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Abstract

Centella asiatica (L.) Urban is a traditionally revered plant possessing several ther-
apeutic applications. This research evaluated the phytochemical and antibacterial
properties of Centella asiatica. In addition, silver nanoparticles were synthesized
using the stem and leaf aqueous extracts. The presence of alkaloids, flavonoids,
glycosides, terpenoids, and phenolics in plant extracts indicates their high medici-
nal value. Methanolic leaf extract showed a higher phenolic and flavonoid content
of 43.73+0.33mg GAE/g and 19.76 £ 1.12mg QE/g, respectively. It also contained
the most antioxidant activity with the lowest DPPH inhibitory concentration (IC,)

of 49.31+1.48 ug/mL. Plant extracts and synthesized nanoparticles were active
against gram-positive and gram-negative bacteria. Methanolic leaf extract displayed
an MIC of 27.5 and MBC of 55mg/mL against S. aureus. Synthesized nanoparticles
were characterized using different spectroscopic techniques. UV-visible spectra

of nanoparticles contained distinct absorption peaks resulting from surface plas-
mon resonance at 405 and 408 nm. The nanoparticles showed face-centered cubic
crystallinity in powder X-ray Diffraction analysis. Fourier Transfer Infrared spectra
suggested the possible involvement of organic functional groups in nanoparticle
synthesis. Field Emission Scanning Electron Microscopy and Transmission Electron
Microscopy analysis revealed the spherical shape with non-uniform size distribution.
Mean particle sizes were 20nm and 19 nm for leaf and stem extract synthesized
nanoparticles, respectively. In conclusion, Centella asiatica is rich in important plant
secondary metabolites and biological activities, and its aqueous extract synthesizes
silver nanoparticles that show potential antibacterial activity.
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1. Introduction

Plants provide a large number of compounds that can be used as environmentally
friendly medicinal sources. The biome of Nepal is a natural pharmacy containing
many therapeutically beneficial herbs due to its unique geographical features, diverse
topography, and biodiversity [1,2]. Over 13,000 plant species are reported from
Nepal, among which 2,500 have documented medicinal use [3]. Plants produce pri-
mary metabolites for growth and development, whereas secondary metabolites such
as polyphenols, terpenes, steroids, and essential oils are produced for defense and
other cellular processes [4]. These secondary metabolites serve as the basis for the
development of novel medications. They can be used either in their native state or
as semi-synthetic derivatives for the effective management of a wide range of human
conditions, including cancer, hypercholesterolemia, inflammation, microbial infec-
tions, and tissue rejection in organ transplantation [4,5].

Active phytoconstituents isolated from the different parts of medicinal herbs
contain minimal side effects [6]. Plant-derived antioxidants exert health benefits by
reducing oxidative stress [7]. In addition to medicinal properties, medicinal herbs are
being employed for the green synthesis of nanoparticles. The material dimensions
of these nanoparticles give rise to special properties not available in the macroscale
bulk material [8]. The scientific study of materials at the nanoscale has become
more accessible through nanotechnology. Nowadays, researchers can monitor,
assess, and work on nanoscale systems at the atomic and molecular levels. Nano-
architectonics has arisen as a post-nanotech concept for the creation of functional
materials using nanostructures [9]. In this regime, metal nanoparticles are exception-
ally persistent, stable, and efficient heterogeneous catalysts with many applications
[10]. Thus, prepared nanoparticles have shown promising antibacterial, antioxidant,
and anticancer activities and drug-delivery potential [11].

The production of silver nanoparticles (AgNPs) using plant-mediated processes is
currently gaining recognition as a unique and important discipline in nanotechnology
due to its eco-friendliness [12]. AgNPs are employed in diverse sectors of electron-
ics, optics, photography, textiles, catalysis, food industry, dentistry, and biomedical
applications [13]. Silver is one of the frequently used elements in the manufacture of
nanoparticles, and there is a long history of its use in antimicrobial treatments [14,15].

Centella asiatica (L.) Urban is a blooming herbaceous perennial plant, commonly
known as Ghodtapre in Nepal. It is a member of the Apiaceae family. It is also the
most ubiquitous species in the genus Centella with many medicinal properties [16].
This plant grows in moist and shady areas with an average height of 12—15cm. The
stem is striated, glabrous, and rooted from the nodes [17]. It has small, fan-shaped
green leaves and is odorless, tasteless, or somewhat bitter. The flowers are white or
pale purple to pink, and the fruit is small in size with oval in shape. The leaves and
stems are often utilized for therapeutic purposes [18]. The plant contains various
pentacyclic triterpenoids with pharmacological activity, including asiatic acid and asi-
aticoside [17]. It also contains brahmoside, centelloside, kaempferol, quercetin, rutin,
catechin, naringin, and apigenin [19]. In traditional medicine, the plant is used for the
treatment of dermatitis, arthritis, irritation, psychological disorders, seizures, diarrhea,
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leprosy, ulcerations, bronchitis, cough, ivory fever, stress, urinary tract infections, vision issues, and post-injury recovery
[20]. It is used to alleviate dryness of the skin in individuals with diabetes [21]. Tribal people of Southern India use it to
treat wounds, whereas the Hodi tribe from Bangladesh employs it for jaundice [22]. In Nepal, the people of the Dolpa
district use it for toothache, indigestion, pneumonia, and dysentery [23]. The Newar community employs it as an antidote
to poison [24].

The widespread ethnobotanical uses of Centella asiatica have garnered the attention of the scientific community, but
there is a lack of comparative studies involving stem and leaf extract. In this contribution, the researchers have evaluated
the phytochemical and antibacterial properties of Centella asiatica leaf and stem extracts and also reported a facile fabri-
cation and characterization of silver nanoparticles using aqueous extracts of the leaf and stem of the plant.

2. Materials and methods
2.1. Materials

The leaves and stems of C. asiatica were collected from wards number 2, 6, and 7 of Musikot municipality, Gulmi, Nepal,
in October 2022. The plant samples collected for the study are not considered an endangered species in Nepal. So
collection and study of these plant samples becomes easy and does not require permission to work on them. The coor-
dinates of the plant collection site are 28° 07’ to 28° 21’ North and 83° 11’ to 83° 24’ east. The altitude ranged from 992 m
to 1108 m with a subtropical climate. The plant was identified by the National Herbarium and Plant Laboratories (NHPL),
Godawari, Nepal, with voucher specimen KS-001 (KATH). The leaves and stems were thoroughly rinsed using purified
water to eliminate contaminants, followed by chopping. The pieces were left to dry in the dark for 2 weeks, then ground
to a smooth powder using an electric grinding device. The powder was stored in individual waterproof zip-locked plastic
bags until further use. All reagents used in subsequent experiments were of analytical grade. Solvents (methanol, ethanol,
ethyl acetate, hexane, dichloromethane (DCM), dimethyl sulphoxide) and other chemicals including gallic acid, Querce-
tin, DPPH, Folin-Ciocalteu reagent (FCR), aluminum chloride (AICl,), potassium acetate (CH,COOK), sodium carbonate
(Na,CO,) and (AgNO,) were purchased from Merck or ThermoFischer Scientific, USA. Neomycin, Muller Hinton Agar
(MHA), and Muller Hinton Broth (MHB) were obtained from Hi-media, India. Bacterial strains (American Type Culture
Collection (ATCC) of Escherichia coli ATCC 2591, Klebsiella pneumoniae ATCC 700603, Staphylococcus aureus ATCC
43300, and Shigella sonnei ATCC 25931) were obtained from the Central Department of Chemistry, Tribhuvan University,
Kirtipur, Nepal.

2.2. Preparation of plant extract and phytochemical analysis

22 g each of powdered leaves was added to two conical flasks containing 220 mL each of methanol and hexane. Similarly,
299 each of stem powder was dissolved in 290 mL each of methanol and hexane. The contents were left for maceration
for 72 hours with continuous stirring. Methanol and hexane were used as solvents; polarity plays an important role in
phytochemical extraction [25]. It was assumed that methanol would extract more polar phytochemicals and hexane would
extract less polar ones. After maceration, the contents were filtered and the filirates were evaporated on a water bath at
40-45 °C to obtain crude extracts. Percentage yields were calculated as percentage yield=W., (g)/ W, (g) x 100. Where
‘W, and ‘W, represent dry weights of extract and sample, respectively. The crude extracts were tested qualitatively to
detect the presence of secondary metabolites [26].

2.3. Estimation of total phenolic and flavonoid content

TPC and TFC were estimated using the Folin-Ciocalteu reagent technique and the aluminum chloride colorimetric tech-
niques, respectively [27,28]. Standard solutions of gallic acid were prepared at concentrations of 100, 90, 80, 70, 60, 50,
40, 30, 20, and 10 yg/mL. Triplicates of gallic acid solutions (20 uL) and extract samples (20 yL, 5000 ug/mL) were added
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to the wells of a microtiter plate. Then, FCR solution (10%, 100 uL) and Na,CO, (1M, 80 pL) were also added to each well.
The microplate was placed in the dark for 30 minutes, and then the absorbance of reaction mixtures was measured at
765 nm with the help of a microplate photometer (Epoch 2, Biotek, Instruments, Inc., USA). TPC was calculated by using a
standard gallic acid calibration curve.

For TFC, standard solutions of quercetin at different concentrations (10, 20, 30, 40, up to 100 ug/mL) were prepared in
ethanol. Triplicates of quercetin solutions (10-100 ug/mL, 130 L) and extract samples (20 uL, 5000 pug/mL) were added
to the wells of another microtiter plate. The wells containing the extract samples received an additional 110 uL of distilled
water. Then, AICI, (10%, 5 uL), CH,COOK (1 M, 5 uL), and ethanol (60 uL) were also added to each well. The plate was
incubated in a dark place for 30 minutes. Then, absorbance was measured at 415nm. TFC was calculated by using a
quercetin calibration curve.

2.4. Antioxidant potential

The standard protocol for DPPH assay was used to evaluate the antioxidant activities of plant extracts [29]. Solu-
tions of quercetin (40, 20, 10, 5, 2.5, 1.25 pg/mL) were prepared in methanol, and it was used as a positive control.
Solutions of methanolic extracts (500, 250, 125, 62.5, 31.25, 15.625 ug/mL) and hexane extracts (2000, 1500, 1000,
500, 250, 125 yg/mL) were prepared in 50% DMSO (in water). Triplicates of quercetin solutions (100 yL) and plant
extracts (100 pL) were added to the wells of a 96-well plate. Each well received a further 100 uL of 0.1 mM DPPH.
After incubation in the dark for 30 minutes, the absorbances were measured at 517 nm. 50% DMSO was used as a
negative control. Percentage inhibition was measured as percentage inhibition = (Ac — As)/Ac x 100. Where ‘Ac’ and
‘As’ represent absorbances of control and sample, respectively. The percentage inhibition versus concentration curve
was employed to calculate IC,.

2.5. Antibacterial activity

The standard protocol of the agar well diffusion method was used for the antimicrobial assay of plant extracts [30]. A
broth culture of test organisms was prepared in MHB and incubated for 12—14 hours. Then its turbidity was matched
with McFarland’s standard (0.5). The dried MHA plates were carpet-cultured in Petri dishes using sterilized cotton
buds dipped into the prepared bacterial inocula. Cavities (diameter=6 mm) were prepared in the Petri dishes using a
sterilized borer and appropriately labeled. Aliquots of 100 pL plant extract solutions (100 mg/mL), positive control Neo-
mycin (1 mg/mL), and 50% DMSO (negative control) were added to the wells of the well plate. After incubation at 37
°C for 24 h, the formation of clear zones of inhibition (ZOI) around the wells representing the bacterial growth suppres-
sion was measured.

2.6. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)

To determine MIC and MBC, the broth microdilution method was carried out following the protocols from the Clinical and
Laboratory Standards Institute (CLSI) [31]. Two-fold serial dilution of crude methanolic leaf extract (220 mg/mL) was per-
formed directly in sterilized microtiter plates containing MHB. The culture of bacteria was compared with a 0.5 McFarland
standard solution and further maintained at a concentration of 108 CFU/mL by diluting 1:100 in nutrient broth media. Each
well received 5 L of this bacterial suspension. Chloramphenicol (1 mg/mL) was used as a positive control and further
serially diluted to two-fold concentrations. Following incubation at 37 °C for 24 h, Resazurin pigment (0.003%) was added
to all the cavities, and the plate was returned to the incubator for about 2—3 hours. Wells with inhibited bacterial growth
remained blue while those containing bacterial colonies turned pink. The minimal extract concentration inhibiting bacte-
rial development was interpreted as MIC. MBC was ascertained by spreading the contents of the wells on Nutrient Agar
plates, followed by incubation overnight at 37 °C.
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2.7. Synthesis and characterization of AgNPs

Standard protocols were adopted for the synthesis of AQNPs from leaf and stem parts of C. asiatica [32]. The powdered
plant sample (5g) was mixed with distilled water (100 mL) and gently heated for about 15-20 minutes at 60 °C with contin-
uous stirring on a magnetic hot plate stirrer. The solution was then cooled, and filtered, and the resulting aqueous extract
was treated with AgNO, solution (1 mM) at different ratios (1:1, 1:4, 1:8, 1:9, and 1:10). Nanoparticle synthesis was most
successful in 1:9 mixture for stem and 1:10 mixture for leaf extract as indicated by a sharp color transition from yellowish
to reddish brown. After the completion of the reaction, the mixture was centrifuged for 30 minutes at 9,000 rpm to separate
the synthesized nanoparticles. These were then washed using distilled water, dried in a desiccator, and placed in a refrig-
erator for later use.

A UV-visible spectrophotometer (Endress plus Hauser, Specord 200) was used to monitor the plant-mediated syn-
thesis of silver nanoparticles in each of the reaction mixtures by scanning at a medium scan rate in the wavelength
range of 300—600 nm. Distilled water was used as a reference to perform baseline correction of the spectrophotometer.
Fourier-transform infrared (FTIR) spectra were obtained using Shimadzu IR Tracer-100 to identify the phytochemicals
contributing to the production of AgQNPs. Powder X-ray diffraction (XRD) spectra were collected on a Bruker D2 phaser
diffractometer using CuKa (A=1.54 A°) radiation operating at 30kV voltage in the 26 range of 10° to 80° to assess the
crystallinity. Surface morphology and structure were studied using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM images were recorded on an S-4800, Hitachi Co., Ltd., Tokyo, Japan, operated at an
acceleration voltage of 10kV (10 pA current). TEM and high-resolution TEM (HR-TEM) images were recorded on a JEM
2100F transmission electron microscope operated at 200kV (JEOL Ltd., Tokyo, Japan). Energy dispersive X-ray (JEM-
2100 plus) was used to study the elemental composition.

2.8. Antibacterial activity of AQNPs

The antibacterial properties of synthesized AQNPs were assessed by following the standard disc diffusion method [33].
Bacterial inocula (0.5 McFarland standards) were prepared overnight in MHB media at room temperature. Then, it was
evenly applied to MHA plates using sterile cotton swabs, followed by air-drying for 15 minutes in a laminar airflow hood.
Discs prepared by cutting Whatman filter paper were autoclaved and impregnated with AgQNPs (15mg/mL), aqueous
extracts (15mg/mL), positive control neomycin (1 mg/mL), and negative control distilled water. The discs were then placed
on agar plates in the marked spots. Following a 24-hour incubation period at 37 °C, the ZOlI encircling each dish on the
Petri plates was measured.

2.9. Statistical analysis

All the tests were performed in triplicate, and results are presented as mean + standard deviations. Values were compared
with one-way ANOVA followed by Tukey’s test. Values with p<0.05 were considered significantly different. Microsoft Excel
2019, GraphPad Prism 10.4.1, and Origin 2025 software were used for calculations.

3. Results and discussion
3.1. Percentage yield

Stem methanolic extract of the plant showed the highest percentage yield with 18.83%, followed by leaf methanolic extract
with 14.72%. Hexane extracts displayed comparatively lower percentage yields with 1.05% for leaf and 1.04% for stem.

3.2. Phytochemical analysis

The phytochemical screening results of C. asiatica stem and leaf extracts are provided in Table 1. The phytochemical
composition varied between hexane and methanolic solvent extracts. Methanolic extracts contain flavonoids, terpenoids,
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Table 1. Phytochemical analysis of C. asiatica methanol and hexane extracts.

Phytochemicals Test Leaf extract Stem extract
Methanol Hexane Methanol Hexane

Alkaloids Wagner’s, Hager’s - + - +
Flavonoids Lead acetate, NaOH + - + -
Carbohydrates Molisch - - - -
Proteins Xanthoproteic + - + -
Saponins Froth - + - +
Glycosides Fehling + - + -
Terpenoids Chloroform + - + -
Tannin/phenolic 5% Ferric chloride + - + -
Steroids Salkowski’s + - + -

+ Presence and — absence.

https://doi.org/10.1371/journal.pone.0321172.t001

phenolics, glycosides, steroids, and proteins. Hexane, a nonpolar solvent, failed to extract many phytochemicals, which
are generally polar. Only alkaloids and saponins were detected in the hexane extract. Similar findings are reported by
Saranya et al. [34]. Slight variations in phytochemical compositions may be observed depending on the natural habitat
and altitude of the sample collection site, climatic conditions, season of collection, and environmental conditions [35]. The
phytochemicals present in the plant extract act as scaffolds for the synthesis of silver nanoparticles. They are involved

in the reduction and stabilization of nanoparticles [36]. In addition, phytochemicals are responsible for various medicinal
properties in plants [37]. Plant secondary metabolites, including phenolics, flavonoids, and carotenoids, are renowned for
their antioxidant activities [38]. Phytochemicals are known to suppress or inhibit cancer growth [39]. Flavonoids contain
the ability to repair wounds [40]. Plant secondary metabolites are responsible for the antibacterial, anti-inflammatory, anti-
diabetic, and antiurease activities of plants [41].

3.3. Total phenolic and flavonoid content

C. asiatica showed significant quantities of TPC and TFC in its leaf and stem extracts (Table 2). Both the phenolics and
flavonoids were recorded at higher concentrations in the methanolic extract compared to the hexane extract. Leaf metha-
nolic extract displayed the highest amounts of phenolics (43.73+0.33mg GAE/g) and flavonoids (19.76+1.12mg QE/qg). It
was followed by stem methanolic extract (TPC=29.52+1.03mg GAE/g, TFC=11.05+0.50 mg QE/g). Hexane extracts of
stem (TPC=6.20+0.76 mg GAE/g, TFC=2.76£0.10mg QE/g) and leaf (TPC=2.67+0.83mg GAE/g, TFC=9.10£0.30mg
QE/g) showed comparatively lower TPC and TFC. Phenolic and flavonoid contents are influenced by the composition

and polarity of solvents [42]. Rashid et al. have reported comparatively higher TPC (88.62+0.41 mg GAE/g) and TFC
(211.34£0.10mg QE/g) in the methanolic extract of the same plant species [43]. Slight variations in TPC and TFC may
be observed due to geographical diversity, presence of an interfering substance, polarity of solvents, sample-to-sample
variation of plants, differences in analytical assay methods, or selection of standard and protocol. Phenolics and flavo-
noids are reported for antioxidant, anticancer, antibacterial, and cardioprotective effects [44]. High concentrations of these
compounds in Centella asiatica indicate its medicinal value.

3.4. Antioxidant potential

The antioxidant activities of C. asiatica extracts were measured based on their capacity to neutralize DPPH free radi-
cals. The calculated IC,, values shown in Table 3 reveal the excellent antioxidant properties of crude methanol extracts
compared to hexane extracts. The IC, value is inversely proportional to the antioxidant activity. Hence, a low IC, value
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Table 2. TPC and TFC in different extracts of C. asiatica.

Plant extracts TPC TFC

(mg GAE/g) (mg QE/g)
CLM 43.73+£0.332 19.76+£1.12°
CLH 2.67+0.83° 9.10+£0.30°
CSM 20.52£1.03% 11.05+£0.50 °
CsSH 6.20+0.76 ° 2.76+0.10°

CLM: Centella leaf methanolic extract, CLH: Centella leaf hexane extract, CSM: Centella stem methanolic
extract, CSH: Centella stem hexane extract. Values followed by the same letter in the same column are
significantly different from each other at p<0.05.

https://doi.org/10.1371/journal.pone.0321172.t002

Table 3. IC_; (DPPH) values of C. asiatica extracts and standard quercetin.

Plant extracts IC,, (ug/mL)
CLM 49.31+1.48"
CLH 322.3+0.53"
CSM 76.08+0.49
CSH 183.1+0.56"
Quercetin 3.94+1.43"

Values followed by “* are significantly different from each other at p<0.05.

https://doi.org/10.1371/journal.pone.0321172.t003

represents high activity. Leaf methanolic extract showed an IC,, of 49.31+1.48 ug/mL, while the IC, value of 76.08+0.49
ug/mL was reported for stem methanolic extract. Hexane extracts of leaf and stem presented IC, values of 322.3+0.53
and 183.1+0.56 pg/mL, respectively. Concentration dependency was observed for the antioxidant activity (Fig 1). With an
increase in the concentration of extract, the inhibition percentage also increased significantly. Rashid et al. have reported
an IC,, value of 24.19+0.52 pg/mL for the methanolic extract of the same plant species [43]. IC,, values showed negative
correlations with TPC (Pearson’s r=-0.902) and TFC (Pearson’s r=-0.565), as shown in Fig 2. Thus, antioxidant activity
depends upon the phenolic and flavonoid content. This property of the plant reduces oxidative stress and prevents dam-
age to cells, proteins, DNA, and molecules [45].

3.5. Antimicrobial activity

Preliminary phytochemical analysis and thin-layer chromatography (TLC) showed that methanolic extracts of C. asiatica
are richer in phytoconstituents than hexane extracts. The methanolic extract also contained significantly higher TPC,
TFC, and antioxidant activity. Higher activity in the methanol extract is due to its high polarity, which is more effective in
extracting relatively polar phenolics and flavonoids. A previous study by Bhusal et al. has also reported high activity in the
methanol extract compared to the hexane extract [42]. Thus, preliminary screening of antibacterial activity was performed
on the methanolic extracts. ZOI recorded against various bacteria is presented in Table 4 and Fig 3.

Methanolic extracts of the stem and leaf showed significant activity towards gram-positive Staphylococcus aureus and
gram-negative Shigella sonnei. Leaf extract was comparatively more effective as it showed a ZOI of 10 mm against both
bacteria, whereas the ZOlI for stem extract was recorded as 8 mm. Only leaf extract was active against K. pneumoniae,
whereas E. coli was unaffected by both extracts. The control drug (Neomycin) exhibited stronger antibacterial action than
the plant extracts. The ZOls displayed by extracts in the present study are slightly lower than the ZOls of 17 and 16 mm
reported for the stem methanolic extract against S. aureus [46]. Similarly, DCM: MeOH extract (250 mg/mL) of the
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Fig 1. Percentage inhibition vs. concentration graphs obtained from DPPH assay. Here, CLM: Centella leaf methanolic extract, CSM: Centella
stem methanolic extract, CLH: Centella leaf hexane extract, CSH: Centella stem hexane extract.

https://doi.org/10.1371/journal.pone.0321172.9001
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Fig 2. Correlations of antioxidant activity (IC,)) with TPC and TFC.
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Table 4. ZOl against tested bacteria for the methanolic extracts of C. asiatica leaf and stem.

Bacteria Zones of inhibition (mm)
CLM CSM Neomycin
S. aureus 10 8 25
S. sonnei 10 8 25
K. pneumoniae 8 0 25
E. coli 0 0 12

https://doi.org/10.1371/journal.pone.0321172.t004

Fig 3. Photographs of ZOIl formation against the test bacteria. Here, (a) S. aureus, (b) S. sonnei, (c) K. pneumoniae, and (d) E. coli.

https://doi.org/10.137 1/journal.pone.0321172.9003

C. asiatica exhibited ZOls of 9.67 +0.33 against S. aureus and 9.00+0.58 mm against S. sonnei [33]. The observed anti-
bacterial activity justifies the traditional uses of the plant against infectious diseases and wounds.

3.6. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)

Based on the findings of the agar well diffusion assay, leaf methanolic extract was selected for the determination of MIC
and MBC against S. aureus. It displayed MIC of 27.5mg/mL and MBC of 55mg/mL (Table 5). These values are very close
t0 26.04 +5.21mg/mL and 52.10+10.4 mg/mL reported by Sieberi et al. for the DCM: MeOH extract of C. asiatica from
Nairobi, Kenya [33]. The MIC and MBC shown by the methanolic leaf extract is shown in Fig 4. Thus, the methanolic
extract of C. asiatica contains significant antibacterial activity.

3.7. Synthesis and characterization of AgNPs

The addition of leaf and stem extracts to AGNO, solution in 1:10 and 1:9 ratios, respectively, followed by constant stirring
over a magnetic stirrer, led to a color transition from yellowish to reddish, indicating the formation of AgNPs. UV-visible
spectra were collected at different intervals (0 hours and 24 hours without the addition of reagents, and 24 hours and

48 hours after pH adjustment) to confirm the synthesis of AQNPs. The spectra are provided in Fig 5. Surface plasmon
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Table 5. MIC and MBC of leaf methanolic extract against S. aureus.

Bacteria Leaf Methanolic Extract
MIC (mg/mL) MBC (mg/mL)
S. aureus 27.5 55

https://doi.org/10.1371/journal.pone.0321172.t005

C. asiatica

13.75 mg/mL
6.875 mg/mL

Fig 4. Determination of MIC and MBC. (a) Results of MIC and MBC for C. asiatica leaf methanolic extract against S. aureus. (b) The corresponding
MIC and MBC for the standard positive control (PC) and negative control (NC).

https://doi.org/10.1371/journal.pone.0321172.9004
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Fig 5. UV-visible spectra of AgNPs synthesized using C. asiatica (a) leaf extract and (b) stem extract at different time intervals.

https://doi.org/10.1371/journal.pone.0321172.9005

resonance (SPR) peaks were detected around 405 and 408 nm for silver nanoparticles synthesized using aqueous
extracts of leaves and stems, respectively. These peak values are very similar to the SPR peak value of 409 nm reported
for Persicaria perfoliata-synthesized silver nanoparticles [47]. The pH of the reaction medium was adjusted by adding the
required amounts of HCl and NaOH. The formation of silver nanoparticles took place around the pH range of 11-12.

The FTIR spectra of extracts and AgNPs were measured, and the peak positions were compared to ascertain the
functional groups associated with capping or stabilizing activity (Fig 6). Stem aqueous extract displayed peaks at 3306,
2922, 2330, 1595, 1397, 1249, and 1055cm™. These peaks have shifted to 3255. 2920, 2330, 2052, 1236, and 1046 cm™’
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Fig 6. (a) FTIR spectra of C. asiatica leaf and stem extracts, and (b) FTIR spectra of AgNPs prepared using C. asiatica leaf and stem extracts.

https://doi.org/10.1371/journal.pone.0321172.9006

in the spectrum of silver nanoparticles synthesized using the stem aqueous extract. Similarly, the FTIR spectrum of C.
asiatica leaf extract showed absorption peaks at 3306, 2930, 2330, 1583, 1397, 1249, and 1050 cm™": while the spec-
trum of AgNPs synthesized using leaf aqueous extract showed peaks at 1583, 1510, and 1073 cm'. The shifting of the
broadband at 3306 cm™' to 3255cm is caused by the interaction of polyphenolic -OH groups with AgNPs. The vibrations
from 1073 to 1050 cm™" are related to the C-O stretching of flavones [13]. The peak at 2330cm- in the extract indicates
the presence of nitrile groups [48]. Peaks in the region 1583—1510cm™ are due to C=C bond stretching, and the peak
at 1397 cm' represents C-N groups [49]. The band at 1249cm™ is caused by stretching vibrations of C-O-C subunits in
phenols. The C-H stretching of aliphatic groups is indicated by the band at 2930 cm™' [50]. Functional groups such as
hydroxyl (-OH), amide (-CONH), and carbonyl (C=0) in C. asiatica leaf extract play a vital role in the depletion of silver
ions to form AgNPs [50].

Fig 7 shows XRD patterns of ANPs synthesized using leaf and stem extracts. Both XRD patterns contain four
major diffraction peaks at 26=38.1, 44.1, 64.4, and 77.3° corresponding to (111), (200), (220), and (311) planes of
the face-centered cubic crystal structure of silver nanocrystals. The presence of a broad peak in the range of 25° to
32° is attributed to the capping agents from the leaf and stem extracts [51,52]. Nanoparticles were predominantly

—— AgNP-Leaf
—— AgNP-Stem

(1)

Intensity (a.u.)

1 1 1

20 30 40 50 60 70 80 90
20 (degree)

Fig 7. Powder XRD patterns of AgNPs were synthesized using the leaf and stem extracts of C. asiatica.

https://doi.org/10.1371/journal.pone.0321172.9007
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oriented in the (111) plane, as this plane contained the most intense reflection compared to the other Bragg reflec-
tions. Therefore, the crystallite size was also computed using the (111) signal width. The average sizes of nanopar-
ticles calculated using the Debye-Scherrer equation were 9nm and 8 nm for leaf and stem-assisted synthesized
AgNPs, respectively.

The surface morphology and structure of the AgNPs were studied using SEM and TEM images (Fig 8). AQNPs syn-
thesized using leaf extract and stem aqueous extract exhibited spherical shapes. The particle size distributions for syn-
thesized silver nanoparticles are provided as histograms. The diameters of nanoparticles synthesized using leaf aqueous
extract ranged from 9 to 38 nm with a mean diameter of 20.6 nm. Nanoparticles synthesized using stem extract dis-
played similar particle size distribution in the range of 8—-35nm with a mean diameter of 19.4 nm. Thus, some anisotropy
was noted in the dimensions and configuration of nanoparticles. Similar to our findings, Shrestha et al. have reported a
non-uniform size distribution for silver nanoparticles synthesized with aqueous extract of Polystichum lentum with an aver-
age size of 61.33nm [53].

The TEM images of AgNPs also reveal spherical shapes and inhomogeneous particle sizes with some aggregates or
clusters. The AgNPs were found coated with organic matter (Fig 8e and 8k), probably the stabilizing components of the plant
extracts. High-resolution TEM images show lattice fringes of crystalline AgQNPs corresponding to FCC crystals. The inter-
layer d-spacing ca. 0.237 nm (AgNPs synthesized using leaf extract) corresponds to the (111) plane, while the d-spacing ca.
0.145nm (AgNPs synthesized using stem extract) corresponds to the (220) plane of the FCC crystals of silver. The elemen-
tal composition of leaf aqueous extract-synthesized AgNPs was analyzed using EDX spectroscopy. The photographs of
elemental mappings are provided in Fig 9. Metallic silver showed a distinct peak at 3keV in the EDX spectrum (Fig 10). The
spectrum also displayed noticeable peaks for carbon and oxygen. These elements represent surface-adsorbed plant sec-
ondary metabolites. The weight percentage and atomic percentage of Ag, C, and O are presented in Table 6.

3.8. Antimicrobial activity of AgNPs

Aqueous extracts of C. asiatica did not display significant ZOI against test organisms. AgNPs exhibited antibacterial
activity against S. aureus with ZOl 8mm and 5mm, respectively, for stem and leaf-mediated AgNPs (Fig 11 and Table 7).
They were inactive against K. pneumoniae, S. sonnei, and E. coli. The antibacterial activity of silver nanoparticles has
been well-reported in the literature. Shrestha et al. have reported ZOls of 6 mm each for Shigella sonnei, Staphylococcus
aureus, and Escherichia coli, and a ZOI of 7mm for Klebsiella pneumoniae. Lallemantia roylena leaf extract-synthesized Ag
nanoparticles have shown excellent activity against Staphylococcus aureus, Bacillus cereus, Escherichia coli, and Shigella
flexneri [54]. However, Sandulovici et al. have reported a lack of antibacterial activity for AQNPs against S. aureus and E.
coli at 10 yL. ZOls of 8 and 17.5mm were observed for 100 uL of AgQNPs [55]. Thus, a smaller concentration of AgNPs
might have resulted in the absence of ZOls in the present study. AQNPs bind with bacterial cell membranes and cell walls
and cause punctures that lead to leakage of cell content [56]. The minuscule size of nanoparticles allows them to penetrate
bacterial membranes. Once inside the bacteria, they can damage vital biomolecules such as DNA, protein, and enzymes
[57]. The antibacterial properties of nanoparticles vary with variations in shape, size, and surface charges. Wu et al. have
reported an increase in antibacterial activity with a decrease in the size of nanoparticles [58]. Hong et al. have observed
higher antibacterial activity for cubic nanoparticles compared to nanospheres and nanowires [59]. Nanoparticles can be
combined with available antimicrobial agents to increase their efficacy. In a study by Sharifi-Rad et al., silver chloride
nanoparticles combined with amoxicillin showed enhanced antibacterial activity due to a synergistic effect [60].

4. Conclusion

Centella asiatica contains alkaloids, flavonoids, saponins, polyphenols, tannins, and glycosides. The high TPC, TFC, and
antioxidant activity in the stem and leaf of the plant indicate its high medicinal value. Methanolic and hexane extracts dis-
played activity against gram-positive and gram-negative bacteria. Aqueous extracts were employed for the green synthesis
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Fig 8. SEM images of leaf extract-synthesized AgNPs at (a) low resolution and (b) high resolution. (c) Histogram showing the size distribution,
(d,e) corresponding TEM images, and (f) HR-TEM image showing the crystal lattice of leaf extract-synthesized AgNPs. SEM images of stem extract
synthesized AgNPs at (g) low resolution, (h) high resolution, (i) histogram showing the size distribution, (j,k) corresponding TEM images, and (I) HR-TEM
image showing the crystal lattice of stem extract synthesized AgNPs.

https://doi.org/10.1371/journal.pone.0321172.9008
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Fig 9. Total elemental mapping and individual color mappings of AgNPs synthesized from leaf aqueous extract.

https://doi.org/10.1371/journal.pone.0321172.9009

of silver nanoparticles that also exhibited significant antibacterial activity against S. aureus. Thus, the present study identifies
Centella asiatica and silver nanoparticles as potential sources of antibacterial agents. Additional research to separate, iden-
tify, analyze, and characterize the biologically available components from the potent extracts of C. asiatica is recommended.
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Table 6. Elemental composition of AgNPs.

Elements Weight % Atomic %
CK 7.4 37.0
OK 3.7 13.8
Ag L 88.9 49.3

https://doi.org/10.1371/journal.pone.0321172.t006

Fig 11. Photographs showing the formation of ZOI against the test bacteria used. (a) Staphylococcus aureus, (b) Shigella sonnei, (c) Klebsiella
pneumoniae, and (d) Escherichia coli. Here, CLE: Centella leaf extract, CLN: Centella leaf extract-assisted synthesized AgNPs, CSE: Centella stem
extract, CSN: Centella stem extract-assisted synthesized AgNPs.

https://doi.org/10.1371/journal.pone.0321172.9011
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Table 7. ZOI of the tested bacteria against C. asiatica extracts and synthesized AgNPs.

Samples Zones of inhibition (mm)

S. aureus S sonnei K. pneumoniae E. coli
CLN 5 - - -
CSN 8 - - -
Neomycin 18 19 18 20

CLN: Centella leaf extract-assisted synthesized AgNPs, CSN: Centella stem extract-assisted
synthesized AgNPs.

https://doi.org/10.1371/journal.pone.0321172.t007
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