peak around 420 nm could correspond to flavonoids and
condensed tannins, whose presence has been reported to contribute to the reducing potential of the extract [16,17].
This combination of signals supports the phytochemical richness of the extract, which is key to its use as a reducing
and stabilizing agent in green synthesis of metal nanoparticles, given that the conjugation of double bonds and
hydroxyl groups favors the transfer of electrons to metal ions [2]. The FTIR spectra obtained for the black mulberry
extract (Figure 1b) shows characteristic bands at approximately 3300 cm™, 2920-2850 cm™, 1600 cm™ and 1045
cm !, The broad band around 3300 cm™ corresponds to O—H stretching vibrations, typical of phenolic compounds and
flavonoids, which are abundant in black mulberry extracts and reported to have reducing capacity in nanoparticle
synthesis [5]. The bands at 2920 and 2850 cm™ are attributed to the C—H stretching of aliphatic chains, suggesting the
presence of carbohydrates or fatty acids, while the region near 1600-1500 cm™ is associated with C=0 and C=C
vibrations of aromatic and carbonyl compounds [18].
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FIGURE 1. (a) UV—Vis absorption. (b) FTIR spectrum of the 96% ethanolic extract of Morus nigra.

Characterization by UV-Vis spectroscopy confirmed the formation of silver nanoparticles (AgNPs) using black
mulberry extract as a reducing agent at different volumes (2.0 to 4.0 mL). The absorbance values at day 1 are shown
in Figure 2a. The presence of the characteristic surface plasmon resonance (SPR) peak in the range of 414 to 420 nm
is also reported by various authors for the formation of spherical AgNPs dispersed in colloidal media [19,20]. Results
show a slight decrease in the intensity of the characteristic peak for volumes corresponding to 2.5 mL and 3.0 mL
compared to 2.0 mL. This decrease is attributed to an inadequate ratio between the reducing agents and the available
silver ions, which limits the efficiency of nucleation and growth of metal nanoparticles. Similar results have been
reported in studies where the extract/precursor ratio directly influences the nucleation kinetics [21]. On the other hand,
for volumes of 3.5 to 4 mL, an increase in the absorbance peak is observed, indicating a greater number of
nanoparticles formed. This behavior indicates that at higher extract concentrations, synthesis yield tends to improve
and nanoparticle density increases, thanks to the greater availability of reducing and stabilizing agents present in the
extracts [22,23]. On the other hand, the SPR peak shift shows a progressive increase towards longer wavelengths
(from 414 nm to 420 nm), particularly at higher volumes. This phenomenon can be interpreted as an indication of a
slight increase in nanoparticle size or a change in their morphology, since larger or less spherical particles tend to
exhibit peaks at longer wavelengths. Therefore, although 4.0 mL shows the highest absorbance, the slight spectral
shift suggests that the particle size may not be the most desirable for applications requiring small and well-controlled



sizes [24]. The stability of the AgNPs was verified using UV-Vis spectroscopy six months after synthesis (Figure 2b).
All spectra show an additional shift towards red, with SPR peaks between 419.6 nm and 427.4 nm, suggesting an
increase in the average size of the nanoparticles during storage. This behavior is characteristic of the Ostwald ripening
process, a mechanism in which smaller particles dissolve and their ions redeposit on larger ones, favoring their growth
and decreasing their surface energy [25]. Such a phenomenon can occur even in stabilized colloidal solutions, as
demonstrated by studies on AgNPs synthesized with plant extracts [5]. It is important to note that, despite colloidal
growth, the absorbance intensity remains high and even homogeneous between volumes of 2.5 and 4.0 mL, indicating
good optical stability of the AgNPs during storage. This stability has been attributed to the prolonged action of the
phenolic compounds present in the extract, which prevent excessive agglomeration [26]. Similarly, Liu et al. have
pointed out that the preservation of the optical signal is closely related to the sustained antimicrobial performance of
AgNPs, which is relevant for biomedical or agricultural applications [27]. Considering both the initial absorbance
intensity and spectral stability after six months, the optimal volume of black mulberry extract for synthesis could be
3.0 mL, as it offers a balance between high nanoparticle production (evidenced by high absorbance), an SPR peak
around 425 nm (indicating adequate sizes), and greater spectral homogeneity over the long term.
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FIGURE 2. UV-Vis absorption spectra of AgNPs synthesized using black mulberry extract as a reducing agent, at different
extract volumes at (a) day 1. (b) day 180.
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FIGURE 3. (a) FTIR spectra of silver nanoparticles synthesized with different volumes of Morus nigra extract (2.0-4.0 mL). (b)
FTIR spectrum enlargement showing a peak at 1045 cm™.

FTIR spectra of AgNPs synthesized with different volumes of the extract (2.0 to 4.0 mL) are shown in Figure 3a.
These spectra retain many of the bands observed in the original extract, including the bands around 3300 cm™, 2920
cm ' and 1045 cm™, although with slight variations in intensity and shape. The O—H band remains prominent,
suggesting that phenolic groups are still present on the surface of the nanoparticles, acting as coating agents. The
preservation of these bands with minimal shifts indicates that certain functional groups were not significantly
transformed during the reduction process but remain adsorbed on the surface of the nanoparticles. These residual
biomolecules play a key role in improving colloidal stability through steric and electrostatic interactions. [28,29].



Figure 3b shows an enlarged view of the 900—1150 cm™ region, focusing on the absorption band around 1045 cm™.
This band is attributed to C—O-C or C-O stretching vibrations, commonly associated with polysaccharides,
glycosides, and ether groups present in plant-based stabilizing agents. In the five samples, this band appears
consistently, although with greater predominance as the extract volume increases, especially in the sample with 4.0
mL. This trend suggests a higher density of organic compounds adsorbed on the surface of the nanoparticles when a
larger amount of extract is used, reinforcing the hypothesis that greater availability of phytochemicals leads to more
extensive surface coating. This behavior has also been reported in other green synthesis studies, where higher extract
volumes favor nanoparticle dispersion and reduce aggregation [30]. These results confirm that functional groups such
as hydroxyls, carbonyls, and ethers present in the extract of M. nigra participate in both the reduction of silver ions
and the stabilization of AgNPs. The absence of new bands and the persistence of characteristic signals suggest a clean
synthesis route, dominated by direct interaction between native plant compounds and metal ions.
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FIGURE 4. DLS for AgNPs synthesized using different volumes of Morus nigra extract: (a) 2.0 mL. (b) 2.5 mL. (c) 3.0 mL. (d)
3.5mL. (e) 4.0 mL.

Characterization by DLS (Figure 4) revealed a notable evolution in the size and distribution of AgNPs as the
volume of extract used during synthesis increased. For the 2.0 mL extract volume, although most of the nanoparticles
were concentrated around 11 nm, both in number and volume distribution, the analysis revealed a distribution
characterized by a polydispersity index (P.I.) of 0.497, suggesting a relatively heterogeneous colloidal population



resulting from a less controlled synthesis, possibly limited by the low concentration of reducing and stabilizing
biomolecules present in the extract. When the extract volume was increased to 2.5 mL, a slight improvement in particle
uniformity was observed, with a P.I. of 0.468. In the distribution by number and volume, most of the nanoparticles
are grouped around 11 nm. These results imply that the 2.5 mL volume begins to establish a more favorable reactive
environment, given the greater presence of reducing and stabilizing biomolecules, but is still limited in its ability to
completely prevent the formation of agglomerates. For the 3.0 mL volume, a significant improvement in size
distribution was observed with a P.I. decreasing to 0.334. The average diameter by number and volume is mostly
between 19 and 21 nm. These results suggest that the concentration of biomolecules was sufficient to promote rapid
nucleation and prevent excessive growth or aggregate formation. This type of distribution is desirable, especially when
nanoparticles with reproducible properties and high specific surface area are sought, which are important for
antimicrobial or biomedical applications [31]. The DLS corresponding to the 3.5 mL volume revealed a more complex
distribution, with a P.I. of 0.457. Although the number curve showed a dominant peak around 10.8 nm. The increase
in P.I. indicate that the system loses homogeneity, despite maintaining the ability to form small nanoparticles. With a
volume of 4.0 mL of extract, the system showed a P.I. of 0.375, which in principle would suggest an improvement in
uniformity. However, detailed analysis of the distributions reveals greater complexity in the nanoparticle population,
with three clearly defined peaks around 11.0 nm, 52.1 nm, and 179.3 nm in volume, and wide standard deviations,
especially in the larger fractions. This behavior suggests that, at high volumes, excess reducing and stabilizing
biomolecules may generate an oversaturated environment that promotes secondary growth and agglomeration
processes, affecting the final distribution. Overall, the results of the DLS analysis show that although lower volumes
also favored the formation of small nanoparticles, they exhibited high dispersion and coexistence of multiple sizes.
On the other hand, higher volumes showed an increase in system complexity, with the appearance of large fractions
associated with an excess of biomolecules, which negatively affected size homogeneity. These findings highlight 3.0
mL as the balance point between reducing efficiency and colloidal stability.

FIGURE 5. 96-well microdilution plate for determining the MIC of silver nanoparticles synthesized with Morus nigra extract
against E. coli (rows A-C), S. aureus (rows D-F), and C. albicans (rows G and H).

The results obtained in the MIC test (Figure 5) demonstrate that silver nanoparticles (AgNPs) synthesized with 3.0
mL of black mulberry extract have differential antimicrobial activity depending on the type of microorganism
evaluated. The lowest MIC was recorded against Candida albicans (25%, column 3), followed by Staphylococcus
aureus (50%, column 2), while for Escherichia coli, the full concentration of nanoparticles (100%, column 1) was
required to achieve microbial growth inhibition. This sensitivity pattern can be attributed to structural differences in
the cell wall of microorganisms. Gram-negative bacteria such as E. coli have a lipopolysaccharide outer membrane
that acts as a barrier, reducing the penetration of antimicrobial agents, while Gram-positive bacteria such as S. aureus,
with a more exposed peptidoglycan wall, are generally more susceptible to metal nanoparticles [13,32]. In the case of
C. albicans, the greater efficacy could be explained by the ability of AgNPs to interact with fungal membranes, altering
their permeability and inducing oxidative damage [33]. The black mulberry extract used in the synthesis of the
nanoparticles could have contributed phenolic compounds and anthocyanins with intrinsic antimicrobial activity and
functioned as reducing agents and stabilizers of the nanoparticles, which is consistent with studies that point to the
synergistic effect of polyphenol-rich plant extracts on the antimicrobial activity of AgNPs [2,5]. This synergism may
enhance the efficacy of nanoparticles against pathogenic microorganisms. In previous studies, nanoparticles
synthesized with extracts from similar fruits, such as blueberry, have also shown low MIC against Gram-positive



bacteria, confirming that the phytochemical characteristics of the extract play a key role in the final activity of the
nanoparticles [34]. Furthermore, the size and distribution of nanoparticles, parameters that depend on the
concentration of the extract during synthesis, significantly influence the interaction with microorganisms, where
smaller particles have a larger surface area and, therefore, a greater antimicrobial effect [35].

CONCLUSION

The green synthesis of silver nanoparticles (AgNPs) with black mulberry fruit extract (Morus nigra) yielded
spherical and well-dispersed nanoparticles, confirmed by the SPR peak around 420 nm, whose intensity increased
with higher extract volumes suggesting greater formation efficiency. However, the shift of the peak to 425 nm and the
broadening observed after 6 months reveal a loss of colloidal stability at low volumes, highlighting the need for
additional strategies to maintain long-term stability. FTIR analysis showed the participation of hydroxyl and carbonyl
groups in the extract in the reduction and stabilization of AgNPs. Size dispersion analysis by DLS indicated that the
optimal extract volume for obtaining nanoparticles with better distribution and less agglomeration was 3.0 mL,
achieving low polydispersity (PDI = 0.334). In antimicrobial assays, AgNPs obtained with 3.0 mL of extract showed
the highest efficacy against Candida albicans (MIC=25%) and Staphylococcus aureus (MIC=50%), while Escherichia
coli required the full concentration (100%), confirming a lower susceptibility of Gram-negative bacteria. These results
demonstrate that adjusting the volume of black mulberry extract allows for the optimization of the physicochemical
properties and antimicrobial activity of AgNPs, supporting their potential as alternative and sustainable antimicrobial
agents, although further research into stabilization strategies is recommended to maintain their long-term functionality.
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