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Abstract: The increasing interest in biological synthesis techniques can be attributed to the need for
non-toxic ways to produce nanoparticles. This study investigated the influence of different parameters
on the synthesis of silver nanoparticles (AgNPs) using Hibiscus sabdariffa extract. Several analytical
techniques were used to characterize the synthesized AgNPs. Furthermore, the antimicrobial and DPPH
radical scavenging activities of the AgNPs were evaluated. XRD analysis validated the synthesis of
pure nanosized crystalline silver nanoparticles. At room temperature, as the pH rised during the
synthesis, the size of the nanoparticles decreased. Additionally, pH had the biggest impact on the
distinctive qualities of AgNPs, while extract concentration, metal salt, and pH all affected the
nanoparticles' zeta potential. The synthesized AgNPs showed antibacterial activity against Gram-
positive and Gram-negative bacteria, with the greatest activity observed against Staphylococcus aureus.
AgNPs have been shown to have greater antibacterial activity when synthesized at a pH of 7.5, as
opposed to pH values of 8.5 and 10.5. To sum up, pH played a significant role in the synthesis of AgNPs
and was essential for determining the biological activities of the particles. According to this study, it is
possible to control nanoparticle synthesis parameters for applications in various industries, such as the
food and medical sectors.

Keywords: Hibiscus sabdariffa; silver nanoparticles; synthesis parameters; antibacterial activity;
antioxidant activity.
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1. Introduction

Metal-based nanoparticles (MNPs) have become a significant form of nanomaterials in
a variety of biomedical applications due to the rapid advancement of nanotechnology, including
drug delivery, bioimaging, and tissue engineering due to their unique properties such as
spherical shape, small size, metallic composition, and high surface area [1-4]. Nanoparticles,
particularly silver nanoparticles, have demonstrated significant antimicrobial activity against a
wide range of microorganisms. Furthermore, silver nanoparticles have been recognized for
their effective role in disrupting bacterial membrane permeability [5]. Silver nanoparticles have
been proposed to inactivate respiratory chain dehydrogenases in bacteria by disrupting the
periplasmic space, permeability, and outer peptidoglycan barrier [6]. It has been demonstrated
that smaller-sized nanoparticles have more antibacterial activity against pathogens than larger-
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sized nanoparticles [7]. This could be due to smaller nanoparticles' faster transport into cells
than larger ones [8].

Additionally, smaller-sized AgNPs provide a larger and more ideal surface area for
interaction with various bacterial species [9]. Furthermore, AgNPs can interact with the surface
of bacterial membranes and enter bacterial cells [10]. The antimicrobial activity of AgNPs has
been shown to be derived from the oxidation of released silver atoms and the release of Ag*
ions from the surfaces of AgNPs [11].

Non-toxic and environmentally friendly biological methods have garnered significant
attention recently compared to physicochemical nanoparticle manufacturing techniques [12—
15]. Numerous methods have been developed for the biological or biogenic fabrication of
nanoparticles using metal salts. These approaches involve the utilization of microorganisms,
plant tissues and fruits, plant extracts, and marine algae as sources for the synthesis of
nanoparticles. These biological entities possess inherent capabilities to reduce metal ions and
facilitate the formation of nanoparticles [16-20]. Biological synthesis allows for the precise
control of size and structure and the production of large quantities of nanoparticles with no
environmental impact [21,22]. The use of plant extracts for the synthesis of nanoparticles is
considered a more straightforward and cost-effective approach compared to using plant tissues.
Plant extracts offer a simpler and more affordable method for nanoparticle synthesis when
contrasted with techniques involving microorganisms or whole plants [23]. These advantages
have led to increased interest in nanoparticle synthesis using plant extracts [24,25].

Primary and secondary metabolites comprise a broad range of active phytochemicals
present in plants. Secondary metabolites have a wide range of biologically relevant
characteristics, including potential anticancer activities, antibacterial and antifungal effects,
anti-inflammatory properties, and antioxidant activity. These secondary metabolites are
essential for plant defense mechanisms and have attracted significant interest for their potential
therapeutic uses in various medical and pharmacological sectors [26-28]. The synergy between
the activities of secondary metabolites and metal nanoparticles (MNPs) enhances the
biocompatibility of phyto-MNPs for various biomedical applications [29]. Secondary
metabolites emerge as the principal agents in MNP synthesis, acting as reducing, stabilizing,
and coating agents, reducing metal ions to zero-valent MNPs in a single step. In contrast,
primary metabolites play an important role in production [2,30]. The strong coating of MNPs
ensures their stability against agglomeration and aggregation [31].

The size and shape of nanoparticles can be affected by various chemical and physical
factors. Many studies on nanoparticle synthesis have examined various reaction parameters,
including temperature, pH, incubation time, aeration, salt content, redox conditions, and
agitation speed [32,33]. Variations in the content of plant extracts can affect the amount, size,
shape, distribution, and aggregation of phyto-MNPs. A decrease in the plant extract
concentration results in the formation of larger-sized nanoparticles, while increasing in
concentration leads to smaller, spherical, isotropic, well-dispersed, and agglomeration-free
phyto-MNPs [34,35]. The distribution and size of phyto-MNPs can be affected by external
elements such as light, pH, and oxygen, which can also affect the effectiveness of the active
ingredients. The zeta potential, size, and intensity of the SPR peak of phyto-MNPs are all
affected by pH, which also has an impact on the reducing ability of phyto-components, the
release of protons from the surface of NPs, and other variables [36].

This research aimed to produce silver nanoparticles utilizing the extract obtained from
the plant Hibiscus sabdariffa. The synthesized nanoparticles were subjected to a
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comprehensive characterization process involving several spectroscopic and microscopic
techniques. The study focused on examining the influence of various synthesis parameters on
the distinctive properties of the nanoparticles, as well as their antimicrobial and antioxidant
activities.

2. Materials and Methods

2.1. Preparation of the plant extract.

The plant sample (Hibiscus sabdariffa L.) used for the synthesis of silver nanoparticles
was supplied by Dogan Baharatcilik. The plant sample was first ground in a grinder for
approximately 10 min. Then, 5 g of the ground plant material was weighed and mixed with 100
mL of distilled water. To obtain the aqueous extract of the plant, the mixture was placed in a
water bath at 80°C and gently stirred at 5-minute intervals for 2 h. Then, the mixture was
filtered using a paper filter to separate it from the residue. The filtration process was repeated
twice to remove large particles from the extract completely. The prepared extract was stored in
bottles, with no contact with air, at +4°C in refrigerators.

2.2. Synthesis of silver nanoparticles.

The synthesis of silver nanoparticles (AgNPs) involved the investigation of various
parameters, including pH, temperature, AgNOs concentration, extract concentration, and
incubation time. To synthesize AgNPs, the aqueous solution of AgNOs (300 mL) was mixed
with Hibiscus sabdariffa L. plant extract in a suitable bottle. The mixture was agitated at 1200
rpm using a shaker, and UV-Vis spectrophotometry measurements were taken at regular
intervals. The reduction of silver ions resulted in a color change from red to dark brown in the
solution. Subsequently, the dark-colored solution was centrifuged at 9000 rpm at 4°C for 15
min. to separate the upper liquid phase. Then, centrifugation was repeated three times to wash
the solution using distilled water. The obtained solid portion was stored at +4°C for further
characterization of the AgNPs.

2.3.Characterization of silver nanoparticles.

The characterization of AgNPs involved the use of various analytical instruments. The
UV-Vis spectra of AgNPs were recorded using a Cary 60 UV-Vis spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA) in the 200 to 800 nm wavelength range. The obtained
data were analyzed and plotted using Origin 8.5 software (OriginLab, Northampton, MA,
USA). Fourier transform infrared (FTIR) spectroscopic analysis was conducted using a
Shimadzu IR Prestige-21 FTIR-ATR spectrometer to confirm the functional groups involved
in synthesizing and stabilizing AgNPs with capping agents. The AgNPs powder was subjected
to X-ray diffraction analysis using an X-ray diffraction system (PANalytical Empyrean model,
UK)) with CuKa radiation (k=1.54 A). The XRD pattern was examined with a step size of
0.02, covering the 26 range from 10° to 80°. The polydispersity index, hydrodynamic size, and
charge of the particles were determined using dynamic light scattering (DLS) and zeta potential
measurements performed with a Malvern instrument (Zetasizer nano ZS, Malvern Instruments,
UK). To prepare the AgNP suspension for DLS and zeta potential analysis, the particles were
obtained by centrifugation, washing, and subsequent sonication for 30 min. at 25°C in ddH20.
For TEM analysis, a diluted solution of silver nanoparticles was dropped onto a carbon-coated
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copper grid. The samples were then air-dried at room temperature for 24 hours before being
examined using a JEOL electron microscope (JEOL 200 FX-I1) to observe the nanoparticle
morphology. Scanning electron microscopy (SEM) was used for morphological studies, and
energy-dispersive X-ray analysis (EDX) with a FESEM instrument (JEOL JSM-7400F,
Tokyo, Japan) was performed to analyze the composition and verify the size and shape of the
AgNPs.

2.4. Evaluation of the antimicrobial activity for silver nanoparticles.

Microorganism cultures of Staphylococcus aureus (S. aureus), Bacillus cereus (B.
cereus), Salmonella typhimurium (S. typhimurium), Enterococcus faecalis (E. faecalis),
Pseudomonas aeruginosa (P. aeruginosa), Escherichia coli (E. coli), Bacillus subtilis (B.
subtilis), and Aspergillus niger (A. niger) were obtained in lyophilized form. Mueller Hinton
Agar (MHA) supplemented with 2% glucose was prepared to determine the antibacterial and
antifungal activity. The suspension turbidity of the tested isolates was adjusted to the equivalent
of the McFarland 0.5 standard. After homogenization by shaking the liquid cultures,
approximately 100 pL volume was poured onto the entire surface of a petri dish and spread
using a Drigalski Spatula to ensure even distribution. Wells with a diameter of 7 mm were
created in the MHA agar plates, and 50 puL of nanoparticle solution was added to each well.
The zone diameters formed around the wells were measured millimeters after 24 h of
incubation at 37°C and evaluated. The experiments were performed in triplicate.

2.5.DPPH radical scavenging activity of Hs-AgNPs.

Utilizing 96-well microplates, the DPPH radical scavenging activity was carried out.
After making a DPPH radical solution in methanol, 100 pL of this solution was poured into
each well. AgNPs and ascorbic acid were added to the wells at a concentration of 400 pg/mL.
The reaction mixture was then thoroughly combined and left to stand at room temperature for
30 minutes in the dark. The absorbance was then measured spectrophotometrically at 517 nm.
The decrease in absorption was determined by comparing it with the control. The radical
scavenging activity of AgNPs was calculated using the following formula [1].

Abs control—Abs sample

DPPH scavenging ef ficiency (%) = x 100 [1]

Abs control

3. Results and Discussion

3.1. Synthesis of silver nanoparticles.

Silver nanoparticles (AgNPs) were synthesized by combining a silver nitrate solution
with plant extract. As the reaction progressed, the color of the solution transitioned from yellow
to reddish-brown, indicating the successful formation of AgNPs. This color change is attributed
to surface plasmon resonance, where the nanoparticles absorb and scatter light at specific
wavelengths. To further characterize the synthesized AgNPs, absorption spectra were obtained
using a UV-Vis spectrophotometer at regular 15-minute intervals. The synthesis parameters
employed in this investigation, including variations in plant extract concentration, reaction
time, and other factors, were deliberately chosen to examine their impact on the formation and
properties of the AgNPs. An overview of the synthesis parameters utilized in this study is given
in Table 1.
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Table 1. Synthesis parameters of the silver nanoparticles.
Sample No. pH Temperature AgNOs concentration Plant extract

Hs-AgNPs-1 7.5 25°C 1 mM 30 mL
Hs-AgNPs-2 8.5 25°C 1mM 30 mL
Hs-AgNPs-3 8.5 25°C 2mM 30 mL
Hs-AgNPs-4  10.5 25°C 2mM 30 mL
Hs-AgNPs-5 7.5 50 °C 1mM 30 mL
Hs-AgNPs-6 8.5 50 °C 1mM 15mL
Hs-AgNPs-7 8.5 50°C 1 mM 30 mL
Hs-AgNPs-8  10.5 50 °C 1 mM 30 mL

The effect of pH, temperature, AgNOs concentration, and extract concentration on the
synthesis of nanoparticles was investigated. Three different pH values (7.5, 8.5, and 10.5) were
utilized to examine their influence on nanoparticle formation. The temperature variation was
evaluated by conducting the nanoparticle synthesis at 25°C and 50°C. Different concentrations
of AgNO:s (1 and 2 mM) were employed to investigate the effect of metal ion concentration on
nanoparticle synthesis. Two different extract concentrations (15 mL and 30 mL) were selected
to assess their impact on nanoparticle synthesis. Eight different synthesis environments were
prepared to explore the combined effects of these parameters on nanoparticle synthesis. After
the reactions, the samples were centrifugated and washed three times to remove any impurities
or unreacted materials.

3.2. UV-Vis analysis of silver nanoparticles.

This study investigated the synthesis of Hs-AgNPs under various conditions, and UV-
Vis analysis was performed (Figure 1).
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Figure 1. UV-Vis absorbance spectra of (a) Hs-AgNPs-1; (b) Hs-AgNPs-2; (¢) Hs-AgNPs-3; (d) Hs-AgNPs-4;
(e) Hs-AgNPs-5; (f) Hs-AgNPs-61 (g) Hs-AgNPs-7; (h)Hs-AgNPs-8.

UV-Vis spectrum analysis revealed distinct peak values and corresponding
wavelengths for each sample. Hs-AgNPs-1 exhibited the highest peak value at a wavelength of
420 nm after 24 h, while Hs-AgNPs-2 and Hs-AgNPs-3 showed the highest peak values at
wavelengths of 417 nm and 418 nm, respectively, after 320 min. Hs-AgNPs-4 displayed the
highest peak value at a wavelength of 402 nm after 180 min. Furthermore, the impact of
temperature on synthesis was explored, with Hs-AgNPs-5 synthesized at 50°C displaying the
highest peak value at 427 nm after 150 minutes, indicating a decrease in synthesis time with
increasing temperature. Hs-AgNPs-6, Hs-AgNPs-7, and Hs-AgNPs-8 exhibited the highest
https://nanobioletters.com/ 50f 17


https://doi.org/10.33263/LIANBS142.057
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS142.057

peak values at wavelengths of 426 nm, 428 nm, and 420 nm, respectively, after 120 min. During
the synthesis process, the UV-Vis spectrum changes were monitored at 15-minute intervals,
and the synthesis was terminated when the peak value reached a certain level.

3.3. Characterization of silver nanoparticles by FTIR, XRD, and EDX analysis.

The FTIR analysis was conducted to determine the functional groups present in silver
nanoparticles (Hs-AgNPs), as depicted in Figure 2a. The spectrum revealed several significant
peaks that provide insights into the composition of the nanoparticles. The strong and broad
peak observed at 3369 cm™ corresponds to the combined vibration frequency of the -OH and -
NH2 groups [37]. This indicates the presence of hydroxyl and amino groups, which are likely
involved in the synthesis of AgNPs. The peak at 2112 cm™ can be attributed to the C-H bond
[38], suggesting the presence of organic compounds in the nanoparticle structure. Another
prominent peak observed at 1643 cm™ is indicative of C=C stretching. The peak at 1537 cm™
also represents the amide Il bands, which arise from the combination of C-N stretching and N-
H bending. These two peak values were found to be consistent across all nanoparticles,
indicating the presence of specific functional groups in the Hs-AgNPs. Minor variations were
observed in other bands, suggesting the presence of additional functional groups or slight
structural differences among the nanoparticles. For instance, the band at 1039 cm represents
the presence of alcohols, ethers, and carboxylic acids, indicating the involvement of these
compounds in the synthesis process [39]. Based on these findings, it can be inferred that the
formation of Ag nanoparticles is likely dependent on the reduction of hydroxyl groups present
in phytochemicals. Furthermore, the stabilization of AgNPs may be facilitated by the presence
of amino acids and proteins in the plant extract [40]. These functional groups and compounds

contribute to the synthesis and stability of Hs-AgNPs.
a b

Intensity (a.u.)

2 theta (degree)

Figure 2. (a) Graphical representation from Infrared spectrum analysis; (b) XRD pattern of synthesized silver
nanoparticles.

X-ray diffraction (XRD) technique was employed to determine the crystalline structure
and elemental composition of Hs-AgNPs (Figure 2b). The XRD spectrum of the prepared
AgNPs exhibited four diffraction bands at 20 = 38.13, 44.30, 64.49, and 77.40, corresponding
to characteristic Bragg diffraction planes (111), (200), (220), and (310), respectively. These
diffraction peaks revealed the crystalline nature of silver nanoparticles. These specific
diffraction planes indicate the presence of well-defined crystallographic orientations in the
AgNPs.

The FESEM was used to analyze nanoparticle sizes and shapes (Figure 3).
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Figure 3. (a) FESEM image; (b) Energy-dispersive X-ray spectrometric pattern of synthesized silver
nanoparticles.

The FESEM-EDX analysis shown in Figure 3b indicated the presence of a significant
silver content. The EDX image of the synthesized AgNPs exhibited strong signals of the silver
element. Additionally, the peak point of silver metal in the EDX measurement was detected in
the range of ~3—4 Kev, which is typically attributed to the optical absorption of silver
nanoparticles due to their SPR (surface plasmon resonance) [41,42]. The EDX analysis
revealed that the silver content accounted for approximately 78% of the composition. This high
silver content confirms the successful synthesis of AgNPs and their purity.

3.4. Analysis of size and zeta potentials of silver nanoparticles.

The synthesis of Hs-AgNPs was investigated under various conditions, and the results
were analyzed regarding nanoparticle size and polydispersity index (PDI). Hs-AgNPs-1
exhibited an average nanoparticle size of 60.28 nm with a PDI value of 0.364 (Figure 4a).
Changing the pH in Hs-AgNPs-2 to 8.5 decreased nanoparticle size to 34.31 nm but with a
higher PDI value of 0.537 (Figure 4b). Increasing the AgNOs concentration in Hs-AgNPs-3 to
2 mM further reduced the nanoparticle size to 29.95 nm, with a PDI value of 0.534 (Figure 4c).
Hs-AgNPs-4, synthesized at a pH of 10.5, showed a slight decrease in average nanoparticle
size to 28.71 nm (Figure 4d). The results indicated that the nanoparticle size decreased under
room temperature synthesis conditions as the pH increased. In Hs-AgNPs-5, the only parameter
that was changed from Hs-AgNPs-1 was the synthesis temperature, which was set at 50 °C. It
was observed that the average nanoparticle size was 56.90 nm (Figure 4e). This result indicated
that the temperature change, even with a slight decrease, reduced the nanoparticle size under
pH 7.5. The PDI value for these nanoparticles was determined to be 0.296. This result indicated
that the PDI values for Hs-AgNPs-1 and Hs-AgNPs-5 at pH 7.5 were lower, suggesting a more
homogeneous size distribution of the nanoparticles. Nanoparticles with PDI values lower than
0.3 are expected to be more stable and exhibit a more homogeneous morphology, closely
related to zeta potential [43]. Hs-AgNPs-6, synthesized at pH 8.5 and 50°C with a decreased
plant extract concentration, exhibited an average nanoparticle size of 30.57 nm and a PDI value
of 0.520 (Figure 4f). Increasing the plant extract concentration in Hs-AgNPs-7 resulted in a
slight increase in nanoparticle size (32.38 nm) and a PDI value of 0.504 (Figure 4g). Finally,
in Hs-AgNPs-8, synthesis at pH 10.5 and 50°C yielded a smaller nanoparticle size of 22.48 nm
but with a higher PDI value of 0.571(Figure 4h). These results indicate that pH, AgNO3
concentration, temperature, and plant extract concentration play significant roles in
determining the size and homogeneity of the synthesized Hs-AgNPs.
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Figure 4. Size distribution of (a) Hs-AgNPs-1; (b )Hs-AgNPs-2; (c) Hs-AgNPs-3; (d) Hs-AgNPs-4; (e) Hs-
AgNPs-5; (f) Hs-AgNPs-6; (g) Hs-AgNPs-7; (h) Hs-AgNPs-8.

DLS studies are primarily used to determine the particle size distribution and obtain the
average hydrodynamic diameter of the samples [44]. The DLS size distribution analysis
demonstrated that the pH, temperature, and AgNOs concentration significantly impacted the
average size distribution of AgNPs during the synthesis process using H. sabdariffa extract,
consistent with previous studies [43,45]. In the study conducted by Nouri et al. (2020), silver
nanoparticles were synthesized using Mentha aquatica leaf extract to obtain ultra-small Ag
nanoparticles [46]. Their study investigated the synthesis parameters such as pH, AgNO3
concentration, and volume ratio of AgNOs solution to Mentha aquatica leaf extract for their
effects on nanoparticle synthesis. Their results showed that a pH value of 9.5 yielded the best
results in terms of nanoparticle synthesis. They found that the optimal volume ratio of AgNO3
solution to Mentha aquatica leaf extract was 1:1. They also observed that increasing the
reaction temperature led to a decrease in nanoparticle size and a faster reaction rate by
indicating that the sample synthesized at room temperature (25°C) exhibited a high degree of
nanoparticle monodispersity [46].

The zeta potentials of the synthesized nanoparticles were analyzed in Figure 5.
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Figure 5. Zeta potential analysis of (a) Hs-AgNPs-1; (b )Hs-AgNPs-2; (¢) Hs-AgNPs-3; (d) Hs-AgNPs-4; (e)
Hs-AgNPs-5; (f) Hs-AgNPs-6; (g) Hs-AgNPs-7; (h) Hs-AgNPs-8.

For Hs-AgNPs-1, the zeta potential was determined to be -17.2. With an increase in pH,
the zeta potential value for Hs-AgNPs-2 increased to -23.7, indicating the influence of pH on
the zeta potential. For Hs-AgNPs-3, at pH 8.5, an increase in AgNOs concentration resulted in
a zeta potential value of -15.0, highlighting the significant impact of AgNOs concentration on
the zeta potential. Hs-AgNPs-4, with a pH of 10.5, exhibited a further decrease in zeta potential
to -18.0 compared to Hs-AgNPs-3. When examining the zeta potential values at 50°C, Hs-
AgNPs-5 showed a zeta potential of -17.1, like Hs-AgNPs-1, suggesting that temperature had
a minimal effect on the zeta potential under pH 7.5. For Hs-AgNPs-6, the zeta potential was -
23.2, while for Hs-AgNPs-7, it was -21.2, indicating that changes in pH decreased the zeta
potential compared to Hs-AgNPs-5.

Additionally, a slight increase in zeta potential was observed or Hs-AgNPs-7 compared
to Hs-AgNPs-6, attributed to the change in plant extract concentration. For Hs-AgNPs-8, at pH
10.5, the zeta potential was -22.7, showing a decrease compared to Hs-AgNPs-4. These results
confirm the influence of pH on the zeta potential, as previously reported [47-49].
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3.5. Shape analysis of silver nanoparticles by STEM.

In addition to the size analysis, the samples were also analyzed using a scanning
transmission electron microscope (STEM) (Figure 6 and Figure 7).

a b
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Mag = 450,00 KX WO = 29 mm Mag = 450 00K X

Figure 6. STEM images of (a) Hs-AgNPs-1; (b) Hs-AgNPs-2; (c) Hs-AgNPs-3; (d) Hs-AgNPs-4 synthesized at
25°C.
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Figure 7. STEM images of (a) Hs-AgNPs-5; (b) Hs-AgNPs-6; (c) Hs-AgNPs-7; (d) Hs-AgNPs-8 synthesized at
50°C.
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The shape analysis revealed that Hs-AgNPs-1, synthesized at pH 7.5, exhibited a more
homogeneously distributed morphology, with the nanoparticles mostly appearing spherical.
However, Hs-AgNPs-5 showed diversity in terms of shape. The STEM analysis provided
visual confirmation of the size and shape of the synthesized silver nanoparticles. The observed
spherical shape suggests the stability and uniformity of the nanoparticles. The variation in
inhomogeneity and shape with changes in pH and synthesis conditions emphasizes the
importance of controlling these parameters to achieve the desired characteristics of the
nanoparticles. The STEM analysis supports the size and shape analysis findings, providing
valuable insights into the morphology of the silver nanoparticles synthesized in this study.

3.6. Antimicrobial activity of synthesized silver nanoparticles.

The antimicrobial activity of silver nanoparticles (AgNPs) synthesized at 200 pg/mL
concentration was evaluated using agar diffusion. The results showed that the synthesized
AgNPs exhibited significant antibacterial and antifungal effects against various
microorganisms (Table 2).

Table 2. Inhibition zones (diameter) in mm of the silver nanoparticles against tested bacterial strains by agar
diffusion method.

Microorganisms

Samples S.aureus | B.cereus E._coli .S'. P.‘ B. subtilis | E. faecalis | A. niger
typhimurium | aeruginosa

Hs-AgNPs-1 | 18.77+0.59 | 12.91+0.58 |11.58+0.43| 13.73+1.17 | 12.36+0.62 | 14.03+0.43 | 15.14+0.24 | 16.67+0.72
Hs-AgNPs-2 | 18.72+0.53 | 12.47+0.73 |11.90+0.62| 13.91+0.56 | 12.89+0.82 | 14.09+0.29 | 13.77+0.71 | 13.02+0.35
Hs-AgNPs-3 | 18.96+0.60 | 13.52+0.13 [12.67+0.65| 13.97+0.74 | 12.56+0.35 | 14.44+0.56 | 14.17+0.43 | 12.38+1.25

Hs-AgNPs-4 — — — - — — - -
Hs-AgNPs-5 | 18.29+0.86 | 13.05+£1.13 [10.74+0.41| 13.93+0.64 | 12.49+0.34 | 13.54+0.59 | 15.04+0.70 | 13.42+0.40
Hs-AgNPs-6 | 8.95+0.48 - 10.44+0.11| 11.71+0.70 - - 10.72+0.94 —
Hs-AgNPs-7 | 9.69+0.18 | 9.73+0.71 [11.69+0.92| 12.88+0.25 | 10.06+0.42 — 10.88+0.46 -
Hs-AgNPs-8 - - - - - - - -

The — Denotes no antibacterial activity. Individual data points were expressed in the form of mean + standard
deviation (mean + SD).

Hs-AgNPs-3 consistently demonstrated the highest activity against Staphylococcus
aureus, Bacillus cereus, Escherichia coli, Salmonella typhimurium, Bacillus subtilis, and
Enterococcus faecalis, with inhibition zone values ranging from 8.95 + 0.48 to 18.95 + 0.59.
In contrast, Hs-AgNPs-4 and 8 did not show any activity at this concentration. The observed
variation in antimicrobial activity among different samples can be attributed to several factors,
including pH, temperature, and extract concentration. Nanoparticles synthesized at room
temperature and pH 7.5 and 8.5 generally exhibited better activity compared to those
synthesized at pH 10.5. Among the nanoparticles synthesized at high temperatures, Hs-AgNPs-
3 at pH 7.5 showed the highest activity. This suggests that the synthesis conditions, particularly
the pH, play a crucial role in determining the antimicrobial efficacy of the nanoparticles. In the
case of Bacillus cereus, Hs-AgNPs-1, 2, 3, and 5 showed similar antibacterial activity, while
an increase in extract concentration resulted in antibacterial activity in Hs-AgNPs-7. However,
Hs-AgNPs-6 did not show any activity against Bacillus cereus. Hs-AgNPs-4, 6, and 8 exhibited
no activity against the respective microorganisms. Similar trends were observed in the
antibacterial activity against Escherichia coli, Salmonella typhimurium, Pseudomonas
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aeruginosa, and Bacillus subtilis. Hs-AgNPs-3 consistently showed the highest activity, while
Hs-AgNPs-4 and 8 did not exhibit any activity against these microorganisms. In the case of
Enterococcus faecalis, Hs-AgNPs-1 and 5 synthesized at pH 7.5 showed the highest inhibition
zones, while Hs-AgNPs-4 and 8 did not show any activity. Regarding antifungal activity
against Aspergillus niger, Hs-AgNPs-1 exhibited the highest activity with an inhibition zone
value of 16.14 £ 0.72 mm. Nanoparticles synthesized at pH 7.5 showed the highest antifungal
activity, while Hs-AgNPs-4, 6, 7, and 8 did not exhibit any antifungal activity.

Previous studies have successfully demonstrated the synthesis of silver nanoparticles
using the plant extract. One study utilized the leaf extract of Hibiscus cannabinus for the
synthesis of silver nanoparticles. The effects of different concentrations of H. cannabinus leaf
extract, metal ion concentrations, and reaction times on the synthesis of nanoparticles were
evaluated. Additionally, they showed that the silver nanoparticles exhibited antimicrobial
activity against Escherichia coli, Proteus mirabilis, and Shigella flexneri [50]. In another study,
silver nanoparticles were synthesized at room temperature using the leaf extract of Hibiscus
sabdariffa. The nanoparticles exhibited a distribution of various shapes and sizes ranging from
approximately 5 nm to 60 nm [51]. In the study conducted by Manosalva et al. (2019), silver
nanoparticles were successfully synthesized using Galega officinalis extract and AgNOs [43].
The optimization of the synthesis process of AgNPs showed that pH and AgNOs concentration
significantly impacted the average size distribution of the nanoparticles. The variation of
reaction parameters during the biosynthesis process led to forming AgNPs with different
activities against Escherichia coli, Staphylococcus aureus, and Pseudomonas syringae.
Particularly, they showed that AgNPs with a low size distribution demonstrated high efficacy
against pathogenic microorganisms [43].

The findings of this study were consistent with previous research, which suggests that
the initial pH of the medium, surface area, and shape of the nanoparticles play important roles
in their antimicrobial activity. The results highlight the potential of silver nanoparticles as
effective antimicrobial agents. All in all, the synthesized silver nanoparticles demonstrated
significant antimicrobial activity against various microorganisms. The findings suggest that the
synthesis conditions, particularly the pH, play a crucial role in determining the antimicrobial
efficacy of the nanoparticles [52]

3.7. DPPH radical scavenging activities of synthesized silver nanoparticles.

The DPPH radical scavenging activities of the synthesized AgNPs at a concentration of
400 pg/mL were shown as percentage (%) values in Figure 8.

Ascorbic acid was used as a control. Sample 1 exhibited the highest antioxidant activity
with a radical scavenging activity of 70.05 + 2.88%. It was found that AgNPs synthesized at
pH 7.5 showed higher activity compared to nanoparticles synthesized under other conditions.
The DPPH radical scavenging assay is commonly used to evaluate the antioxidant activity of
nanoparticles[53,54]. The results of this study demonstrated that the synthesized AgNPs
possess significant antioxidant activity. Sample 1 exhibited the highest radical scavenging
activity, indicating its potential as an effective antioxidant.

The observed higher activity of AgNPs synthesized at pH 7.5 suggests that the synthesis
conditions, particularly the pH, play a crucial role in determining the antioxidant efficacy of
the nanoparticles. These findings were consistent with previous research, which has reported
the antioxidant activity of silver nanoparticles synthesized under different conditions.
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Figure 8. DPPH radical scavenging activity of silver nanoparticles synthesized using Hibiscus sabdariffa
extract.

In the study conducted by J. Singh and Dhaliwal (2019), silver nanoparticles were
synthesized using the toxic root extract of Nepeta leucophylla [55]. The effects of various
synthesis parameters, such as root extract concentration, incubation time, temperature, and
reaction pH, on the synthesis of silver nanoparticles were investigated in their study. They
determined the optimized synthesis parameters with the optimum concentration of N.
leucophylla root extract, which was found to be 20 mg/mL. They found that the silver
nanoparticles synthesized at this concentration, using 1 mM silver nitrate at pH 9 and 50°C for
50 minutes, exhibited maximum antioxidant activity with a DPPH radical scavenging activity
of 79.41 + 0.004 at a concentration of 250 pg/mL [55]. This study suggests that the synthesis
conditions, particularly the pH, influence the antioxidant efficacy of the nanoparticles.

4. Conclusions

The results showed that the wavelength of the nanoparticles decreased as the pH
increased, as observed in the UV-Vis analysis. FTIR analysis indicated the role of
phytochemicals in forming the nanoparticles and their potential involvement in stabilizing
AgNPs. DLS analysis revealed the presence of highly homogeneous silver nanostructures at
pH 7.5. The particle size of the nanoparticles decreased as the pH increased under room
temperature synthesis conditions. Similarly, the nanoparticles’ zeta potential was influenced by
pH, AgNOs concentration, and extract concentration. The results of the zeta potential
measurements provided insights into the surface charge, distribution, and stability of the
AgNPs. Temperature was identified as another important factor in the synthesis of silver
nanoparticles, as it controls the reaction Kinetics of the synthetic process. The impact of
temperature was examined by running the nanoparticle synthesis reaction at 50°C and room
temperature. Among the synthesis parameters, the pH was found to have the most significant
effect on the characteristic properties of the nanoparticles. The antimicrobial study further
revealed that the synthesized nanoparticles (Hs-AgNPs) were effective against Gram-positive
and Gram-negative bacteria. The highest activity was observed against Staphylococcus aureus,
https://nanobioletters.com/ 13 of 17
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suggesting potential applications in pharmacology and medicine. Generally, samples
synthesized at lower pH values exhibited good antibacterial activity, while no antimicrobial
activity was observed at pH 10.5.

Additionally, the extract concentration was found to influence the antibacterial efficacy.
Overall, the results indicate that the reaction parameters significantly impact all the evaluated
properties. From these findings, it can be concluded that the synthesis parameters of AgNPs
play a crucial role in determining their characteristics, including size distribution,
agglomeration, morphology, and biological activities.
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