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ABSTRACT

Plant-mediated green synthesis of nanoparticles has gained increasing attention as an environmentally friendly
alternative to conventional chemical synthesis. In this study, the phytochemical properties and antioxidant
capacities of Hypericum perforatum L. and the endemic H. malatyanum Pesmen were determined, and their
potential for the biosynthesis of Ag nanoparticles (AgNPs) was comparatively evaluated. Hypericum
malatyanum exhibited higher total phenolic content (231.4 + 5.8 vs. 216.9 + 4.4 mg GAE g™), DPPH radical
scavenging activity (79.9 + 0.9% vs. 73.8 + 1.6%), and FRAP values (315.5 + 8.6 vs. 269.6 + 7.7 umol Fe?* g™)
than H. perforatum, whereas H. perforatum contained higher total flavonoid content and ABTS radical
scavenging activity. The biosynthesized AgNPs were characterized by Fourier transform infrared spectroscopy,
X-ray diffraction, scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy analyses. The
SEM images revealed predominantly spherical nanoparticles with sizes ranging from 1 to 80 nm. Antimicrobial
activity was evaluated using disk diffusion and minimum inhibitory concentration (MIC) assays. The AgNPs
synthesized using H. malatyanum generally exhibited stronger antimicrobial activity and lower MIC values than
those synthesized using H. perforatum. The highest antimicrobial activity was observed against Bacillus
spizizenii, with an inhibition zone of 7.45 + 0.087 mm and a MIC value of 6.25 mg mL™". The lowest MIC value
(6.25 mg mL™") was also recorded against Streptococcus pyogenes, Enterococcus faecalis, and Klebsiella
pneumoniae for H. malatyanum-derived AgNPs. These findings demonstrate that differences in phytochemical
composition among Hypericum species influence AgNP formation and biological performance and highlight
endemic species as promising biological resources for the sustainable production of antimicrobial
nanomaterials.

Key words: Antimicrobial activity, green synthesis, Hypericum malatyanum, Hypericum perforatum,
phytochemicals, silver nanoparticles.

INTRODUCTION

The genus Hypericum belongs to the family Clusiaceae (Guttiferae, Hypericaceae) and comprises approximately
500 species distributed worldwide, except Antarctica (Crockett and Robson, 2011). In Turkiye, the genus is
represented by nearly 100 taxa, of which 47 are endemic (GUner et al., 2012). Among these, H. perforatum L. is
the most widely recognized and extensively used species due to its medicinal properties, while H. malatyanum
Pesmen is an endemic species with a highly restricted distribution in the rocky habitats of Malatya province
(Figure 1) (Pesmen, 1980). The ecological adaptation and limited distribution of endemic species often lead to
distinct biochemical profiles, which may contribute to their biological and functional potential.
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L. (Popay, 2015) (A); Hypericum malatyanum Pesmen (Dirmenci and Robson, 2019) (B)

Species of Hypericum are known to be rich in bioactive compounds such as anthraquinones (e.g., hypericin),
prenylated phloroglucinols (e.g., hyperforin), flavonoids, biflavonoids, and phenolic acids. These phytochemicals
are strongly associated with antioxidant and antimicrobial properties and play a crucial role in plant defense
mechanisms (Ozbey et al., 2025). In recent years, increasing attention has been directed toward the evaluation
of total phenolic and flavonoid contents, along with antioxidant capacity, as indicators of plant bioactivity and
functional value (Cirak and Kurt, 2014). Such phytochemical richness not only contributes to traditional
medicinal uses but also provides a promising biochemical foundation for emerging biotechnological
applications.

With the rapid advancement of nanotechnology, environmentally friendly approaches for nanoparticle
synthesis have gained importance. Conventional physical and chemical methods often involve toxic reagents
and high energy requirements, whereas biological synthesis offers a sustainable alternative (Patil and Kim, 2018;
Saravanakumar et al., 2018). Plant extracts, in particular, have been widely employed in the green synthesis of
Ag nanoparticles (AgNPs), as their phytochemical constituents, especially phenolics and flavonoids, act as both
reducing and stabilizing agents (Srikar et al.,, 2016). Similar plant-mediated synthesis studies have also
demonstrated the antimicrobial potential of biosynthesized AgNPs (Baran, 2019). Moreover, antioxidant-rich
plant matrices can enhance nanoparticle formation efficiency and influence their biological activity. Recent
studies have further demonstrated that plant-derived nanoparticles can improve plant stress tolerance and
exhibit multiple biological functions, highlighting their broad agricultural and biotechnological potential
(Alowaiesh et al., 2024). Beyond their synthesis, nanoparticles are increasingly applied in plant systems for
improving growth performance, protection, and targeted delivery of bioactive compounds (Cift¢i and Altinkut-
Uncuoglu, 2019).

Silver nanoparticles have attracted considerable interest due to their antimicrobial potential and diverse
applications in medicine, agriculture, food technology, and environmental systems (Satpathy et al., 2018).
Recent studies highlight that phytochemical-driven synthesis may improve nanoparticle stability and bioactivity
compared to chemically synthesized counterparts (Ojo et al., 2017).

Despite the increasing number of studies on plant-mediated synthesis of AgNPs, comparative studies
evaluating the influence of phytochemical composition of closely related plant species on nanoparticle
formation and biological activity remain limited. In particular, endemic plant species may possess unique
phytochemical profiles that could significantly affect nanoparticle synthesis efficiency and functional properties.
Therefore, the aim of this study was to investigate the phytochemical characteristics and antioxidant capacities
of H. perforatum and the endemic species H. malatyanum and to evaluate their potential for the green synthesis
of AgNPs. In addition, the antimicrobial activities of the synthesized nanoparticles were comparatively assessed
against selected bacterial and yeast strains. We hypothesized that phytochemical differences between endemic
and widely distributed species influence nanoparticle synthesis efficiency and antimicrobial activity.
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MATERIALS AND METHODS

Plant material

Hypericum perforatum L. was collected from the Medicinal and Aromatic Plants Garden at Malatya Turgut Ozal
University Battalgazi Vocational School. The endemic species H. malatyanum Pesmen was collected from rocky
slopes at an altitude of 1680 m in Meletbasl (Eskikoy, Dogansehir, Malatya, Turkiye) during the first week of July.
The above-ground parts of the plants were dried at room temperature for 1 wk. The dried materials were ground
to pass through a 1 mm sieve and stored in dark conditions until analysis.

Extraction and phytochemical analyses total phenolic and flavonoid content
Powdered plant material (10 g) was extracted with 100 mL methanol in a water bath at 60 °C for 24 h. The
extracts were filtered through Whatman filter paper and stored at 4 °C until further analyses.

Total phenolic content was determined using the Folin-Ciocalteu spectrophotometric method (Nabavi et al.,
2010). Briefly, 0.5 mL plant extract was mixed with 10% Folin-Ciocalteu reagent, followed by addition of 1 M
Na,COs solution. After incubation in the dark at room temperature for 2 h, absorbance was measured at 760
nm. Gallic acid was used for calibration, and results were expressed as mg gallic acid equivalents (GAE) per g
extract.

Total flavonoid content was determined spectrophotometrically using the aluminum chloride method
(Chang et al., 2002). Briefly, plant extract was mixed with 20% AICl; and potassium acetate solutions and
incubated at room temperature for 30 min. Absorbance was measured at 415 nm. Quercetin was used for
calibration, and results were expressed as mg quercetin equivalents (QE) per g extract.

Antioxidant activity
DPPH analysis. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity was determined according
to Molyneux (2004). Plant extract was mixed with DPPH solution (0.1 mM) and incubated at room temperature
for 50 min in the dark. Absorbance was measured at 517 nm, and radical scavenging activity was calculated as
percentage inhibition. The DPPH radical scavenging activity was calculated using the following equation:

% DPPH = (Acontrol - Asample)/Acontrol x 100 (1)

ABTS analysis. The 2,2'-azino-bis-3-ethyl-benzothiazoline-6-sulfonic acid (ABTS) radical scavenging activity was
evaluated following the method of Re et al. (1999). The ABTS solution was prepared and diluted to an
absorbance of 0.7 £ 0.05 at 734 nm. Plant extract was added to the ABTS solution and incubated for 6 min at
room temperature. Absorbance was measured at 734 nm, and results were expressed as percentage inhibition.
The ABTS radical scavenging activity was calculated using the following equation:

% ABTS = (Acontrol - Asample)/Acontrol x 100 (2)

FRAP analysis. The ferric reducing antioxidant power (FRAP) assay was performed according to Benzie and Strain
(1996). Plant extract was incubated with FRAP reagent at 37 °C for 4 min, and absorbance was measured at 595
nm. Results were expressed as umol Fe?* equivalents per g extract.

AgNP synthesis and characterization

Plant extracts were mixed with 5 mM AgNOs solution at a ratio of 1:4 and incubated at 30 °C under dark
conditions for 24 h with continuous shaking (150 rpm). The synthesized nanoparticles were collected by
centrifugation at 5000 rpm for 15 min and stored at 4 °C.

The morphology and size of synthesized Ag nanoparticles (AgNPs) were analyzed using scanning electron
microscopy (SEM). Elemental composition was determined by energy dispersive X-ray (EDX) spectroscopy.
Functional groups involved in nanoparticle formation were identified using Fourier transform infrared (FTIR)
spectroscopy (4000-400 cm™). Crystalline structure was analyzed by X-ray diffraction (XRD).

Antimicrobial activity

Antimicrobial activity of the synthesized AgNPs was tested against Gram-positive bacteria (Enterococcus
faecalis, Streptococcus pyogenes, Bacillus spizizenii, Bacillus subtilis, Staphylococcus aureus), Gram-negative
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bacteria (Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, Klebsiella aerogenes) and yeast
(Candida albicans). Methanol was evaporated and extracts were dissolved in DMSO prior to testing. The disk
diffusion method was used, and inhibition zones were measured using a digital caliper. Cefadroxil disks were
used as positive control.

Minimum inhibitory concentration

The minimum inhibitory concentration (MIC) values of AgNPs derived from H. perforatum and H. malatyanum
were determined using the broth macrodilution method. Two-fold serial dilutions of each nanoparticle
suspension were prepared in Mueller-Hinton broth to obtain final concentrations ranging from 50 to 0.39 mg
mL? (50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, and 0.39 mg mL™). Each dilution was inoculated with 100 uL
standardized microbial suspension (1.5 x 108 CFU mL?) and incubated at 37 °C for 24 h. Following incubation,
the tubes were examined for turbidity, and the lowest concentration showing no visible microbial growth was
recorded as the MIC value (Dhiman et al., 2021).

Statistical analyses
Data were analyzed using SPSS Statistics for Windows, Version 25.0 (IBM, Armonk, New York, USA). All
experiments were performed in triplicate, and the results are presented as mean + standard deviation (SD).

RESULTS AND DISCUSSION

A visible colour change from light brown to dark brown was observed immediately after the addition of the
plant extracts to the AgNOs solution, indicating the reduction of Ag* ions and the formation of Ag nanoparticles
(AgNPs). This colour transition, commonly observed during plant-mediated AgNP synthesis, is attributed to the
surface plasmon resonance (SPR) phenomenon characteristic of metallic Ag nanoparticles and has been widely
reported in previous studies (Ahmed et al., 2016).

Fourier transform infrared (FTIR) spectroscopy was employed to identify the functional groups involved in
nanoparticle synthesis. The spectra recorded within the range of 4000-650 cm™ exhibited characteristic
absorption bands corresponding to hydroxyl, carbonyl, and amine groups (Figure 2). These functional groups
are mainly associated with phenolic compounds, flavonoids, and proteins, which play essential roles in both the
reduction of Ag* ions and the stabilization of the synthesized nanoparticles (Hemmati et al., 2019; Alahmad et
al., 2022). These findings indicate that the rich phytochemical composition of Hypericum species acts not only
as a reducing agent but also as a natural capping agent during nanoparticle biosynthesis.
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Figure 2. Fourier transform infrared (FTIR) spectra of Ag nanoparticles (AgNPs) synthesized using
Hypericum perforatum (A) and H. malatyanum (B).
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The X-ray diffraction (XRD) analysis revealed that the nanoparticles synthesized from both plant extracts
lacked distinct diffraction peaks corresponding to crystalline metallic Ag and instead exhibited broad amorphous
halos (Figure 3). This observation suggests that crystal growth may have been restricted by the adsorption of
plant-derived biomolecules onto the nanoparticle surface. Such biomolecule-mediated stabilization has
previously been reported to influence the surface characteristics and biological properties of biosynthesized
nanoparticles (Ahmed et al., 2016).
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Figure 3. X-Ray diffraction (XRD) patterns of biosynthesized nanoparticles obtained from Hypericum
perforatum (sample A) and H. malatyanum (sample B) with reference face-centered cubic Ag peak
positions.

Energy-dispersive X-ray (EDX) analysis revealed the elemental composition of the synthesized nanoparticles.
Characteristic signals corresponding to Ag, C, O, Cl, K, Ca, and Mg were detected in the spectra (Figures 4 and
5). While the presence of Ag confirmed the incorporation of Ag into the synthesized structures, the remaining
elements were considered to originate from phytochemical constituents and mineral components of the plant
extracts. These compounds are thought to remain adsorbed on the nanoparticle surface, contributing to
nanoparticle stabilization. Similar elemental profiles have also been reported for nanoparticles synthesized
using Hypericum extracts (Males et al., 2006).
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Figure 4. Energy dispersive X-ray (EDX) spectrum of Hypericum perforatum Ag nanoparticles (AgNPs).
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Figure 5. Energy dispersive X-ray (EDX) spectrum of Hypericum malatyanum Ag nanoparticles (AgNPs).

Scanning electron microscopy (SEM) analysis demonstrated that the synthesized nanoparticles were
predominantly spherical and ranged in size from 1 to 80 nm (Figure 6). Nanoparticles within this size range
possess a high surface-area-to-volume ratio, enabling more efficient interaction with microbial cells and
consequently enhancing their biological activity. Similar particle sizes and morphologies have previously been
reported for plant-mediated AgNPs synthesized using phenolic-rich plant extracts (Gitea et al., 2020).
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Figure 6. Scanning electron microscopy (SEM) analysis of Ag nanoparticles synthesized using
Hypericum perforatum L. (A) and H. malatyanum Pesmen (B).

Phytochemical analysis demonstrated that both Hypericum species contained considerable amounts of
phenolic and flavonoid compounds (Table 1). The endemic species H. malatyanum Pesmen exhibited a higher
total phenolic content (231.4 + 5.8 mg gallic acid equivalents [GAE] g7) than H. perforatum L. (216.9 + 4.4 mg
GAE g™). Similarly, DPPH radical scavenging activity was higher in H. malatyanum (79.9 + 0.9%) than in H.
perforatum (73.8 + 1.6%). The FRAP assay also demonstrated a greater reducing capacity for H. malatyanum
(315.5 + 8.6 umol Fe?* g™") compared with H. perforatum (269.6 + 7.7 umol Fe?* g™"). In contrast, H. perforatum

exhibited higher total flavonoid content (31.3 + 2.5 mg QE g™') and ABTS radical scavenging activity (57.4 + 1.9%)
than H. malatyanum.
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Table 1. Phytochemical content and antioxidant activities of Hypericum extracts as mean + SD
(n = 3). GAE: Gallic acid equivalents; QE: quercetin equivalents; DPPH: 2,2-diphenyl-1-picrylhydrazyl;
ABTS: 2,2'-azino-bis-3-ethyl-benzothiazoline-6-sulfonic acid; FRAP: ferric reducing antioxidant power.

Total phenolic Total flavonoid
content content DPPH ABTS FRAP
mg GAE g1 mg QE g! % % umol Fez* g1
H. perforatum 216.9+4.4 313+25 73.8+1.6 574+19 269.6+7.7
H. malatyanum 231.4+5.8 18.6+1.0 79.9+0.9 45.8 £0.6 315.5+8.6

The strong reducing capacity of phenolic compounds facilitates the conversion of Ag* ions into metallic Ag
while simultaneously preventing nanoparticle aggregation through surface capping. In particular, hydroxyl
groups donate electrons during the reduction process, thereby promoting nanoparticle formation and
contributing to the production of more stable and biologically active nanoparticles (Srikar et al., 2016).
Therefore, the higher total phenolic content and antioxidant capacity observed in H. malatyanum are likely
responsible for the enhanced biological activity of the corresponding AgNPs.

The antimicrobial activity results (Table 2) demonstrated that AgNPs synthesized from both plant extracts
produced larger inhibition zones than their corresponding crude extracts. The highest antimicrobial activity was
observed for H. malatyanum-derived AgNPs against Bacillus spizizenii, with an inhibition zone of 7.45 + 0.09
mm, whereas the corresponding inhibition zone produced by H. perforatum-derived AgNPs was 4.75 + 0.07
mm. Similarly, H. malatyanum-derived AgNPs exhibited greater antimicrobial activity against Escherichia coli,
Streptococcus pyogenes, Klebsiella pneumoniae, and Candida albicans than those synthesized using H.
perforatum.

Table 2. Antimicrobial activities of crude extracts and biosynthesized AgNPs derived from Hypericum
perforatum and H. malatyanum against selected microorganisms. All assays were performed in
triplicate, and the results are presented as mean + SD. AgNPs: Ag nanoparticles; NA: no activity.

Zone diameter (mm)

Hypericum Hypericum AgNP H. AgNP H.

perforatum malatyanum perforatum malatyanum Cefadroxil
Enterococcus faecalis 2.3+£0.02 2.5+£0.012 3.62 £0.025 4.24 +0.052 10.0+£0.96
Escherichia coli 1.5+0.002 NA 49+0.051 6.05 +0.045 9.5+0.78
Streptococcus pyogenes 3.2 £0.004 2.5+£0.012 4.86 +0.060 3.65+£0.021 9.3+0.83
Pseudomonas aeruginosa NA NA 1.76 £0.011 3.34£0.031 10.5+1.08
Bacillus spizizenii 2.4+0.03 3.1+0.022 3.23+£0.042 7.45 £ 0.087 10.7+1.86
B. subtilis 2.3+0.021 2.5+0.031 3.36 £ 0.044 4.25+0.041 8.5+0.93
Klebsiella pneumoniae 3.1+0.032 4,12 £0.05 4.34 +£0.050 6.15+0.071 11.3+1.56
Staphylococcus aureus 2.3+0.04 NA 4.54 +0.056 5.33+0.051 12.2+1.87
K. aerogenes NA 1.5+0.041 1.7 £0.021 4.65 +0.044 9.54+1.01
Candida albicans NA NA 1.0+0.09 NA NA

The superior antimicrobial activity of AgNPs compared with crude extracts can be attributed not only to the
antimicrobial properties of Ag but also to the synergistic interaction between AgNPs and plant-derived
phytochemicals. Ag nanoparticles attach to the microbial cell wall, disrupt membrane integrity, increase
membrane permeability, stimulate the production of reactive oxygen species (ROS), and inhibit essential
enzymes and DNA replication through the sustained release of Ag* ions, ultimately leading to microbial cell
death. Furthermore, naturally occurring phytochemicals in Hypericum species, including hypericin, hyperforin,
and flavonoids, may further contribute to antimicrobial activity, thereby enhancing the efficacy of
biosynthesized AgNPs (Patra and Baek, 2016).

The minimum inhibitory concentration (MIC) results further supported the disk diffusion findings (Figure 7).
The MIC values of H. perforatum-derived AgNPs ranged from 12.5 to 25 mg mL™, whereas those of H.
malatyanum-derived AgNPs ranged from 6.25 to 12.5 mg mL™". The lowest MIC value (6.25 mg mL™) was
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recorded against Bacillus spizizenii, Streptococcus pyogenes, Enterococcus faecalis, and Klebsiella pneumoniae.
In contrast, the corresponding MIC value for H. perforatum-derived AgNPs against these microorganisms was
12.5 mg mL™". Lower MIC values indicate that microbial growth can be inhibited with lower nanoparticle
concentrations, confirming the superior antimicrobial efficacy of H. malatyanum-derived AgNPs.

Minimum Inhibitory Concentration (MIC) of Biosynthesized AgNPs
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Figure 7. Heatmap showing the minimum inhibitory concentration (MIC) values of biosynthesized
AgNPs derived from Hypericum perforatum and H. malatyanum against selected microorganisms.
Lower MIC values and lighter colors indicate stronger antimicrobial activity. Escherichia coli, Bacillus
subtilis, B. spizizenii, Enterococcus faecalis, Staphylococcus aureus, Pseudomonas aeruginosa,
Klebsiella pneumoniae, K. aerogenes, Streptococcus pyogenes, Candida albicans.

The lower MIC values exhibited by H. malatyanum-derived AgNPs may be attributed to the higher phenolic
content and antioxidant capacity of this species, which promote more efficient reduction and stabilization
during nanoparticle synthesis. Smaller nanoparticles with greater surface reactivity interact more effectively
with microbial cell surfaces, release higher amounts of Ag* ions, and induce stronger oxidative stress, thereby
inhibiting microbial growth at lower concentrations. Similar findings have been reported for AgNPs synthesized
using extracts of Hypericum hookerianum, H. scabrum, Origanum vulgare, and Carduus crispus (Manoj et al.,
2015; Urnukhsaikhan et al., 2021).

Overall, the present study demonstrated that extracts of H. perforatum and the endemic species H.
malatyanum are effective biological resources for the green synthesis of biologically active AgNPs. The higher
phenolic content and antioxidant capacity of H. malatyanum were associated with stronger antimicrobial
activity and lower MIC values of the synthesized AgNPs. These findings demonstrate that phytochemical
composition plays a decisive role in nanoparticle formation and biological performance, highlighting the
potential of endemic plant species as sustainable and eco-friendly bioresources for the development of
antimicrobial nanomaterials with prospective applications in agriculture, food preservation, and biomedicine.

CONCLUSIONS

The results of this study demonstrate that both Hypericum perforatum and the endemic H. malatyanum possess
significant phytochemical potential for the green synthesis of Ag nanoparticles (AgNPs). The obtained Ag-
containing nanoscale structures exhibited predominantly spherical morphology with sizes ranging from 1 to 80
nm. Fourier transform infrared spectroscopy and energy dispersive X-ray spectroscopy analyses indicated the
involvement of plant-derived biomolecules and the presence of Ag, whereas X-ray diffraction patterns revealed
limited crystallinity and a predominantly amorphous structure.

Comparative evaluation revealed that nanoparticles synthesized using H. malatyanum showed stronger
antimicrobial activity and lower minimum inhibitory concentration values against several tested microorganisms
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than those synthesized from H. perforatum. These findings indicate that differences in phytochemical
composition, particularly phenolic and flavonoid content, play a decisive role in nanoparticle synthesis efficiency
and biological performance.

The enhanced antimicrobial activity observed in plant-mediated AgNPs suggests their potential application
as eco-friendly antimicrobial agents. In particular, these results highlight the possible use of such nanoparticles
in agricultural systems for plant disease management and post-harvest protection.

Overall, this study confirms that endemic plant species can serve as effective bioresources for the
development of sustainable nanomaterials with potential applications in agriculture and related fields.
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