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Green Synthesis and Bioactivities of Silver Nanoparticles
Derived from Mercurialis annua L. Extract

Aisha Mohamud Salad "' ? and Zeynep Akar "= b*

Biogenic synthesis using plant materials provides a sustainable alternative
to classical nanoparticle fabrication, minimizing chemical hazards and
decreasing energy input. In this study, silver nanoparticles (AgNPs) were
prepared using an aqueous extract of Mercurialis annua and
characterized. Physicochemical properties of the AgNPs were confirmed
using ultraviolet-visible spectroscopy (UV-Vis), Fourier transform infrared
(FTIR) analysis, X-ray diffraction (XRD), and transmission electron
microscopy coupled with energy-dispersive X-ray (TEM-EDX), which
collectively indicated crystalline, spherical silver nanoparticles stabilized
by extract-derived functional groups. Subsequently, the biological
activities of both the nanoparticles and the extract were comparatively
evaluated using antioxidant tests, including cupric ion reducing antioxidant
capacity (CUPRAC), ferric reducing antioxidant power (FRAP), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), total phenolic content (TPC), and total
flavonoid content (TFC), as well as enzyme inhibition tests targeting a-
glucosidase and carbonic anhydrase. Liquid chromatography-mass
spectrometry profiling identified 31 phenolic constituents in the extract,
with ferulic, caffeic, salicylic, and 4-hydroxybenzoic acids detected in high
abundance. Overall, the biosynthesized AgNPs demonstrated higher
antioxidant performance and stronger inhibitory effects on both enzymes
compared with the crude extract. These results indicate that M. annua-
based AgNPs hold considerable promise sustainable and effective
bioactive agents for future biomedical and biotechnological applications.
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INTRODUCTION

Silver nanoparticles, characterized by their ultra-small size and the resulting high
surface area and increased reactivity, have broad application potential across various fields,
particularly in health and environmental research (Aktepe et al. 2025a; Ahmed et al. 2016;
Jiang et al. 2025). However, commonly used physical and chemical synthesis methods
involve high energy consumption and toxic chemical release, posing environmental and
health concerns (Iravani et al. 2014), whereas green synthesis using biological materials
provides a sustainable and cost-effective alternative (Sharma et al. 2019; Karakullukgu et
al. 2023; Singh et al. 2023).

An increasingly popular, environmentally sustainable, and eco-friendly strategy for
metallic nanoparticle production involves harnessing various biological sources, such as
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plants, fungi, algae, bacteria, yeasts, and other microorganisms (Cardoso et al. 2025).
Plants contain diverse phytochemical compounds, including phenols, terpenes, alkaloids,
saponins, proteins, and carbohydrate-based molecules that function as both reducing and
stabilizing agents during metal nanoparticle formation; in addition, microorganisms
provide key enzymatic systems that function simultaneously as reducing and stabilizing
components (Ovais et al. 2018). Biomolecules act as reducing and stabilizing agents,
modifying nanoparticle surfaces through capping and influencing their biological activity
(Hanna et al. 2025). Furthermore, the characterization and identification of bioactive
compounds as part of green synthesis processes is of significant importance. Accordingly,
many studies have investigated the bioactive potential of silver nanoparticles (AgNPs),
encompassing their anticancer, enzyme-inhibitory, antioxidant, and antimicrobial effects
(Rai et al. 2009). Thus, oxidative stress and rising antimicrobial resistance have increased
interest in natural bioactive compounds (Akar ef al. 2020).

Inrecent years, plant-based natural products have gained increasing attention owing
to their low toxicity, diverse biological activities, and economic significance (Tekin et al.
2025). Among these, vascular plants (Tracheophyta) are frequently chosen for the green
fabrication of nanoparticles because of the high diversity and abundance of biologically
active compounds they contain (Smitha et al. 2020). These compounds, particularly
flavonoids and anthocyanins, are widely distributed in plants and are associated with
biological activity (Alan and Colak 2025; Aktepe et al. 2025b). In this study, Mercurialis
annua L., a traditional medicinal plant due to its active compounds, was chosen as the
green synthesis agent. M. annua, a dioecious annual wild herb belonging to the
Euphorbiaceae plant family, is common in disturbed and agricultural areas (Pannell et al.
2008). M. annua, traditionally used in European herbal medicine since ancient times, has
been applied for the treatment of wounds, burns, and a range of digestive and gynecological
disorders due to its richness in bioactive secondary metabolites (Lorenz et al. 2012). M.
annua, known to be rich in bioactive secondary metabolites, was considered a suitable
research material for investigating the bioactivity of plant extracts and AgNPs obtained
from the extracts, primarily due to its high phenolic content, wide availability, and
documented use in traditional European medicine.

This study focused on characterizing the physicochemical properties of AgNPs
synthesized via a green method using M. annua, comparing the antioxidant capacities of
the plant extract and AgNPs using multiple analytical approaches, evaluating their
inhibitory effects on a-glucosidase and carbonic anhydrase (CA), and profiling the
chemical constituents of the extract using liquid chromatography-tandem mass
spectrometry (LC—MS/MS). Accordingly, it provides new insights into the green synthesis
of silver nanoparticles using M. annua and the evaluation of their biological activities.

EXPERIMENTAL

Preparation of Plant Extract

Mercurialis annua was collected in March 2025 from the Darica neighbourhood of
Akgaabat district, Trabzon, Tiirkiye. The plant was shade-dried, and its aerial parts were
ground into powder. A total of 30 g of powders were combined with 0.2 L of distilled water
and left for one day and under continuous mixing at 27 °C. The resulting solution was
passed via sequential filtering papers with varying pore diameters to clarify the extract,
then stored at +4 °C until use in bioactivity assays and AgNP production.
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Synthesis of Silver Nanoparticle (AgNP) Using Plant Extract

The experimental conditions were selected in accordance with commonly reported
methods for the green synthesis of silver nanoparticles. A 10 mM AgNOs solution with a
volume of 90 mL was first prepared, and 10 mL of the plant extract was gradually added
to the reaction mixture. As the process continued, the solution gradually adopted a darker
color, indicating AgNP formation as a result of surface plasmon resonance (SPR). The
suspension was then maintained under magnetic stirring for a further 4 h. Once AgNP
formation was verified spectrophotometrically, the suspension was processed in a
centrifuge at 12,000 rpm for 10 min. This purification phase was conducted twice using
pure water and ethanol under the same centrifugation conditions. Finally, the collected
AgNPs were transferred to a tube and dried, resulting in successful silver nanoparticle
production (Akar et al. 2024).

Structural Analysis of AgNPs

For the ultraviolet—visible measurements (Uv-Vis), a Shimadzu UV-1800
instrument (Japan) was used. Aliquots of the synthesized AgNPs and the aerial parts of the
extracts were placed into quartz cuvettes, and the spectra were recorded at ambient
temperature across the 200 to 800 nm range with a bandwidth resolution of 1.0 nm

Fourier transform infrared spectroscopy (FTIR) was performed to investigate the
chemical associations occurring between the extract and the AgNPs produced through
extract-mediated synthesis. The aim was to determine the functional groups contributing
to silver-ion reduction and nanoparticle surface stabilization. Spectral recordings were
collected within the 4000 to 4500 cm™ range using an FTIR spectrometer (Brand: Perkin
Elmer, Model: UART Two).

X-ray diffraction (XRD) served to evaluate the lattice configuration and phase
behavior of the AgNPs fabricated using the plant extract. Crystallinity was determined
through the analysis of the obtained diffraction signals. Measurements were conducted
using a Bruker D8 Discover Diffractometer at the Central Research Laboratory of Bayburt
University. The XRD scans were measured in the 26 range of 10° to 80°, and the collected
data were used for the analysis of the diffraction patterns.

Morphological features and the elemental profile of the AgNPs were analyzed using
Transmission Electron Microscopy (TEM) at the Central Research Laboratory of Bayburt
University, employing an FEI Talos F200S instrument operated at 200 kV. Before imaging,
the nanoparticles were suspended in ethanol, applied onto a Cu grid, and dried under
vacuum. Elemental profiling was achieved through the Energy-Dispersive X-ray
Spectroscopy (EDX) detector integrated into the TEM system.

Biological Activity Assays
Antioxidant activity assays

2,2-Diphenyl-1-picrylhydrazyl (DPPH) is a stable, commercially supplied radical
commonly used in antioxidant assays, showing a characteristic absorption maximum at 517
nm (Brand-Williams 1995). A DPPH solution adjusted to 100 uM prepared in methanol
was used in the assay. Initial concentrations of the samples were determined through a
series of preliminary tests using the plant extract and silver nanoparticles. For the reaction
mixture, an equal volume of a DPPH stock at 100 uM was combined with a 750-puL portion
of each sample. After allowing the solution to settle for 50 min, the absorbance in the UV
range was measured at 517 nm. Changes in DPPH absorbance were assessed for samples
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prepared at varying concentrations. The level requirement to reducing the initial DPPH
signal at 50% was calculated (mg/mL) using the linear regression equation y = ax + b, and
this resulting value was reported as SCso. A lower SCso reflects stronger radical-scavenging
capacity.

In accordance with the ferric reducing antioxidant power (FRAP) protocol outlined
by Benzie and Strain (1996), both the M. annua extract and the AgNPs produced using this
extract were assessed for their antioxidant capacity. Trolox® served as the standard
compound, and a calibration curve was generated using solutions at 1000, 500, 250, 125,
62.5, and 31.25 uM (Benzie and Strain 1996). At the beginning of the procedure, 50 pL
volumes of the specimens or standards were put into the reaction tubes. After this step,
1500 pL of the FRAP solvent mixture (60% methanol in purified water) was dispensed
into the tubes, as followed in the subsequent addition of an identical volume of freshly
prepared FRAP reagent. The reaction tubes were vortexed and then remained at standard
room conditions for 20 min. After this period was completed, absorbance at 595 nm was
recorded for each sample. The antioxidant activity of samples was quantified based on its
Trolox-equivalent value and reported in uM TEAC units.

Cupric ion reducing antioxidant capacity (CUPRAC) analysis was performed
according to Apak (2004) with minor modifications from Akar et al. (2021). In the
CUPRAC assay, Cu (II) chloride, neocuproine (prepared in 96% ethanol), the pH-7
ammonium acetate buffer, and the sample solutions were mixed at identical volumes. The
reaction mixture was subsequently adjusted until the overall volume reached 4.1 mL. The
reaction mixtures were incubated in closed tubes at room standard room conditions for 30
min, and at 450 nm, their absorbance was then measured. Antioxidant capacity (uM TEAC)
was calculated using a Trolox calibration graph prepared from solutions up to 1000 pM.

An adapted Folin—Ciocalteu protocol, based on Slinkard and Singleton (1977), was
used to evaluate the total phenolic content. To begin the assay, 0.05 mL of sample was first
mixed with 2.5 mL of deionized water. The mixture was supplemented with 0.25 mL of
0.2 N Folin—Ciocalteu reagent and subsequently with 0.75 mL of 7.5% Na.COs solution,
after which vortexing was performed. Following preparation, the mixed samples were
stored at standard room condition for 2 h before measurement. A reading of absorbance
was taken at 765 nm. For quantification, gallic acid solutions prepared at concentrations
up to 0.5 mg/mL were used to construct the calibration plot. Phenolic levels in the samples
were determined based on the calibration curve equation.

Flavonoid levels were assessed using a modification of the method previously
developed by Fukumoto and Mazza (2000). This study was conducted with three parallel
samples, sample, and reagent controls prepared. Equal volumes of the specimens were
pipetted into tubes and mixed with methanol. Then, a solution of ammonium acetate at 1
M concentration, together with aluminum nitrate at 10% strength, was mixed with the
solutions. The mixtures were subjected to an incubation period of 40 min, after which time
the absorbances were measured at a wavelength of 415 nm. Quercetin was used as the
standard compound. It was prepared at five different concentrations (starting at 0.25
mg/mL). Quercetin equivalents (QAE pg/mL) were used to quantify the flavonoid levels
in both the plant extract and the plant-derived AgNPs.

Enzyme inhibition activities

A modified form of the Yu et al. (2012) protocol was employed. In this setup, each
reaction tube was first supplied with 650 pL of phosphate-based buffer prepared at 0.1 M
and pH 6.8. Subsequently, the reaction was supplemented with 20 pL of the sample
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followed by 30 pL of a-glucosidase—isolated from Saccharomyces cerevisiae and
supplied as a lyophilized enzyme (> 10 U/mg protein). The obtained mixture was
maintained at 37 °C for 10 min. Afterward, 0.75 pL of the pNPG substrate (4-nitrophenyl-
a-D-glucopyranoside) was pipetted into each tube. Then, it was added; the tubes were kept
again under 37 °C conditions for an additional 15 min. To stop the reaction, each tube was
supplemented with 650 uL of 1 M Na.COs. Upon substrate addition, incubation was
continued at 37 °C for an additional 15 min. The reaction was stopped by introducing 650
pL of the 1 M Na:CO:s solution into each tube. For each mixture, the 405-nm absorbance
was recorded using a UV—Vis system. Acarbose, prepared in varying concentrations, was
used as the reference inhibitor. All assays were performed in three independent replicates,
and reagent and sample blanks were also prepared. The ICso values, representing the
concentrations of substances that halve enzyme activity, were calculated for acarbose and
the tested samples.

Bovine carbonic anhydrase (BCA; lyophilized, > 3,500 W-A units/mg protein)
served as the enzyme for evaluating the inhibition efficiency of the samples.

Esterase activity method

Samples were analyzed for their ability to inhibit carbonic anhydrase (CA), with
bovine carbonic anhydrase serving as the enzyme source. During the process, p-nitrophenyl
acetate (PNPA) is broken down by carbonic anhydrase to form p-nitrophenol and p-
nitrophenolate ions (Armstrong and Frederick 1966). For esterase activity measurement,
1.1 mL of Tris—SOa buffer (0.05 M, pH 7.4), 1.5 mL of a 3 mM p-nitrophenyl acetate
solution, and a mixture of 300 puL enzyme solution with 100 pL distilled water were
assembled to form the reaction medium. The progress of the reaction was monitored
spectrophotometrically, with absorbance readings taken at 348 nm over time. The ICso
value of sulfanilamide (the concentration in the sample that halves the enzyme activity)
was calculated.

Phenolic Content of Plant Extract and Silver Nanoparticle by LC-MS/MS

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) based
phenolic profiling was performed at Hitit University’s Scientific and Technical Application
and Research Center using a Thermo Scientific Dionex Ultimate 3000 system coupled to a
TSQ Quantum detector. Ethanol extracts of M. annua leaves, stems, and flowers (aerial
parts) were analyzed. Chromatographic separation was achieved on an ODS Hypersil
column (4.6 x 250 mm?, 5 pm) using a gradient composed of water with 0.1% formic acid
(solvent A) and methanol (solvent B). The injection volume was 20 pL, the column
temperature was maintained at 30 °C, and the mobile phase was delivered at a flow rate of
0.7 mL/min. The gradient began with 100% A, reached 5% A at 22 min, and transitioned
to 100% B at 26 min, where it was held for 8 min.

Validation and Statistical Analysis

Standard solutions and plant extracts were analyzed at five concentration levels,
each tested in triplicate, to construct the curves used for antioxidant and enzyme activity
assessments. In the course of the biological activity tests of standards, the plant-derived
extracts and the synthesized AgNPs, the R? values were generally observed to exceed
0.9900. The Student’s t-test was applied to assess differences between extract and AgNP
samples, where p < 0.05 indicated statistical significance.
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RESULTS AND DISCUSSION

Structural Analysis of AgNPs

Evidence for AgNP formation was provided by the UV—Vis spectral profile as well
as the distinct color change observed in the reaction mixture. Addition of the plant extract
to the Ag* solution revealed a brown-to-red color shift, recognized as the earliest and most
rapid visual confirmation of AgNP formation. Following this, UV—Vis spectrophotometric
analysis was conducted, which provided further evidence to support the occurrence of
colloidal AgNPs, as shown by their characteristic absorption behavior. Spectrophotometric
scans were performed in the 200 to 800 nm range for both the plant extract and the AgNP
solution (Fig. 1). The presence of the surface plasmon resonance (SPR) band detected in
the UV—Vis profile indicated that the AgNPs effectively formed. Nanoparticle size,
morphology, surface charge, and surrounding medium collectively determine the position
and amplitude of the SPR response. Surface plasmon resonance occurs as incoming light
triggers the coordinated movement of conduction electrons across the nanoparticle surface,
an effect enhanced by functional groups including -NH>, -OH, and -COOH. As illustrated
in Fig. 1, A distinct SPR band appeared near 450 nm in the UV—Vis profile of the AgNPs.
This result corresponds to previous findings on biosynthesis of silver nanoparticles using
plant extracts and confirms that AgNPs were successfully produced (Henglein 1993;
Ozgelik and Kara 2023).
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Fig. 1. UV—vis spectra of Mercurialis annua plant extract and AgNPs synthesized from the extract

The spectrum recorded by FTIR for the plant extract (Fig. 2) exhibited a broad and
intense peak in the 3300 to 3500 cm™ range, which typically refers to —OH (hydroxyl)
groups. The band is related to antioxidant structures, such as phenolic compounds or
flavonoids. In the silver nanoparticles, a reduction or shift of peaks within this absorption
band was observed. This finding suggests that hydroxyl groups are involved in the
reduction of silver ions or their binding to the nanoparticle surface. Weak bands appearing
near 2900 cm™ suggest C—H (alkyl) stretching vibrations, while peaks corresponding to
carbonyl (C=0) and aromatic C=C bonds were detected in the 1600 to 1700 cm™* range. A
slight shift in this region of the nanoparticle is indicative of the involvement of carbonyl or
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aromatic groups in binding to the AgNP surface. Peaks that have been observed at
frequencies ranging between 1000 and 1300 cm™ are commonly held to be indicative of
C—O, C—-N, or C—H vibrations. The weakening or shifting of bands observed in this region
in the nanoparticle spectrum points to the involvement of C—O or C-N groups in surface
coating or reduction reactions. In addition, the presence of weak and indistinct peaks in the
500 to 600 cm™ range is indicative of metal-ligand bonds, such as Ag-O and Ag-N,
supporting the generation of AgNPs (He ef al. 2013; Azwatul ef al. 2023).

In the FTIR profile of the AgNPs, several peaks exhibited reduced intensity or
noticeable shifts, indicating interactions between the functional groups and silver ions.
These results indicate that phenolic and flavonoid species within the extract may participate
in Ag* ion reduction and nanoparticle stabilization. As reported in a comparable study, the
FTIR spectrum of Spirogyra sp. extract contained a broad absorption region between 3500
and 3200 cm™ and a peak at 3264 cm™ associated with —OH groups (Basoglu and Akar
2023). This observation may be indicative of the occurrence of functional moieties,
including —OH groups, which are commonly associated with phenolic compounds.
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Fig. 2. FTIR profiles of the Mercurialis annua extract (a) and the synthesized AgNPs (b)
X-ray diffraction is a commonly applied instrumental method for examining

molecular arrangements as well as crystalline structures (Bunaciu ef al. 2015). The XRD
analysis of the synthesized AgNPs characterized their crystal structure. As illustrated in
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Fig. 3, the XRD pattern revealed peaks at 26 = 38.2°, 44.5°, 64.6°, and 77.4°, which
correspond to crystal planes (111), (200), (220), and (311), respectively. The results
obtained from the present study indicate that the AgNPs possess a face-centered cubic
(FCC) crystal structure. Furthermore, the material under discussion has been shown to
demonstrate compatibility with JCPDS card no. 04-0783, as evidenced by the extant
literature (Doddamani et al. 2023). Additional reflections were observed in the XRD
pattern at 26 = 27.3°, 29.8°, 33.0°, 43.2°, and 54.5°. Similar extra peaks have also been
reported for green-synthesized AgNPs; for instance, Dangi et al. (2020) observed
additional reflections at approximately 27.27°, 31.66°, and 45.74° for AgNPs synthesized
using Berberis asiatica Roxb. ex DC. Although the exact peak positions may differ
between studies, such minor reflections are commonly attributed to contributions from the
bio-organic capping layer and/or the presence of silver oxide phases formed by partial
oxidation of silver. Similarly, a green synthesis approach using Limonia acidissima L.
reported additional XRD peaks for Ag and Ag-O nanoparticles at 26 values of 31.93° and
54.70°, attributed to silver oxide nanoparticles, together with further reflections around
27.65° and 45.95° (Pawar et al. 2016). The results of this study align with earlier literature
reports that have also detected similar diffraction peaks (Vanaja and Annadurai 2013;
Shruthi ef al. 2017; Garibo et al. 2020).

1200

1000 |

800

(111)

600

Counts

400 |

200

5 15 25 35 45 55 65 75 85 95
26 (°)

Fig. 3. XRD analysis of silver nanoparticle of Mercurialis annua

The TEM images indicated that the AgNPs were predominantly spherical, with
most particles falling within the 10 to 30 nm size range, although occasional larger
aggregates were also present. These morphological features indicate that biological
synthesis occurred through a controlled process and that the particles exhibit a
homogeneous distribution. These morphological characteristics are consistent with those
of nanoparticles produced via biological (green) synthesis. In comparison, AgNPs
synthesized using Cassi occidentalis L. were reported to range from 6.44 to 28.50 nm,
exhibiting a broader size distribution (Arya et al. 2024).
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Fig. 4. TEM micrographs of AgNPs produced with Mercurialis annua extract, shown at various
magnifications (A — D)

The EDX analysis provided information on the elemental profile of the synthesized
nanoparticles. According to the quantitative EDX results, the element silver (Ag) was
detected in the sample at atomic and weight percentages of 0.82%, and 6.72%, in that order.
A distinct Ag—La signal appearing near 3 keV in the EDX profile provided evidence that
metallic silver was incorporated into the nanoparticles, i.e., their successful production
(Dangi et al. 2020; Gwada et al. 2025). The presence of the C (86.04%), O (5.10%), and
Cl (2.14%) elements were determined. The presence of these elements suggests that
organic components originating from the plant extract may have been present as surface-
associated phases on the nanoparticles. AgNPs have been reported to display varying
concentrations of elements, such as C, O, and Cl, in addition to silver, in their EDX spectra.
These variations are thought to be associated with differences in synthesis methods,
reaction conditions, and the chemical composition of the plant extract used (Palithya et al.
2021).
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Fig. 5. EDX spectrum and quantitative elemental composition of the biosynthesized AgNPs

Biological Activities of the Plant Extract and Nanoparticles
Antioxidant activity

The antioxidant potential of both the M. annua extract and its corresponding plant-
derived AgNPs was assessed using the DPPH, FRAP, and CUPRAC methods. Moreover,
TPC and TFC measurements were recorded to evaluate the extent to which these
compounds influence antioxidant performance. Additionally, the inhibitory activities of a-
glucosidase and carbonic anhydrase were examined to provide a more comprehensive
assessment of the biological properties of both samples (Table 1).

In the DPPH assay, the SCso value of the AgNPs was 0.059 mg/mL, compared with
0.295 mg/mL for the plant extract. These findings indicate that the nanoparticles exhibited
a higher free radical scavenging activity relative to the extract. Similar observations have
been reported previously. For instance, Khane er al. (2022) documented an ICso
measurement of 0.04256 mg/mL for AgNPs synthesized using Citrus limon (L.) Burm.f.
peel extract, whereas the extract itself exhibited an ICso measurement of 0.084 mg/mL.
This approximate twofold difference in activity indicates that nanoparticle formation
significantly enhances the antioxidant capacity in comparison with the corresponding plant
extract, a trend that has been consistently observed in related studies. Supporting this
pattern, Yousaf ef al. (2020) determined that nanoparticles derived from the methanolic
extract of Achillea millefolium L. exhibited an ICso of 7.03 £ 0.31 pg/mL (0.00703 mg/mL)
against the DPPH radical. For comparison, the reference antioxidant ascorbic acid (vitamin
C) exhibited an ICso of 4.29 + 1.74 pg/mL (0.00429 mg/mL). These findings further
substantiate the high antioxidant capacity of biosynthesized AgNPs. The findings obtained
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in this study show that, regardless of the plant source used, the nanoparticle configuration
consistently enhances the antioxidant effect.

Table 1. Antioxidant Potential and Enzyme Inhibition of the Extract and AgNPs

Activity Tests Standard Extract AgNP

DPPH [SCso (mg/mL)] Trolox (0.0003) 0.295+0.09 | 0.059 + 0.03*
FRAP [TEAC (uM)] - 228 £ 0.12 473 +£0.18*
CUPRAC [TEAC (uM)] - 0.023 +0.01 | 0.081 + 0.04*
TPC [GAE(ug/mL)] - 21.12+0.15 | 121.55+0.19*
TFC [QAE (ug/mL)] - 0.002 +0.01 | 0.061 + 0.02*
a-Glucosidase [ICso0 (mg/mL)] Acarbose (0.007) 0.183+0.05 | 0.082 + 0.03*

Carbonic anhydrase [ICso (mg/mL)] | Sulfanilamide (0.0006) | 0.245 £ 0.08 | 0.1454 + 0.06*
Values are expressed as mean + standard deviation (n = 3). Statistical comparisons between
extract and AgNP samples were performed using Student’s t-test. * indicates statistically significant
difference compared to extract (p < 0.05).

The FRAP assay is a widely used method that relies on single-electron transfer to
assess antioxidant capacity. The principal reaction of the assay is the transformation of the
Fe**~TPTZ complex to its Fe*" form within an acidic environment. Antioxidant compounds
present in the sample donate electrons to the ferric complex, resulting in the formation of
an intense blue-colored ferrous—TPTZ complex, which is quantitatively measured
spectrophotometrically (Antolovich et al. 2002). In accordance with the data presented in
Table 1, silver nanoparticles showed a TEAC value of 473 pM, while the plant extract
exhibited a weaker activity of 228 uM. This indicates that AgNPs had approximately twice
the ferric ion—reducing power of the extract. These results support the view that plant-
derived compounds interacting at the nanoparticle interface help improve the overall
antioxidant response. In a similar investigation, Erenler et al. (2021) reported FRAP values
of 2.8 umol TE/mg extract for AgNPs and 0.8 pmol TE/mg for the Tagetes erecta L.
extract. Additionally, Alsareii et al. (2022) determined that AgNPs derived from
Rhizophora apiculata Blume exhibited significantly elevated antioxidant activity, with an
observed value of 1.81 £ 0.02 compared to the plant extract (0.86 + 0.02) and the reference
antioxidant ascorbic acid (1.46 + 0.03). A comparable increase was also observed in the
present study for M. annua, where AgNPs displayed higher ferric-reducing capacity than
the plant extract.

Using the CUPRAC assay, the TEAC associated with the silver nanoparticles was
determined as 0.081 uM (Table 1). The corresponding value obtained from the plant extract
was 0.023 uM. The difference between the TEAC values indicates a higher cupric-reducing
response for the nanoparticles under the assay conditions. The strong correlation between
CUPRAC and silver nanoparticle antioxidant capacity (SNPAC) reported by Flieger et al.
(2021) underscores the central influence of phenolic constituents on both the reducing
capacity of plant extracts and the redox behavior of the resulting silver nanoparticles. The
elevated TEAC value obtained for the nanoparticles produced in this work provides
quantitative evidence to support this phenolic-driven relationship. This finding indicates
that the phenolic constituents of the extract supported the conversion of Ag" ions during
nanoparticle formation and also contributed to the stronger antioxidant performance
observed in the final AgNPs. This improvement has also been highlighted in studies
comparing the antioxidant strength of AgNPs with other standard antioxidants. For
instance, Chatterjee et al. (2024) assessed the antioxidant capacity of AgNPs against
commonly used synthetic antioxidants, including BHA and BHT. They reported that 1 pg
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of BHT and BHA corresponded to 0.63 and 1.35 pg of Trolox equivalent, respectively,
whereas AgNPs reached 23.0 pg at the same concentration, indicating substantially higher
antioxidant capacity.

The TPC was found to be 121.6 pg/mL GAE for the AgNP synthesized from the
plant, compared to 21.1 ng/mL GAE for the plant extract (Table 1) indicating that the
nanoparticles contain approximately 5.7-fold higher phenolic content of the extract. As
reported by Kiani et al. (2023), AgNPs produced from various plant materials, such as
potato peel and coriander stem likewise exhibited markedly higher phenolic content than
their corresponding extracts. AgNPs derived from potato peel showed 59 + 0.10 mg GAE/g
TPC compared to 24.41 + 0.18 mg GAE/g in the crude extract, while coriander stem-based
AgNPs reached 54.65 + 0.21 mg GAE/g, exceeding the control extract value of 21.93 +
0.37 mg GAE/g. These findings demonstrate a consistent trend across different plant
sources, indicating that nanoparticle synthesis promotes the accumulation and surface
adsorption of phenolic compounds. This high rate of increase indicates that the synthesis
process selectively concentrates phenolic compounds in the nanoparticle structure and
enhances their potential antioxidant properties. In contrast, Sharifi-Rad et al. (2020)
reported that at the maximum concentration tested (500 pg/mL), the extract obtained from
the root of Astragalus tribuloides Delile contained a higher phenolic level (163.2 + 2 pg
GAE) than the AgNPs synthesized under identical conditions (106.4 + 1 pg GAE).
Makarov et al. (2014) highlighted the selective involvement of plant-derived metabolites
in the bio reductive and stabilizing steps involved in nanoparticle generation.
Consequently, it can be inferred that only a fraction of the phenolic constituents participates
in nanoparticle formation, whereas a substantial portion remains in the extract, which is
consistent with cases where the extract exhibits higher phenolic levels than the resulting
AgNPs.

The total flavonoid concentration (TFC) in the nanoparticles was 0.061 pg/mL
QAE, while in the extract this value was measured as 0.002 pg/mL QAE (Table 1). The
results of the study show that the majority of flavonoid compounds bind to the surface of
nanoparticle and play an active role in the synthesis process. The ability of flavonoids to
reduce metal ions facilitates nanoparticle formation, while their surface binding tendencies
ensure colloidal stability (Afonso et al. 2024). Similar results have been recorded in the
literature. For example, in Cassia auriculata L., the flavonoid content of nanoparticles
reached 891 pg QAE/mg, exceeding the values observed in the aqueous (808), ethanol
(726), ethyl acetate (569), and hexane (390) extracts. However, Tyagi ef al. (2021) found
that in Tagetes erecta L., the flavonoid content of the extract (15.43 = 0.34 mg QE/mL)
was higher than that of the AgNP solution (8.05 + 2.42 mg QE/mL), indicating that not all
flavonoids participate in nanoparticle formation and that a portion may remain in the
reaction medium or bind insufficiently to the nanoparticle surface.

Enzyme inhibition activities

The alpha-glucosidase enzyme plays a critical role in non-insulin-based diabetes
therapeutic approaches, as it catalyzes the final step in carbohydrate digestion. Inhibiting
this enzyme slows glucose absorption and helps lower blood sugar levels (Kardil ef al.
2024). In inhibitor analysis performed on this enzyme, the value of IC50 in silver
nanoparticles was measured as 0.082 mg/mL, while that of the plant extract was 0.183
mg/mL. The value of the standard inhibitor acarbose, used as a positive control, was 0.007
mg/mL (Table 1). Basoglu and Akar (2023) reported that the inhibition of a-glucosidase
increased from a measured level of 44.7% for the algal species Spirogyra sp. extract to a
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higher inhibition rate of 63.5% when silver nanoparticles were used. This enhanced
inhibitory effect is likely due to the expanded reactive surface provided by the
nanoparticles, enabling more effective interaction with the enzyme. Sher ef al. (2025) also
provided supporting evidence, demonstrating that both Asparagus officinalis L. extract and
its corresponding silver nanoparticles (AO-AgNPs) inhibited a-glucosidase activity. The
highest inhibition was observed at 35 pg/mL: 78.7 + 1.05% for the extract, 85.3 + 0.65%
for AO-AgNPs, and 89.6 = 0.88% for metformin. These results suggest that AO-AgNPs
have a stronger inhibitory effect than the plant extract and are comparable to the standard
drug. Das et al. (2020) reported similar results, finding that AgNPs synthesized from
various plant sources exhibited significant antidiabetic potential along with their
antioxidant and cytotoxic properties.

Carbonic anhydrase (CA) is a critical enzyme that plays a key role in a multitude
of physiological processes. Carbonic anhydrase inhibitors (CAls) are widely used as
therapeutic agents in various clinical conditions, particularly obesity and glaucoma
(Supuran 2012). Therefore, the identification of new natural sources of CA inhibitors is of
significant scientific value. A direct comparison of the extract and the produced silver
nanoparticles was made to assess their carbonic anhydrase inhibitory activity. The 1Cso
measured for the nanoparticles was 0.1454 mg/mL, whereas that of the extract was 0.2451
mg/mL. The sulfanilamide standard showed an ICso 0of 0.0006 mg/mL (Table 1), indicating
the expected high potency of the positive control. Taken together, these values indicate that
silver nanoparticles inhibited the enzyme more effectively than the extract. In agreement
with the stronger inhibitory activity observed for silver nanoparticles, Bawazeer (2025)
reported that while the methanolic extract of Operculina turpethum (Linn.) Silva Manso
inhibited the enzyme 45.1%, the green-synthesized silver nanoparticles achieved 85.09%
inhibition. The nanoparticles exhibited a low ICso of 0.66 + 0.80 pg/mL. This reflects their
high potency, as lower concentrations were sufficient to suppress enzyme activity.

LC-MS/MS Analysis

The phenolic profile of the M. annua extract was analyzed by LC-MS/MS. In this
assessment, 31 standard phenolic compounds were quantified, including prothecatechuic
aldehyde, sesamol, ellagic acid, 4-hydroxybenzoic acid, prothecatechuic acid, taxifolin,
gallic acid, ferulic acid, caffeic acid, resveratrol, p-coumaric acid, flavone, luteolin,
chrysin, galangin, hesperidin, vanillin, luteolin-7-glucoside, catechin, gentisic acid,
epicatechin, quercetin, syringic acid, rosmarinic acid, salicylic acid, oleuropein,
pinocambrin, rutin, apigenin, naringenin, and chlorogenic acid. The concentrations of
individual phenolic compounds, expressed in parts per million (ug/mL), are presented in
Table 2. The extract contained the following phenolic acids: caffeic acid (2.24 pg/mL),
ferulic acid (510 pg/mL), salicylic acid (3.14 pg/mL), and 4-hydroxybenzoic acid (3.56
ug/mL). In total, the extract’s phenolic content was determined as 519 pug/mL.

Table 2. Phenolic Content of Mercurialis annua Plant Extract by LC-MS/MS

Phenolic Compound Extract (ug/mL)
Caffeic acid 2,243
Ferulic acid 509,931

Salicylic acid 3,137
4-hydroxybenzoic acid 3,565
TOTAL 518,876
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A review of the relevant literature indicates that plants contain diverse phenolic
constituents, and the qualitative and quantitative characteristics of these compounds play a
critical role in determining biological activity. For instance, Gecer (2025) recorded high
levels of chlorogenic acid (0.55 mg/g extract), shikimic acid (3.97 mg/g extract), chrysin
(2.67 mg/g extract), and scutellarin (8.67 mg/g extract) in the aqueous extract of Centaurea
saligna (K.Koch) Wagenitz. Similarly, analysis of the ethanolic extract of Astragalus
armatus Willd. identified 16 phenolic metabolites, with hesperidin, hyperoside,
protocatechuic acid, 4-hydroxybenzoic acid, rosmarinic acid, and chlorogenic acid
occurring at comparatively higher levels (Lekmine et al. 2022). These variations in
phenolic composition can be attributed to species-specific secondary metabolite profiles.
Overall, the chemical composition of plant extracts differs substantially among species,
contributing to their distinct biological potentials. In the present study, ferulic acid was
identified as the predominant phenolic compound in the M. annua extract, which is of
particular significance. It has been reported that ferulic acid functions as a reducing agent
during the synthesis of AgNPs, contributing to nanoparticle stabilization and enhancing
their biological activity (Li et al. 2024). In addition to its role in nanoparticle synthesis,
ferulic acid also exhibits biological activity through the inhibition of a-glucosidase via non-
covalent interactions (Zheng et al. 2020). Cafteic, salicylic, and 4-hydroxybenzoic acids
were detected at lower concentrations in the present study; these compounds have been
shown to exhibit biological activity. For example, caffeic acid has been shown to exhibit
biological activity in a nanoparticle system (Choi et al. 2017), while salicylic (Wang et al.
2015) and 4-hydroxybenzoic acid (Lopez-Herrador et al. 2025) contribute to antioxidant-
related biological activity.

The biological activity of nanoparticle systems may be attributed to the synergistic
interactions of their constituents as well as their enhanced bioavailability (Flieger et al.
2021). Accordingly, biosynthesized nanoparticles derived from plant extracts offer
significant potential for further biomedical exploration.

CONCLUSIONS

1. The formation and structural properties of the silver nanoparticles were verified
through Fourier transform infrared (FTIR), X-ray diffraction (XRD), UV—Vis,
transmission electron microscopy (TEM), and energy-dispersive X-ray (EDX) analyses
after they were successfully synthesized from the aerial parts of M. annua in this study.

2. The characterization results showed that the nanoparticles displayed mainly spherical
morphology, a nanometre-scale crystalline silver structure, and surface stabilization
mediated by extract-derived functional groups.

3. In the biological activity assessments, the nanoparticles showed higher antioxidant
activity than the extract in all parameters.

4. The enzyme inhibition results were consistent with this pattern, revealing that the
nanoparticles exerted stronger inhibitory effects on both a-glucosidase and carbonic
anhydrase.

5. The liquid chromatography/mass spectrometry (LC-MS/MS) analysis identified 31
phenolic compounds in the extract, with ferulic acid, caffeic acid, salicylic acid, and 4-
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hydroxybenzoic acid present in comparatively high amounts, and the total phenolic
concentration was determined as 518.876 pg/mL.

6. The biosynthesized silver nanoparticles from the aerial parts of the Mercurialis annua
plant using the green synthesis method may be a potentially valuable material for
biomedical and pharmaceutical applications, particularly as antioxidant and enzyme
inhibitor agents. However, further studies are required to assess the safety and practical
applicability of these nanoparticles, including evaluations of cellular toxicity,
biocompatibility, and in vivo performance.
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