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ARTICLE INFO ABSTRACT

Keywords: The biosynthesis of silver nanoparticles from ginger extract is particularly interesting due to the
Bentong ginger bioactive compounds present in ginger, which have antioxidant, antimicrobial, and anti-
Characterization

inflammatory properties. The study aims to optimize, characterize, and evaluate the toxicity
value of the biosynthesized silver nanoparticles using Bentong ginger (Zingiber officinale) rhizome
Optimization extract and commercialized ginger powder extract as reducing and capping agents. The synthesis
Silver nanoparticles was optimized regarding pH, silver nitrate concentration, and incubation time for better yield and
Zingiber officinale stability. Additionally, biosynthesized silver nanoparticles were characterized using UV-vis
spectrophotometer, X-ray diffraction, Fourier-transform Infrared, and Transmission Electron
Microscope analysis. Cytotoxicity test was done using brine shrimp lethality test to determine
toxicity value. The result for both Bentong ginger rhizome extract and commercialized ginger
powder extract indicated that the maximum absorption of biosynthesized silver nanoparticles was
450 nm, with the most optimum pH of 11, 1 mM of silver nitrate concentration, and incubation
time of 24 h. The nanoparticles were almost spherical, with an average particle size of 15.08 + 6
nm. The analysis confirms the presence of phytochemicals in the ginger extract that aids in
reducing silver ions into silver nanoparticles. Brine shrimp lethality assay showed the LCsq for
AgNPs was medium toxic at 838.31 pg/mL. Although silver nanoparticles possess antimicrobial
ability, the potential toxicity to human health and environmental concerns must be considered
before deploying into food industries. This is the first report utilizing Bentong ginger in silver
nanoparticle synthesis.

Ginger powder
Green synthesis

1. Introduction

Nanotechnology has been gaining significant attention for a few decades, with nanoparticle biosynthesis being a critical area of
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research [1]. Nanoparticles (NPs) are building blocks of nanotechnology ranging from 1 to 100 nm in diameter. It has been helpful in
many areas due to its size, catalytic ability, stability, and antimicrobial behavior [2]. Small size provides a larger surface area relative
to the volume, making them suitable for use in diversified fields. Nanomaterials comprise different shapes, such as nanorods, nano-
particles, and nanosheets, characterized by their dimensionality. Nanomaterials with zero dimension are known as nanoparticles [3].
There are five types of intentionally produced nanomaterials: carbon-based, metal oxides-based, dendrimers, nanocrystals, and
nanocomposites [4]. Metal-based NPs like zinc, copper, silver, gold, palladium, and platinum have more advantages than others as
they have higher surface area and good adsorption ability of small molecules, which are more commonly used as nanotechnology
consumer products [5]. Silver nanoparticles (AgNPs) are extensively studied among all metals due to their substantial antimicrobial
activities [6]. Besides that, AgNPs are known for their adaptable properties, and improved physical, chemical, and biological prop-
erties, which has caused them to be widely used in numerous industries [7].

Due to its versatility, NPs are appealing and used in many industries. As a new approach, NPs are used in cleaning up the envi-
ronment as they enhance various chemical reactions through catalytic activity [8]. Nowadays, NPs are also extensively used in the
medical field for various applications. Due to their smaller size, NPs are encapsulated in anticancer drugs, which can directly deliver to
targeted cancer cells without harming healthy cells [9]. Besides that, metal NPs are used as biosensors in medical facilities to aid in the
early detection of tumors and to monitor markers [10]. NPs are utilized against multidrug-resistant pathogens as an alternative to
antibiotics. Metal NPs have multiple mechanisms to inhibit pathogens, including adhesion to the cell membrane, production of
reactive oxygen species (ROS), cell penetration, and cell signaling modulation [11]. Beyond medicinal applications, NPs are also used
in electronic technologies. Quantum dots, commonly known as semiconductor particles, are incorporated in solar cells to enhance
optical properties in electronics [12]. NPs are also used in semiconductor devices such as lasers and diodes to improve thermal stability
[13], as sensors in controllers, protective coating in devices, and as batteries as they are versatile and stable [14,15]. Although NPs are
newly introduced in food industries, research is needed to ensure their safety. It is now used as an antimicrobial agent to inhibit food
spoilage and extend the shelf life of food [16]. Besides, NPs are incorporated as packaging materials that can monitor and enhance food
conditions [17]. They are also utilized as nanosensors to detect even small concentrations of food hazards, including toxins, pathogens,
and metals in foods [18]. As an environmental remediation, silver nanoparticles are used to treat wastewater that exhibits significant
photocatalytic activity [19] and combined with oxides to purify air up to 98% from secondary pollution of bacteria and fungi [20].

Generally, metal NPs can be synthesized under three categories: physical, chemical, and biological. The biological method is
preferred since it is cheaper and more affordable. These categories are made up of either of two approaches: top-down and bottom-up
approaches [21]. However, utilizing NPs in physical and chemical methods often involves harsh chemicals, creating waste, hazardous
risks to the ecosystem, and environmental effects [22]. Most of the procedures are time-consuming, tedious, and involve expensive
materials. As a promising alternative, the biological method, also known as the green synthesis method, was more compatible with
synthesizing nanoparticles. In the biological approach, bio-waste, microorganisms, and plant extracts are three types of medium
commonly used. Plant extracts are preferable as they produce a faster and safer synthesis process, resulting in non-toxic derivatives
[23]. Plant extracts used with AgNPs through biological processes act as reducing agents during synthesis [24]. It is more environ-
mentally friendly and cost-effective than chemical methods [25].

As a part of the analysis, one variable at a time (OVAT) systematic approach is used for optimization analysis. OVAT is used to
evaluate the impact of individual tested variables to enhance the clarity and precision of significant factors. The variables include pH,
temperature, silver nitrate and plant extract concentration, incubation time, and agitation [26]. In this study, pH, concentration of
silver nitrate, and incubation time were studied for optimization analysis, and UV-visible spectroscopy, Fourier-Transform Infrared
(FTIR), X-ray Diffraction (XRD), and Transmission Electron Microscope (TEM) techniques were used for characterization determi-
nation. This approach was complemented with statistical analysis to avoid overlooking interactions between variables.

Ginger, scientifically known as Zingiber officinale, is a popular spice in the culinary and medicinal fields due to its vast bioactive
compounds [27]. Gingerols, shogaols, zingiberene, flavonoids, and phenolics have been found to possess antioxidant, antimicrobial,
and anticancer properties, which makes them an excellent option to be used in biosynthesizing silver nanoparticles. The pharmaco-
logical benefits of ginger are broad, as it has been used widely since ancient times. Ginger has a significant anti-inflammatory effect
that benefits in controlling osteoarthritis and rheumatoid arthritis [28]. Ginger has high antioxidant properties that help neutralize
free radicals in the body by reducing chronic illness tendencies and oxidative stress [29]. In addition, ginger has been scientifically
proven to aid in cancer treatments by inhibiting cancer cell proliferation, inducing apoptosis, and enhancing chemotherapy drugs’
effectiveness [30]. Zingiber officinale [31], Zingiber zerumbet [32], and Zingiber cassumunar [33] are some of the ginger species that have
been reported to have effective antimicrobial properties. Zingiber officinale Roscoe var. Bentong is a species of ginger grown explicitly in
the Bentong area in Malaysia. It is always high in demand compared to ginger grown in other countries due to its better quality [34].
Although many reports have been established utilizing other species of ginger, this is the first report of utilizing Bentong ginger in
synthesizing, optimizing, characterizing and determining the toxicity level. Thus, this study aims to optimize, characterize, and
determine the toxicity level of the silver nanoparticles biosynthesized with commercialized powdered and Bentong rhizome ginger
extract.

2. Materials and methods

Fresh rhizomes of Zingiber officinale were bought from a plantation located in Bentong, Malaysia. AgNO3 was purchased from Sigma-
Aldrich, Darmstadt, Germany.
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2.1. Preparation of rhizome extract of Z. officinale

Fresh Bentong ginger rhizomes were collected, cleaned, and shade-dried. Then, the dried rhizomes were powdered using a grinder
and sieved before the extract was stored in an airtight container. 25 g of ginger extract was mixed thoroughly with 250 mL of distilled
water (1:10 w/v). The mixture was then boiled at 35 °C for 30 min using a water bath and cooled at room temperature. The mixture was
then filtered with Whatman filter paper. The aqueous ginger extract was stored at 5 °C for future use.

2.2. Preparation of commercialized Z. officinale ginger extract

Commercially prepared 100 g of Bentong ginger powder was bought from a local shop at Bentong, Pahang. 25 g of the ginger powder
was mixed thoroughly with 250 mL of distilled water before boiling at 35 °C for 30 min in a water bath. Then, the mixture was cooled
down before filtering using Whatman filter paper.

2.3. Synthesis of silver nanoparticles

25 mL of ginger extract was added with 125 mL of 1 mM AgNOs solution and incubated at room temperature under static con-
ditions. A similar setup was prepared without ginger extract as a control.

2.4. Optimization of silver nanoparticles

Three varying parameters tests, pH, concentration of silver nitrate solution, and incubation time, were evaluated in the biosynthesis
process of AgNPs using ginger extract. Results obtained through UV-vis spectrophotometer were used to identify the response to the
mentioned different parameters and thus determine the optimized value.

2.4.1. pH
The pH of AgNPs synthesis was optimized using different pH values of 3, 5, 7, 9, 11, and 12. Each pH was adjusted using 0.1 N HCI
and 0.1 N NaOH. The absorbance of the reaction mixture was measured using a UV-vis spectrophotometer.

2.4.2. Concentration of silver nitrate

Six different types of silver nitrate concentration (1 mM, 2 mM, 4 mM, 6 mM, 8 mM, and 10 mM) were used to study the effect of
concentration on the synthesis of AgNPs. The optimum pH of the AgNPs synthesis obtained from the previous result was used, while
other parameters remained the same.

2.4.3. Incubation time

Three different time intervals (24 h, 48 h, and 72 h) were chosen for the synthesis to study the incubation time effect against AgNPs.
The pH and the concentration of silver nitrate solution were set based on the results obtained from previous tests. Absorbance was
measured using a UV-vis spectrophotometer with a wavelength ranging from 350 to 800 nm.

2.5. Characterization of AgNPs synthesized under optimum conditions

2.5.1. UV/vis spectrophotometer

The synthesis of silver nitrate with ginger extract was confirmed by color changes from light yellow to dark brown over time. The
reaction mixture was sampled at certain time intervals, and the absorbance value was measured using a Genesys 20 UV-vis spec-
trophotometer at a wavelength ranging from 350 to 800 nm.

2.5.2. XRD analysis

The mixture was centrifuged at 75,000 x g for 30 mins. The pellet was washed a few times in deionized water and dried using a
freeze-dryer. Dried nanoparticle powder was coated using an XRD grid, and spectra were recorded using a Philips PW 1830 X-ray
generator operating at 40 kV voltage and 30 mA current with Cu Kal radiation. 26 angle used was ranged from 20 to 80°.

2.5.3. FTIR analysis
For FTIR spectroscopy analysis, the Alpha Bruker model with a wave number range of 4000-400 cm™ at room temperature was
used to analyze ginger extract and AgNPs.

2.5.4. TEM analysis
For TEM microscopic analysis, the 25u L sample was sputter coated using a copper stub, and nanoparticle images were analyzed
using Joel JEM2100F HRTEM.
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2.6. Cytotoxicity assay

2.6.1. Preparation of Artemia salina nauplii

The toxicity of nanoparticles was evaluated using brine shrimp lethality assay using the method by Zhu et al. [35] with slight
modification. Artemia salina nauplii were prepared and stored at 4 °C. For hatching, artificial seawater was created with a concen-
tration of 3 % (m/V) by dissolving 30 g sea salt in 1 L distilled water. The solution was stirred thoroughly before filtering through
Millipore filters. Encysted Artemia nauplii were incubated in the artificial seawater for 24-48 h at a temperature between 27 °C-30 °C
with continuous illumination and vigorous aeration.

2.6.2. Acute toxicity testing

The toxicity testing was conducted according to OECD guidelines [36]. Artemia nauplii (n = 30 per group) were exposed to seven
different concentrations of the AgNPs, ranging from 500 pg/ml to 7.81 pg/ml for 24 h A positive control was included, consisting of 5 %
potassium dichromate (K3Crp07) in 1 mL artificial seawater, while Dimethyl sulfoxide (DMSO) was used as a negative control. All
exposures were performed in triplicate within the 96-well plate, each well containing 100 uL of artificial seawater. The experiments
were conducted in an incubator at a stable temperature of 27 °C-30 °C. The mortality rate was calculated, and the LDsg value was
determined using Clarkson’s Toxicity Index. The mortality rate was calculated as follows:

No. of dead Artemia salina nauplii

Mortali %) = 1
ortalityrate(%) Initial number of live brine nauplii (control) x 100

2.7. Statistical analysis

GraphPad Prism 10 was used for all the data analysis. F-value and p-value were obtained from the optimization absorbance and
characterization graph result using one-way ANOVA. All the data was given as mean + SEM.

3. Results and discussion
3.1. Optimization of varying parameters

The current study signifies ideal conditions of silver nanoparticles (AgNPs) formation synthesized using Bentong ginger rhizome
extract and commercialized ginger extract powder as a reducing agent. Three types of parameters were optimized to synthesize AgNPs,
including pH, concentration of silver nitrate, and incubation time. The volume of ginger extract (25 mL) and incubation temperature
(room temperature) were kept constant throughout the study. AgNPs formation was observed using a UV-vis spectrophotometer with
an absorbance range of 350-800 nm.

Changes in pH is a vital optimization factor in the stability of silver nanoparticles (AgNPs). The study assessed the effect of six
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Fig. 1. UV-vis spectra of different pH of biosynthesized silver nanoparticles using rhizome ginger extract (a) and commercialized ginger extract (b).
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different pH levels on the synthesis of AgNPs using Bentong rhizome extract (a) and commercialized ginger extract (b) (Fig. 1). The
concentration of AgNOs solution (1 mM) and incubation time (24 h) were kept constant. The results indicate that no particles formed at
an acidic pH of 3, while a peak was observed around 400 nm, with agglomeration detected at a more alkaline pH of 12. Particles were
successfully formed at pH levels 5, 7, 9, and 11, with pH 9 exhibiting the highest absorbance peak, however, agglomeration was also
noted at this pH. Statistical analysis further supports these findings. For commercialized ginger extract, the F-value was 4.002 with a p-
value of 0.0037, indicating a significant effect of pH on AgNP formation. The low p-value (< 0.05) suggests that the observed dif-
ferences in absorbance across the pH levels are statistically significant.

Similarly, for Bentong rhizome extract, the F-value of 5.359 and a p-value of 0.0005 further demonstrate a highly significant effect
of pH on AgNP synthesis. Particles formed within the absorption peak around 420-450 nm in UV-vis spectrophotometer, which
corresponds to surface plasmon resonance (SPR) of AgNPs that was established prior [37], further confirming the presence of AgNPs.
Previous studies utilizing ginger extract have also proved that alkaline pH favors the formation of nanoparticles [38]. In another study
by Tahir et al. (2020), when utilizing a protein called sericin, derived from silkworm to be conjugated with silver nanoparticles, pH 11
showed the highest antimicrobial activity. They concluded that pH is either responsible for changing the solubility of the protein or the
protein charge [39]. Thus, pH 11 is considered the best pH as nanoparticles were most stable when synthesized. Another study by
Barabadi et al. (2021) also proved that at lower pH, the corresponding peaks were polydisperse manners, while at pH higher than 9,
they were bell-shaped, which favors this current study [40]. At a higher pH environment, the concentration of H" will decrease,
causing bacteria to substitute Na™ with H for continuous energy production. This substitution will cause increased membrane po-
tential and cell breakdown [41]. Higher pH enhances the antibacterial activity of pathogens, whereas gram-negative bacteria are
unable to grow at high pH, which causes membrane hyperpolarization and, eventually, cell lysis [42,43].

Regarding the silver nitrate (AgNO3) concentration effect, pH (11) and incubation time (24 h) were kept constant. The effect of
different concentrations on AgNPs synthesized with ginger extract is shown in Fig. 2. For both ginger rhizome extract and commer-
cialized ginger powder extract, 1 mM and 2 mM showed approximately similar absorbance peaks. In contrast, other higher concen-
trations of AgNO3 showed shifted peaks and agglomeration. The F-value and the p-value for commercialized ginger extract were 3.193
and 0.0135, respectively. On the other hand, for ginger rhizome extract, the F-value was 2.568, and p-value was 0.0372. Both the
results have a significant result that shows silver nitrate concentration effects on AgNPs synthesis. This result also aligned with pre-
vious studies done by Velmurugan et al. [44] and Mehata [45]. Since a lower concentration yields a similar result,]1 mM is the most
optimum AgNOs concentration.

Fig. 3 shows the effect of three different incubation times in synthesizing AgNPs where other parameters were kept constant: pH
(11) and AgNO3 concentration (1 mM). The influence of incubation time using ginger rhizome extract and commercialized ginger
powder extract was evaluated by measuring absorbance using a UV-vis spectrophotometer, as shown. The absorption band was found
to have peaked at 450 nm for all three incubation times for both ginger extracts. Nanoparticles were found to be stable from 24 h to 72
h.

Besides, the observed color changes of the solution from light yellow to dark brown (Fig. 4) also confirmed that silver ion was
reduced to silver nanoparticles after 24 h This result is also consistent with Ramzan et al. [46]. The intensity of the color changes
increases as incubation time increases. These changes indicate the reduction of silver ions and the formation of AgNPs with three
stages: (1) reduction of ions, (2) causing cluster formation, and (3) triggering the nanoparticle formation [47]. This result
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Fig. 2. UV-vis spectra of different concentrations of silver nitrate on biosynthesized silver nanoparticles using rhizome ginger extract (a) and
commercialized ginger extract (b).
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Fig. 3. UV-vis spectra of different incubation time on biosynthesized silver nanoparticles using rhizome ginger extract (a) and commercialized
ginger extract (b).

C

Fig. 4. 1 mM of silver nitrate with Bentong ginger rhizome extract; (a) ginger extract alone, (b) silver nitrate solution alone, (c) after synthesizing
ginger extract with silver nitrate solution at 24 h

corresponded to previous studies by Krishnaraj et al. (2012), Mehata (2021), and Rajkumar et al. (2021) [45,48,49]. Besides color
change, the presence of AgNPs was confirmed with absorbance measurement using a UV-vis spectrophotometer with a ranging
wavelength of 350-800 nm. The excitement of silver particles showed an absorbance peak at a wavelength of 450 nm when it was
optimized at pH 11 with a silver nitrate concentration of 1 mM and 24 h incubation time. The peak within the range is similar to studies
proving the validity of the result [50]. The peak formation showed that bioactive compounds in ginger extract reduce silver ions. The
spectrophotometer’s surface plasmon resonance (SPR) band also expanded with increasing pH. Since the expansion indicates more
production of AgNPs [47], it is seen that acidic and highly alkaline pH causes agglomeration and instability of AgNPs. pH is a sig-
nificant factor that eventually can change bioactive molecules’ size and electrical charge, as well as their ability to interact with
molecules and produce AgNPs [49].

The green synthesis production of silver nanoparticles is gaining attention as it is becoming an emerging approach that is eco-
friendly, does not utilize harmful chemicals, and is cost-effective [51]. Nanoparticles are small, ranging from 1 to 100 nm, which
causes differences in features compared to bulk metals. The small size of nanoparticles is more advantageous as it has an increased
surface area-to-volume ratio, which directly increases interaction with other molecules [52]. Thus, the main objective of this study is to
optimize synthesized silver nanoparticles (AgNPs) with Bentong ginger extract and characterize them.

Plant extracts contain different types and concentrations of phytochemicals that are beneficial as reducing and stabilizing agents
[53]. The synthesis of silver nanoparticles using ginger rhizome extract involves a bio-reduction process utilizing the phytochemicals
present in ginger. Thus, the production of AgNPs is considered a green synthesis approach. Ginger rhizome has multiple bioactive
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compounds, including gingerol, alkaloids, phenols, flavonoids, and terpenoids, each having multiple functions [54]. Gingerol and
shogaols aids in reducing silver ions (Ag") to silver nanoparticles (Ag®) by donating electrons [55]. Curcumene, zingiberene, and
zingerone stabilize nanoparticles by forming a protective layer around them upon synthesis [56]. Other phytochemicals and bioactive
compounds are also responsible for the reduction process besides acting as capping agent and prevent aggregation of nanoparticles.
The size and shape of AgNPs are highly influenced by factors such as concentration of silver nitrate, reaction time, and pH [57], which
leads to the objective of this study.

Optimization is the critical preliminary analysis to find the best condition in synthesizing AgNPs. After optimizing, it can be
concluded that both ginger rhizome extract and commercialized ginger powder extract showed nearly identical results. However,
ginger rhizome extract is preferred for further use in characterization analysis. This is because the extract preparation process of ginger
rhizome is known, from harvesting to yielding. On the other hand, during the processing of commercialized ginger powder, the
rhizome may go through high-temperature processing such as heating and drying. Bioactive compounds like gingerol can degrade at
high temperatures above 90 °C, whereby prolonged exposure to heat could convert gingerol to shogaol, which possesses different
biological activity [54]. Besides, the ginger rhizome species were identified and confirmed as Bentong ginger, unlike the commercially
obtained powder extract, which could be a wild type. Using a well-known extraction methodology and botanical background of plants
increases the overall reliability and reproducibility of the study.

3.2. Characterization study

3.2.1. X-Ray diffraction

The crystallinity phase of AgNPs synthesis was examined using the X-ray diffraction (XRD) technique (Fig. 5). Four sharp
diffraction peaks were analyzed at 38.17°, 43.94°, 64.55° and 77.45°, which indexed the face-centered cubic (fcc) silver planes of 111,
200, 220 and 311, respectively [58]. The lattice constant calculated from the pattern was o = 4.0862 A. The data obtained matched the
Joint Committee on Powder Diffraction Standards (JCPDS) database with card number 00-004-0783. The average nanoparticles’ size
was calculated using Debye-Scherrer’s formula D= (KA/pcos6) in which D is the average particle size, K is shaped constant, A is the
wavelength X-ray source (0.1541 nm), f is full width at half maximum (FWHM), and 6 is Bragg’s angle. The estimated average size of
AgNPs was 35 nm. XRD pattern of the analysis was reported using AgNPs powder. Based on the analysis, peaks formed at 111, 200,
220, and 311 showed crystallization occurred on the surface of AgNPs [59]. Besides that, the highest intensity peaks obtained were
used to determine the average size of AgNPs. The calculated average size value of 35 nm was higher than the Transmission Electron
Microscope (TEM) analysis, which was 15 nm. The difference can be influenced by the slight deviation of particle size used to calculate
using Debye-Scherrer’s formula and used in TEM analysis [60]. However, researchers have proved that nanoparticles size lesser than
50 nm is favorable for a promising antibacterial activity with minimal cytotoxicity and antioxidant potential [61]. This is due to its
smaller size, which can attach to cell walls or penetrate through them, damaging the intracellular components [62].

3.2.2. Fourier-Transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) analysis was carried out, as shown in Fig. 6, to identify functional groups in AgNPs
synthesis. The spectra at 3320 cm™ belong to N—H stretching secondary amine bonds [53] or O—H stretching alcohol bonds [58,63,
64]. Weak peaks at 2112 cm-1 show C=C stretching alkyne and N = C = S stretching bonds, while 2000 cm™ shows C = C = N
stretching and C—H bending aromatic compound [45]. The peak at 1636 cm-1 conforms to C = O stretching alkane and N—H bending
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Fig. 5. XRD pattern of synthesized silver nanoparticles.
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Fig. 6. FTIR spectrum of Bentong ginger extract synthesized silver nanoparticles.

amine bonds [65-68]. The presence of halogen and aromatic compounds is confirmed when peaks range 800-500 cm™ are found [47].
The peak at 618 cm™ may correspond to O—H phenolic bonds [66], and C—Cl stretch may be an alkyl halo compound. All the observed
peaks indicated the presence of phenolic compounds, steroids, tannins, flavonoids, terpenoids, alkaloids, and saponin in the ginger
extract, which aids in synthesizing AgNPs. FTIR analysis showed these possible bioactive molecules present in ginger extract after the
synthesis of AgNPs that act as a capping agent and aid in stabilizing reduced silver ions from Ag* to Ag’. Regarding silver nano-
particles, the significant shift of absorbance peak with decreasing intensity from 3395 cm™ to 3436 cm™ shows the binding of silver
ions with hydroxyl groups present in the ginger extract [58]. Besides that, the prominent shift from 1651 cm™ to 1630 cm™ correlates
with amide linkages that verify free amino acid and carboxyl groups in ginger extracts that have reacted with AgNPs and are stabilized
[671.

3.2.3. Transmission electron microscope

Transmission electron microscope (TEM) was used to analyze the morphology of the synthesized AgNPs. Shape and size distri-
bution obtained confirmed that AgNPs were spherical and quasi-spherical in shape with a mean size of 15.08 + 6 nm and size range
from 5 to 29 nm (Fig. 7). This result was similar to other studies carried out using ginger extract. Yadi et al. (2022) reported an AgNPs
size of 15 nm utilizing ginger root, Mohammadi et al. (2021) obtained an AgNPs size of 10 + 4 nm using ginger rhizome extract, and 26
nm in a study by Singh et al. (2011) [69-71]. The size was smaller than other metal nanoparticles when synthesized with other plant
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Fig. 7. TEM image (a) and size distribution (b) of green synthesized AgNPs with ginger extract.
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extracts. Mortazavi-Derazkola et al. (2024) proved that magnesium oxide silver nanoparticles synthesized with pistachio leaf extract
were more significant at 70-80 nm in size and in stone-like morphology [72]. This is due to adding a layer of magnesium oxide at the
core of silver during synthesis. Another study by Mumtaz et al. (2022) concluded that sericin-conjugated silver nanoparticles produced
44.6 nm particles post-synthesis [73]. Although sericin acts as a favorable capping agent, the incomplete silver reduction and inherent
macromolecule structure cause larger nanoparticles to form, which might cause instability in future applications. Smaller size of silver
nanoparticles benefits in effective drug delivery and electric sensors. Plant extract is used as a capping and reducing agent to prevent
agglomeration and size uniformity throughout the process [72]. The phytochemicals in ginger rhizome extract play some roles, which
include aiding in reducing silver ions to silver nanoparticles and acting as a capping agent by binding to the surface of silver nano-
particles and providing electrostatic stabilization [73]. Through this, silver nanoparticles’ size and shape are preserved when utilized
for long-term application.

Based on TEM analysis, the population of AgNPs comprises spherical shape molecules with varied sizes besides some other quasi-
spherical shapes. It can be justified that aggregation seen from a microscopic view was due to the direct contact of AgNPs with each
other or due to the hydroxylic bond arrangements during silver nanoparticles synthesis [74]. However, AgNPs were stabilized with a
functional group in bioactive molecules in the ginger extract [75-80].

3.3. Cytotoxicity assay

The cytotoxicity effect of Bentong rhizome ginger extract synthesized silver nanoparticles (AgNPs) was studied using brine shrimp
(Artemia salina) lethality assay. A. salina nauplii was exposed to a two-fold dilution concentration of AgNPs. Lethal dose (LCsp) was
determined by plotting probit versus log concentration of AgNPs linear correlation graph (Fig. 8). The toxicity level was calculated by
comparing it with Clarkson’s toxicity index (Table 1) [81]. Based on the graph, LCs for AgNPs reported was 838.31 pg/mL. Based on
Clarkson’s index, it is considered as low toxic (500 — 1000 pg/mL). On the other hand, the LCs¢ for positive control of potassium
dichromate was 0.9933 pg/mL, which was considered highly toxic (0-100 pg/mL).

Fig. 9

Brine shrimp lethality assay is one of the most common bioassays used to assess the toxicity of substances as a screening procedure
to determine any pharmacological activities. This assay utilized brine shrimp to evaluate lethality by calculating the LCsg value, the
concentration to kill 50 % of brine shrimp nauplii. This method is commonly used as preliminary screening due to its simplicity, cost-
effectiveness, and fast results [82]. The result shows that brine shrimp mortality increases when the concentration of AgNPs increases.
The result aligns with other plant extract studies by Kabiru et al. (2022) and Low et al. (2022) [83,84]. At AgNPs concentration of 250
pg/mL, 20 % of brine shrimp were dead overnight, and 100 % of brine shrimp were dead after 24 h exposure to AgNPs. One of the
factors for the mortality could be cellular and structural damage due to high concentration exposure of AgNPs. Reduced silver ions
from AgNPs cause binding to chitin, an essential component in shrimp’s cuticle. This causes structural deformation of the cuticle,
leading to the brine shrimp’s integrity loss [85]. On the molecular level, exposure to high concentrations of AgNPs may cause apoptosis
and DNA damage in brine shrimp [86]. Tissue damage and gut disruption are common when brine shrimps are exposed to AgNPs [87,
88]. Based on the result, the AgNPs have a moderate risk of causing harm to human and animal health when exposed for a long time.
However, it is not considered immediately lethal at lower concentrations of AgNPs. Although it is not severely toxic, caution is still
required by setting safe exposure limits lower than the tested value especially when applied in food and medical industries. Due to this,
utilizing low concentrations of AgNPs in a controlled environment and without direct contact with food or humans, such as in
packaging and biosensors, will be a reliable and practical application. Other than that, techniques like a slow-release system and
encapsulation of AgNPs could be employed to ensure a small amount of AgNPs is released over time.

4. Conclusion

In this current study, silver nanoparticles were synthesized using an economical, simple, environment-friendly green synthesis
approach. Two varieties of aqueous Bentong ginger rhizome extract and commercialized ginger powder extract were used to optimize
silver nanoparticles synthesis. The optimization results denoted that AgNPs synthesized from both varieties were similar; they had an
optimum condition of pH 11, 1 mM of AgNOs concentration, and 24 h incubation time. Due to that, only Bentong ginger rhizome
extract has proceeded with characterization analysis. The FTIR analysis result showed AgNPs were in cubic face-centered silver planes.
The presence of functional groups alkane (C = O) and amine group (N—H) might aid the synthesis of AgNPs. TEM analysis revealed
that AgNPs are almost spherical, with a mean size of 15.08 + 6 nm. These results show that formed AgNPs are stable and suitable for
applications such as antibacterial activity. Besides that, the safety level of synthesized AgNPs is considered safe that can be practically
applied in food industries without any long-term effects on the food and consumers. However, further research must be elucidated to
determine the effectiveness in vitro and its mechanisms for inhibiting microorganisms. Other than that, a detailed phytochemical
profiling analysis such as LC-MS shall be conducted to enhance the understanding of reduction and capping mechanisms during
synthesis. Extensive in vivo toxicological studies and safety assessments will be advantageous to determine the exact safe concentration
of AgNP applied in the food and medical field.
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