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Abstract: Silver nanoparticles (AgNPs) have increasingly gained attention owing to their distinctive
physicochemical and biological properties. The objective of the investigation was to biologically syn-
thesize AgNPs using plant extracts from Barleria albostellata. The synthesized AgNPs, obtained from
B. albostellata (leaves and stems), were characterized through various techniques including UV-visible
spectroscopy, scanning electron microscopy (SEM), high-resolution transmission electron microscopy
(HRTEM), energy-dispersive X-ray analysis, Fourier transform infrared (FTIR) spectral analysis,
and nanoparticle tracking analysis (NTA). The antibacterial efficacy of the synthesized AgNPs was
evaluated utilizing the disk diffusion method. The cytotoxicity effects of the synthesized AgNPs were
determined using the MTT assay (3-[(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide])
in cervical cancer (HeLa), embryonic kidney (HEK293), and breast adenocarcinoma (MCF-7) cell
lines. The results indicate that B. albostellata extracts could serve as eco-friendly biofactories for the
synthesis of AgNPs. UV-vis spectroscopy of the leaf and stem extracts revealed absorption peaks
within the range of 400–450 nm, thereby confirming the synthesis of AgNPs. Elemental Ag was
highest in the methanol leaf extracts (16.87 ± 0.89%) and lowest in the powdered stem extracts
(7.13 ± 1.44%). Synthesized AgNPs were predominantly spherical in shape. HRTEM revealed that
synthesized AgNPs from the methanolic stem extracts (34.32 ± 16.99 nm) were larger in size, while
those from the powdered stem extracts were smaller (16.57 ± 5.55 nm). AgNPs synthesized from
both the leaf and stem extracts exhibited zeta potential values between −8.8 and −32.1 mV, with
hydrodynamics diameters ranging from 34.3 to 111.3 nm. FTIR spectroscopy confirmed the presence
of various functional groups on the AgNPs. AgNPs synthesized from the leaf and stem extracts
displayed significant antibacterial activity and were sensitive to Gram-negative and Gram-positive
bacteria. AgNPs exhibited significant antibacterial activity (diameter of the zone of inhibition) against
Pseudomonas aeruginosa (21.67 ± 2.87 mm) in the leaf methanolic extract. Synthesized AgNPs ex-
hibited selective in vitro cytotoxicity against HEK293, HeLa, and MCF-7 cell lines. The IC50 values
of the AgNPs synthesized from the various extracts were all above 9 µg/mL. Significant cytotoxic
levels (IC50 16.11 and 27.23 µg/mL) were observed for the MCF-7 cell line upon exposure to the
methanolic leaf and stem AgNPs. This study recommends the use of medicinal plant extracts in
producing economically effective AgNPs, due to their efficient capping. Overall, AgNPs synthesized
from B. albostellata extracts comprised novel antibacterial and anticancer agents, and warrant further
investigation. Bio-synthesized AgNPs show great potential in the area of nanotechnology and may
be used as an affordable, eco-friendly alternative for the delivery of conventional therapeutics.
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1. Introduction

Nanotechnology is an emerging research discipline focusing on the synthesis and
application of small particles called nanoparticles (NPs) (<100 nm) [1–3]. The term “Nano”
originates from Latin, meaning dwarf. The advancement of molecular technology has
facilitated the manipulation of atoms and molecules of certain materials, such as plants,
resulting in the reduction to nanoparticles ranging from 1–100 nm in size [4,5]. This field
has various applications in biology, chemistry, energy science, medical science, and phar-
maceutics [6–8]. The use of natural reagents as reductants and capping agents, such as
biodegradable polymers, sugars, microorganisms, and plant extracts, are desirable for nan-
otechnology [9]. Nanomedicine links the gap between the physics of nanostructures and
the biology leading to their medicinal importance [10]. Green syntheses, the eco-friendly
processes utilized in the field of chemistry, are increasingly gaining popularity due to their
potential in addressing global environmental issues [9,11]. To achieve this objective, the
utilization of natural resources (organic systems) and model solvent systems is impera-
tive [12]. While the microbial approach to synthesize NPs is considered environmentally
friendly, the utilization of plant materials in their production may be more advantageous,
given the intricate steps involved in surface modification and the time-consuming nature
of microbial screening [9,13]. Biosynthetic methods use plant extracts to act as reducing
and capping agents [14–16] and have emerged as a straightforward, viable, and envi-
ronmentally friendly substitute for the more intricate chemical synthesis procedures for
nanomaterials [17,18]. Although the precise mechanism of synthesizing NPs using plant
extracts remains unclear, it has been observed that biomolecules such as alkaloids, phenols,
and flavonoids present in these extracts play a crucial role in reducing metal ions and
capping the biosynthesized NPs [19,20]. There has been great interest in metal NPs such as
gold (Au) [21], copper (Cu) [22], and silver (Ag) [23–25] for treating various ailments due
to their unique characteristics in terms of size, shape, and biological properties [26].

Cancer stands as a predominant cause of mortality in Africa, with 70% of deaths
occurring in low to middle income countries [27]. Despite this, the focus on infectious
diseases has taken precedence over cancer in the public health agenda of several African
countries [28]. The administration of chemotherapy drugs for cancer treatment poses chal-
lenges due to their non-specific nature, leading to the development of multidrug resistance
and subsequent toxicities associated with chemotherapy. As a result, patients often suc-
cumb to the adverse effects of the drugs rather than the disease itself [29,30]. Antimicrobial
resistance in South Africa is estimated to be linked with over 700,000 deaths every year. In
2018, cancer and benign tumors accounted for 9.7% of all mortality in the country [27,28].
Nanomaterials are poised to revolutionize cancer treatment by enhancing early detection,
prognosis, and therapy. NPs are expected to provide targeted delivery, enhanced efficacy
of therapeutic agents, and resistance to multidrug resistance mechanisms [31,32]. Addi-
tionally, NPs play a crucial role as antibacterial agents, especially in light of the rapid
evolution of disease-causing microorganisms and their increasing resistance to traditional
biocides [23,24]. This necessitates the urgent development or modification of alternative
treatments and antimicrobial compounds [2,33]. Among all the metal NPs, silver NPs
(AgNPs) have gained substantial attention due to their availability [34,35] and their diverse
applications in therapeutics, including antimicrobial, antidiabetic, anticancer, and antioxi-
dant activities [36,37]. AgNPs are the most commercialized nanomaterial globally, with an
annual production of five hundred tons [38,39]. The application of AgNPs in various fields,
such as artificial implants, diagnostics, tissue engineering, imaging, sensing, and gene and
drug delivery, is linked to their unique optical, electrical, and thermal characteristics [40,41].
Several medicinal phytochemicals have been documented to reduce, cap, and stabilize
Ag+ ions [42,43]. Several reducing agents, specifically Tollens reagent, ascorbate, elemental
hydrogen sodium citrate, and polyol sodium borohydride, reduce silver ions (Ag+) in
non-aqueous or aqueous extracts [44]. There are three reactant elements that are necessary
for the standard preparation of AgNPs, and these include a metal precursor, reducing
agents, and stabilizing agents [45]. Plant-mediated biosynthetic methods are widely used
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for the rapid production of AgNPs with polar solvents (methanol and water) being reported
to be highly effective in their synthesis [46]. The morphological limitations of synthesiz-
ing NPs (e.g., shape and size) can be controlled by changing the reaction conditions and
concentrations of chemicals (e.g., pH and temperature) [12].

Barleria albostellata (Acanthaceae), an indigenous shrub found in the tropical and
subtropical regions of South Africa [47], is recognized for its medicinal attributes, partic-
ularly the antibacterial and anti-inflammatory properties exhibited by its leaf and stem
extracts [48]. Despite a lack of scientific data on the traditional medicinal use of B. al-
bostellata, other species within the genus have been historically employed for their diverse
pharmacological activities [48–55]. Gangaram et al. [56] have found the leaves and stems of
B. albostellata to be rich in bioactive compounds and a possible source of antibacterial agents.
Additionally, the leaves and stems exhibited strong antioxidant activity correlating to its
cytotoxicity [57]. Plant metabolite profiles can differ among various plant parts [58,59].
The current study aimed to synthesize and characterize the methanolic and aqueous Ag-
NPs using various protocols, evaluate their antibacterial activity against Gram-positive
and Gram-negative bacteria using the disk diffusion method, and assess their cytotoxic-
ity activity using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay against several cancer cell lines. To our knowledge, there are no previous
reports on the biosynthesis of NPs from extracts of B. albostellata. Thus, investigation on
the synthesis of AgNPs using B. albostellata is essential to elucidate its potential use in the
nanotechnology industry.

2. Materials and Methods
2.1. Plant Materials

Leaves and stems from B. albostellata were collected from the University of KwaZulu–
Natal (UKZN), Westville campus (29◦49′51.6′′ S, 30◦55′30′′ E), situated in Durban, South
Africa. A voucher specimen (7973000) was deposited in the Ward Herbarium, UKZN.

2.1.1. Preparation of the Methanolic Crude Extract

The leaf and stem materials were oven-dried for 2 weeks at 35 ◦C. The oven-dried
materials were crushed into a fine powder using a blender (Russel Hobbs, model: RHB315,
Durban, South Africa) and then extracted using methanol in a Soxhlet apparatus. Ap-
proximately 10 g of powdered leaves were placed into a round-bottom flask containing
100 mL of methanol, which was subsequently boiled at 40 ◦C for three hours. The extract
was filtered using Whatman® No. 1 filter paper and stored for further experimentation.
This process was repeated three times. Sequential extractions were performed on both
leaf and stem materials. The resultant extracts were transferred into glass containers and
maintained at 4 ◦C until they were used for subsequent analyses.

2.1.2. Fresh Aqueous Extract

The fresh plant material was extracted according to Govindarajan and Benelli [60],
with modifications. Approximately 35 g of washed and cut leaf and stem materials were
added into 600 mL beakers. Sterile distilled water (100 mL) was added to each beaker and
placed in an oven for 30 min at 60 ◦C. Extracts were filtered, transferred into glass jars, and
then stored at 4 ◦C until further use.

2.1.3. Powdered Aqueous Extract

Approximately 10 g of powdered leaf and stem materials were added into a 250 mL
Erlenmeyer flask, followed by the addition of 100 mL of sterile distilled water. Solutions
were mixed and heated in an oven at 60 ◦C for 3 h. Thereafter, the samples were filtered
and transferred to glass jars and stored at 4 ◦C until further use.
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2.1.4. Synthesis of AgNPs

The silver nitrate (AgNO3, 1 mM) (Merck, Durban, South Africa) aqueous solution was
made using deionized water. The reduction of Ag+ ions was facilitated by the incorporation
of 10 milliliters of extract (comprising both leaves and stems) into 90 mL of the AgNO3
solution [61,62]. A pH level of 7 was determined to be optimal to ensure Ag+ was reduced
to metallic silver (Ag0). The solution was incubated at 80 ◦C for a period of 3 h, until a
colour change was observed. The formation of AgNPs was indicated by the emergence of a
brownish colour [63]. Upon intensification of the solution’s color, the conical flasks were
removed to prevent the agglomeration of AgNPs, which typically occurs when the solution
exhibits a dark coloration [64]. All analyses were performed in triplicate.

2.1.5. Quantification of AgNPs

Subsequent to the synthesis, the reaction mixture (comprising methanolic, fresh,
and powdered aqueous extracts) of leaf and stem was dispensed into centrifugal tubes.
Each solution was augmented with 20 mL of distilled water and centrifuged (BECKMAN
COULTER, Avanti® J-E Centrifuge, Brea, CA, USA) at 4 ◦C for 20 min at 10,000 rpm, thereby
yielding a concentrated pellet. The supernatant from each solution was discarded, and
the pellet was replenished with deionized water. Centrifugation was repeated thrice to
eliminate unreacted materials, which may exist as either compounds or biomass residues,
including any free enzyme or protein molecules not bound to the AgNPs. The pellet was
subsequently dispersed in deionized water and vortexed for 5 min (Vortex Mixer Model
VM-1000, Cole-Parmer, Johannesburg, South Africa). The resulting suspension of each
extract was oven-dried at 50 ◦C for 7 days. The yield of the synthesized AgNPs from each
extract was quantified utilizing the following equation and subsequently characterized as
the following:

Extract yield (%) = Weight of dried extract (g)/weight of plant material (g) × 100

2.1.6. Characterisation of AgNPs

UV-visible spectroscopy

AgNP synthesis was determined by examining each colloidal solution (1 mL) after
synthesis using the SHIMADZU UV-1800 Spectrophotometer (Cole-Parmer, Duisburg,
Germany) at a range of 200–800 nm at a medium speed, using 1 mM AgNO3 solution
as a blank. The absorption spectra for each sample were correlated to that found in the
literature, confirming their successful synthesis. Prior to analysis, all synthesized samples
were sonicated (SONICLEAN, Austrailia sonication bath) and vortexed for 5 min in order
to ensure uniformity of the solution.

Ultra Plus field emission gun Scanning electron microscopy (SEM)

Approximately 2 mL of each synthesized NP solution was pipetted separately into
3 mL Eppendorf Tubes® and sonicated (SONICLEAN, sonication bath) for 20 min. There-
after, approximately 20 µL of each solution was pipetted onto aluminium stubs and left to
dry for 60 min beneath a mercury lamp. The stubs were sputter coated with gold using
the Quorum 150 RES. Samples were viewed and analyzed on an Ultra Plus field emission
gun scanning electron microscope (FEGSEM) (Carl Zeiss, Jena Germany). Images were
captured using the SmartSEM imaging software 8.0.

Energy-dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy analytically detects elemental compositions
present in any material. The synthesized NP solutions of the leaves and stems were
sonicated (SONICLEAN, sonication bath) for 20 min. Thereafter, approximately 20 µL
of each solution was dispensed onto a glass coverslip attached to an aluminium stub
containing double-sided adhesive carbon tape. Solutions were dried under a mercury lamp
for about 60 min. The elemental composition of the NPs produced from the leaf and stem



Appl. Sci. 2024, 14, 8331 5 of 30

methanolic extracts were identified using the Aztec analysis software 1.2 on the Ultra Plus
FEGSEM (Carl Zeiss, Germany) at 5 kV.

High-resolution transmission electron microscopy (HRTEM)

The shape, size, and distribution of the synthesized AgNPs produced from leaves
and stems were analysed with the HRTEM. Each solution was sonicated (SONICLEAN,
sonication bath) to ensure that the AgNPs were evenly distributed. Formvar carbon coated
grids (400-mesh) (Ted Pella Inc., Redding, CA, USA) were dipped in each solution and
placed under a lamp for 1 h at room temperature to allow the solvent to evaporate. Samples
were viewed under the JEOL JEM HRTEM 2100 (Tokyo, Japan) at 200 kV. ImageJ software
Java 1.53e was used to determine the size of the AgNPs.

Nanoparticle Tracking Analysis (NTA)

To precisely elucidate the zeta potential, size distribution, and nano-complexes of all
synthesized AgNPs, NTA (Nanosight NS-500, Malvern Instruments, UK) was conducted
at a temperature of 25 ◦C. Approximately 2 mL of each nanoparticle solution (methanolic,
aqueous-fresh, and aqueous-powdered AgNPs) was extracted and transferred into Eppen-
dorf tubes (3 mL). A dilution of 1 mL at a ratio of 1:500 (in 18 Mohm water/Ultrapure
Millipore water) of each extract was prepared in suspension for analysis, aimed at deter-
mining the hydrodynamic diameter. All samples underwent triplicate analyses. Images
were viewed, captured, and evaluated using the NTA 3.2 analytical software.

Fourier transform infrared spectroscopy (FTIR)

In order confirm the presence of capping functional groups in the AgNPs, infrared
spectroscopy of the dried leaf and stem extracts and their synthesized AgNPs was achieved
using the Agilent Cary 630 spectrometer using Agilent MicroLab PC 5.1.22. Resolution
Pro 5.0.0.395 was used to process the data for peaks. The data were collected using ATR
Diamond−1 Bounce with 30 background scans and 30 sampling scans with a resolution of
4 cm−1. The detection of peaks displayed by the various function groups were scanned at a
range between 3800–800 cm−1.

2.1.7. Antibacterial Bioassays

Test microorganisms

The antibacterial efficacy of both leaf and stem AgNP samples was evaluated against
five distinct strains of bacteria. These strains included Gram-positive bacteria: Bacillus
subtilis (ATCC 6633), methicillin-resistant Staphylococcus aureus (ATCC 43300), and Staphylo-
coccus aureus (ATCC 25923), in addition to Gram-negative bacteria: Pseudomonas aeruginosa
(ATCC 25783), and Escherichia coli (ATCC 35218). The aforementioned bacterial strains
were provided by Professor Johnson Lin from the School of Life Sciences (Microbiology
Department) at UKZN, and were preserved in a 75% glycerol solution at −80 ◦C for
experimental use.

Preparation of sample

Synthesized nanoparticles were obtained from methanolic, aqueous-fresh, and pow-
dered leaf and stem extracts. These extracts were further dissolved in a 10% dimethyl sulfox-
ide (DMSO) solution at different concentrations of 100, 50, 25, 12.5, 6.25, and 3.125 mg/mL.
Samples were then transferred into Eppendorf tubes (mL) and stored at 4 ◦C in preparation
for further experimental procedures.

Preparation of culture media and bacterial cultures

Mueller–Hinton agar (MHA, 38 g) (Biolab, Merck, South Africa) was dissolved in 1 L
of distilled water, agitated for 15 min, microwave heated for 10 min, and then autoclaved
(Model HL-340, Durban, South Africa) for a duration of 1 h at 121 ◦C. The medium was
aliquoted into Petri dishes (sterile) (90 mm) and cooled at room temperature (23 ◦C). Each
bacterial strain, encompassing both Gram-positive and Gram-negative categories, was
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sub-cultured onto freshly prepared agar plates and incubated overnight (24 h) at 37 ◦C.
Glass test tubes containing 15–20 mL of distilled water were similarly autoclaved at 121 ◦C
for 1 h. Bacterial colonies from each agar plate were inoculated by transferring 5 µg·µL−1 of
the respective strain into the prepared glass test tubes containing 15 mL of sterile distilled
water, corresponding to the 0.5 McFarland scale. The absorbance of each bacterial culture
was subsequently measured, adjusted, and diluted to achieve an appropriate viable cell
count utilizing a Cary 60 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA).

Freshly cultured bacterial strains were uniformly distributed over the MHA plates
using an L-shaped metal spreader (hockey stick). The disk diffusion method was employed
to evaluate the antibacterial properties of the synthesized AgNPs. Approximately 20 µL of
AgNPs, prepared using the methanolic and aqueous-fresh and powdered extracts, were
carefully pipetted onto sterile filter paper discs (Whatman® no. 1 filter paper) with a
diameter of 6 mm. Sterile discs impregnated with AgNPs at various concentrations were
allowed to dry overnight before being positioned onto Petri plates inoculated with bacterial
cultures. The Petri plates were subsequently sealed and incubated for 24 h at 37 ◦C. The
presence of clear zones of inhibition surrounding the filter paper was recorded as indicative
of positive antibacterial results, and the diameters of these zones were measured and
documented within 18–24 h post-incubation to ascertain whether the synthesized AgNPs
exhibited antibacterial activity. The clear zones of inhibition were quantified and tabulated.
Filter paper discs containing streptomycin and gentamycin served as positive controls,
while 10% DMSO was utilized as a negative control. The analyses were conducted in
triplicate, and the data were presented as mean ± standard deviation.

2.1.8. In Vitro Cytotoxicity/MTT Assays

Cell cultures

The cytotoxic effects of the AgNPs were assessed in cervical carcinoma cells (HeLa),
human embryonic kidney (HEK293) cells, and breast adenocarcinoma (MCF-7) cells. Cell
lines (Cryopreserved) were obtained from the American Type Culture Collection (ATCC)
situated in Manassas, VA, USA. The experimental procedures involving cell cultures were
conducted within a sterile class II biohazard safety cabinet. Cryopreserved cell lines, which
were maintained at −80 ◦C in a Nuaire biofreezer, were retrieved and then defrosted at
37 ◦C in a water bath. Aseptically, the cell suspensions were placed into falcon centrifuge
tubes and centrifuged (Eppendorf benchtop centrifuge) for 5 min at 1000 rpm, after which
the supernatant was discarded. The resulting pellet was then re-suspended in 1 mL of
whole sterile medium (Eagle’s Minimum Essential Medium (EMEM)) augmented with
1% antibiotics (100 µg/mL streptomycin, 100 units/mL penicillin,) and 10% Foetal Bovine
Serum (FBS). The cell suspensions were subsequently dispensed and cultured in a 25 cm2

tissue culture flask which contained 4 mL of whole sterile medium. These cells were then
incubated at 37 ◦C (Thermo-Electron Corporation, Waltham, MA, USA) in an atmosphere
containing 5% CO2 and observed daily using an inverted microscope (Nikon TMS-F 6V,
Tokyo, Japan). The sterile whole medium was routinely replaced until the cells reached
confluency [65].

MTT (cell viability) assay protocol

The assay employed aimed to quantify the metabolic activity of cells and their ability to
reduce MTT into formazan using the succinate-tetrazolium reductase system [66]. The cells
were subjected to trypsinization and subsequently seeded into 96-well microtiter plates,
where they were incubated overnight at 37 ◦C to allow for cell attachment. Thereafter, the
medium was substituted with new medium (EMEM + 10% FBS + 1% Antibiotics) [65]. Cells
were then treated with different concentrations of synthesized AgNPs from B. albostellata
(15, 30, 60, 120, and 140 µg/mL) and incubated for 48 h at 37 ◦C. In each well, the growth
medium was aspirated and 100 µL of medium (comprising 10 µL of the MTT solution
(5 mg/mL in phosphate buffered saline (PBS) solution) was added, followed by a 4 h
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incubation at 37 ◦C. Subsequently, the medium containing MTT was removed from each
well and replaced with 100 µL of DMSO to ensure a complete solubilization of the formazan
crystals. The formation of these crystals served as an indicator of cellular viability [67].
Once DMSO was added, the solution exhibited a purple coloration. The absorbance of the
solution was measured at 570 nm using the Mindray M-R-96A microplate reader (Vacutec,
Hamburg, Germany) and DMSO as the control. Solutions which contained cells only
served as the positive controls and was recorded as 100% survival [65]. This protocol was
conducted in triplicate. Graphs were created using Microsoft Excel 2019™ in order to
determine the concentration at which 50% cell death was attained (IC50).

2.1.9. Statistical Analysis

All analyses were completed in triplicate. Values obtained were displayed as
mean ± standard deviation. These values were then subjected to statistical analysis using
the R statistical computing software, 2020, version 3.6.3. Data obtained were subjected to
One-Way Analysis of Variance (ANOVA) followed by Tukey’s honest significant difference
multiple range post hoc tests. Data were expressed as mean significant at the p < 0.05 level.

3. Results and Discussion
3.1. Synthesis of AgNPs and UV Characterisation

The reduction of AgNO3 in leaf and stem extracts after 3 h of incubation at 80 ◦C was
visually evident by color changes (brownish-yellow) in the reaction mixture (Figure 1).
These changes in color indicate the production of AgNPs [7,59] due to the reduction of Ag+

to Ag0 by numerous biomolecules that are present in the plant extract [60]. Our results
showed that the brown color intensity increased with the duration of the incubation period.
However, after 3 h, there were no visible color changes in various solutions. This may
be due the consumption of the Ag+ ions in the solutions and the excitation of the surface
plasmon resonance (SPR) effect [68]. The optical phenomenon observed in metal NPs is
a distinctive effect that can be readily observed under UV-vis light, originating from the
surface plasmon oscillation of free electrons [69]. AgNPs synthesized from plant-based
extracts exhibit strong changes in color after incubation [70]. An intense brown color was
also observed in aqueous leaf extracts from B. prionitis [10].

The highest percentage yield of the synthesized AgNPs from B. albostellata was ob-
tained from the powdered stems solution (0.50%), followed by 0.32% from the methanolic
leaf AgNPs (Table 1). The lowest percentage yield was obtained from NPs from the fresh
stem solution (0.10%). Overall, this suggests that the percentage yield of phytocompounds
in B. albostellata were greater in the leaf extract than the stem extract (Figure 1). NP yield
can be affected by several factors, such as the type of material used, temperature, incu-
bation time, amount of phytocompounds and metals present in the extracts used for the
synthesis [16,71]. AgNPs obtained from the various extracts were characterized by UV-vis
spectroscopy (Figure 2) and major peaks were distributed along the absorption band of
the SPR [68]. Characteristic absorption peaks were observed at 416 nm (methanol leaves),
402 nm (methanol stems), 400 nm (fresh leaves), 398 nm (fresh stems), 450 nm (powdered
leaves), and 438 nm (powdered stems), respectively. In previous literature, AgNPs have
exhibited a maximum absorption in the range of 400–450 nm [72,73]. Plasmon bands
are extended in Figure 2 with an absorption tail at longer wavelengths, which may be
associated with the distribution and size of NPs [17]. Pirtarighat et al. [2] have suggested
broad plasmon bands found in a specific spectrophotometric range that may be linked to
the occurrence of different metabolites in the synthesized AgNPs from the plant extract.
AgNPs produced from the leaf and stem solutions had a maximum absorbance of 4.00 a.u.
(Figure 2). AgNPs synthesized from B. longiflora and B. cristata leaf extracts displayed
a maximum absorption at 443 nm and 449 nm, respectively [60], while synthesis using
aqueous leaf extracts of B. prionitis, produced a maximum absorption at 420 nm [10].
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Figure 1. Silver nanoparticles synthesized from B. albostellata leaf and stem extracts: (A) Leaf and stem
methanolic extracts before AgNP synthesis; (B) Leaf and stem methanolic extracts after incubation
with AgNO3; (C) Fresh leaf and stem extracts before AgNP synthesis; (D) Fresh leaf and stem
extracts after incubation with AgNO3; (E) Powdered leaf and stem extracts before AgNP synthesis;
(F) Powdered leaf and stem extracts after incubation with AgNO3.

Table 1. Percentage yield of the leaf and stem synthesized extracts of B. albostellata.

Crude Extract
Leaves Stem Leaves Stem

Dried AgNPs Yield (g) Percentage Yield (%)

Methanol 0.032 0.030 0.32 0.30
Fresh 0.030 0.010 0.12 0.04

Powdered 0.026 0.050 0.26 0.50

3.2. Scanning Electron Microscopy and EDX Analysis

Synthesized AgNPs from the various extracts exhibited dispersion throughout the
samples with some level of agglomeration (Figure 3A,C, Figure 4A,C and Figure 5A,C).
MubarakAli et al. [74] have reported that this could be due to a dehydration-induced
aggregation of AgNPs. The spherical shape of nano-sized (<100 nm) AgNPs was confirmed
by micrographs (Figure 3A,C, Figure 4A,C and Figure 5A,C). Similarly, previous reports
on synthesized AgNPs from B. prionitis [10] and B. cristata [75] have highlighted their
predominantly spherical morphology. All prepared samples for SEM analysis displayed
considerable NP agglomeration, thus SEM micrographs were not ideal for assessing NP
size. Gomathi et al. [75] have suggested that AgNPs synthesized from the leaf extracts
of B. cristata were agglomerated because the biological constituents may have gathered
smaller particles, forming larger knobs.
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Figure 4. Micrographs of AgNPs synthesized from the fresh leaf extracts (A,B) and fresh stem
extracts (C,D) of B. albostellata. (A,C) Aggregated AgNPs; (B,D) EDX spectroscopy. Circles indicate
AgNP agglomeration.

EDX confirmed the presence of AgNPs and displayed strong peaks at 3 keV (Figure 3B,D,
Figure 4B,D and Figure 5B,D). These peaks confirmed the biosynthesis of AgNPs and
the organic compounds which were present on the NPs [76]. AgNPs synthesized from
the leaf extracts of B. prionitis also displayed strong peaks at 3 keV [10]. Several stud-
ies have confirmed the presence of Ag+ by observing the energy peak at 3 keV [77,78].
Overall, AgNPs from the methanolic leaf solution (Figure 3B) displayed the highest per-
centage of elemental Ag+ ions (16.87 ± 0.89) and the lowest was found in the powdered
stems (7.13 ± 1.44%) (Table 2). AgNPs from the methanolic stems had the second highest
percentage of 14.78 ± 3.53. Fresh leaves and stems displayed Ag+ ions at 9.47 ± 1.38%
and 8.12 ± 0.71%, while the powdered leaf and stem material exhibited percentages at
8.85 ± 1.09 and 7.13 ± 1.44, respectively (Table 2). Kumar et al. [79] have proposed that
different plant parts vary in their content of biochemical constituents, thus affecting the
synthesis, size, and shape of AgNPs. The higher biosynthesized AgNPs obtained using
leaf extracts (relative to the stems) may be due to their high concentration of secondary
metabolites, as opposed to the stems, which may promote metal ion reduction [80].
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Figure 5. Micrographs of AgNPs synthesized from the powder leaf extracts (A,B) and powder stem
extracts (C,D) of B. albostellata. (A,C) Aggregated AgNPs; (B,D) EDX spectroscopy. Circles indicate
AgNP agglomeration.

Table 2. Average % weight of AgNPs synthesized from various leaf and stem extracts of B. albostellata.

Type of Extract Average % Weight

Methanol leaf 16.87 ± 0.89
Methanol stem 14.78 ± 3.53

Fresh leaf 9.47 ± 1.38
Fresh stem 8.12 ± 0.71

Powdered leaf 8.85 ± 1.09
Powdered stem 7.13 ± 1.44

Data displayed as mean ± SD of triplicate.

3.3. High-Resolution Transmission Electron Microscopy of Synthesized AgNPs

Structural characteristics of the synthesized AgNPs were examined using HRTEM.
NPs were evenly dispersed and occasionally detected either in clusters or merging into
nano-clusters. The slight aggregation could be attributed to the elevated surface energy
typically encountered during the preparation of NPs in an aqueous medium [81]. NPs
synthesized from extracts of both leaf and stem (Figure 6) exhibited a small, generally
spherical shape. Some NPs displayed either a spherical or triangular morphology. This
variability in shape could be linked to distinct sets of phytochemicals that facilitate the
reduction and stabilization of the AgNPs [82]. The kinetic energy of molecules increases
at higher temperatures. This reaction speeds up the Ag ion consumption, thus reducing
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the likelihood for particle size development [83]. This could explain the small particle size
found in the HRTEM micrographs.
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Figure 6. HRTEM micrographs of the AgNPs synthesized from (A,B) methanolic leaf extracts;
(C,D) methanolic stem extracts, (E,F) fresh leaf extracts; (G,H) fresh stem extracts, and (I,J) powdered
leaf extracts; (K,L) powdered stem extracts of B. albostellata. Arrowhead indicates film around AgNPs.

Verma and Mehata [83] have proposed that the size of AgNPs can be modified by
manipulating pH levels, concentration, and temperature. A thin film layer was observed
surrounding the AgNPs in both leaf and stem extracts (Figure 6B,D). Mallikarjuna et al. [84]
have detected similar films around synthesized AgNPs and recognized this as AgNPs
capping the functional groups. Cittrarasu et al. [61], have validated this observation by
identifying comparable films in the aqueous leaf extracts of B. longiflora, proposing that
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the thin layer constituted the organic material capping the AgNPs. Furthermore, Mittal
et al. and Restrepo and Villa [85,86] have suggested that the functional group’s capping
might enhance the stability of AgNPs in the solution. According to the histogram for
mean particle size, AgNP sizes were not uniform and varied across the different extracts
(methanolic leaves and stems (Figure 7A,B)), (aqueous fresh leaves and stems (Figure 7C,D)),
(and aqueous powdered leaves and stems (Figure 7E,F)) from B. albostellata, However, all
particles were below 100 nm. The sizes of synthesized NPs from the leaf and stem extracts
were as follows: 31.69 nm (Figure 6A), 34.32 nm (Figure 6B), 21.77 nm (Figure 6C), 20.48 nm
(Figure 6D), 18.39 nm (Figure 6E), and 16.57 nm (Figure 6F), respectively. AgNPs of a
similar size (15–30 nm) have been observed in B. cristata [75]. Additionally, spherical NPs
synthesized from the aqueous leaf extracts of B. prionitis varied from 10 to 20 nm [10].
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The mean particle size in Figure 7A is right skewed; this means that the size of
the majority of the AgNPs from the methanolic leaf extracts were between 20–40 nm.
Additionally, the mean particle size in Figure 7B,F is left skewed, with a large portion of the
data on the right, and smaller observations trailing off to the left. In Figure 7C,D, the mean
particle size is right skewed, with the majority set off to the left, while a few observations
are trailing off to the right. Figure 7E displays the mean particle size that appeared almost
bell-shaped, with a large peak in the middle and tails that extend on either side at nearly
the same frequency.

3.4. Nanoparticle Tracking Analysis (NTA)

NTA was utilized to precisely determine the size and distribution of the AgNPs,
their colloidal stability, and their zeta potential (Table 3). These results indicated that
the AgNPs synthesized from the methanolic leaf and stem extracts had a mean diameter
of 111.3 ± 4.4 nm and 110.7 ± 4.2 nm, which contradicts the HRTEM results. As stated
previously, various sizes of the synthesized AgNP solutions were visualized using HRTEM
and measured using imageJ 1.53 e analysis. However, the sizes and zeta potential of the
AgNPs, as well as their complexes, were evaluated using NTA. The differences in results
may be due to the fact that, during HRTEM analysis, AgNP solutions of the various extracts
were pipetted onto copper grids, dried with the aid of a UV lamp and thereafter visualized.
Nonetheless, NTA involves the preparation of solutions in an aqueous suspension for
analysis, yielding a hydrodynamic diameter more akin to what is expected in a biological
system. It has been reported that sizes obtained from NTA are expectedly slightly larger
than that observed under TEM [86,87]. The zeta potential of a solution is regarded as the
electrostatic value of the nanoparticle, and this then correlates to the surface charge of
nanoparticles [88].

Table 3. Size distribution and zeta potential analysis of AgNPs synthesized from various extracts.

Sample (AgNPs) Nanoparticle Size (nm)
(Mean + Standard Error)

Zeta Potential (mV)
(Mean + Standard Error)

Methanol leaf 111.3 ± 4.4 −33.2 ± 0.1
Methanol stem 110.7 ± 4.2 −28.2 ± 0.0

Fresh leaf 53.9 ± 8.4 −8.8 ± 0.2
Fresh stem 37.7 ± 0.9 −17.2 ± 0.0

Powdered leaf 57.9 ± 0.6 −17.0 ± 0.0
Powdered stem 34.3 ± 0.2 −16.8 ± 0.1

Zeta potential has been commonly used by the pharmaceutical industry to evaluate
their formulations for stability. A desirable zeta potential value of less than −30 mV or
greater 30 mV is usually considered to have adequate repulsive force in order to achieve
improved physical colloidal stability [89]. A zeta potential within this range is regarded
as stable, owing to the substantial mobility within the solution, and greater levels of
electrostatic repulsion, thereby reducing NP aggregation [90]. Conversely, a minute zeta
potential value could lead to the aggregation or flocculation of NPs due to the influence of
van der Waals attractive forces, resulting in the physical instability of the NPs [91–93]. The
zeta potential of a sample is influenced by two key factors: the pH and the conductivity
of the solution in which the NPs are dispersed [94]. AgNPs synthesized from the leaf and
stem methanolic extracts exhibited a high zeta potential of −33.2 ± 0.1 and −28.2 ± 0.0,
respectively (Table 3). This indicates good long-term colloidal stability and potential
suitability for in vivo application. The lowest zeta potential was observed in the AgNPs
synthesized from the fresh leaf extracts (−8.8 mV).

3.5. Fourier-Transform Infrared Spectroscopy of Synthesized AgNPs

The FTIR spectroscopy of synthesized AgNPs using the leaves and stems are presented
in Figures 8–10, respectively. Prominent peaks were observed for the methanolic leaf
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extracts at 3273.31, 2927.50, 2346.67, 2119.29, 1622.25, 1393.67, 1333.55, 1287.63, 1034.01,
897.23, 813.23 cm−1 (Figure 8A) and stems at 3330.48, 3276.33, 2347.91, 2119.13, 1619.30,
1474.26, 1392.44, 1332.30, 1041.01, 932.56, 895.77 cm−1 (Figure 8B). Additionally, for the
aqueous fresh leaf extracts, peaks were observed at 3397.89, 3370.78, 2331.58, 2122.09,
1911.28, 1599.40, 1389.56, 1323.17, 1070.81, 1039.08, 820.01, 722.42 cm−1 (Figure 9A) and
stems at 3269.77, 2929.85, 2348.90, 2110.30, 2094.08, 1614.30, 1391.17, 1330.95, 1038.69, 896.38,
821.34 cm−1 (Figure 9B). Lastly, peaks for the aqueous powdered leaf extracts were detected
at 3281.52, 3223.08, 2927.53, 2328.14, 2115.65, 1888.35, 1592.68, 1394.61, 1336.86, 1036.22,
808.04, 767.36 cm−1 (Figure 10A) and stems at 3262.30, 2929.28, 2344.39, 2116.90, 1607.25,
1391.95, 1333.34, 1036.10, 766.74 cm−1 (Figure 10B).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 17 of 32 
 

were linked to C–O stretching vibrations [99]. Bands at 1619.30 and 1622.25 cm−1 were 

characteristic to C=O stretching. A band at 1619 cm−1 was designated to flavonoid and 

fisetin [100]. 

Peaks at 1650–1580 cm−1 may be linked to symmetric N-H bending (amine). Similar 

bending vibrations related to amine were observed in the leaf extracts of B. prionitis [10], 

while peaks at 1420–1330 cm−1 were related to O-H bending. Bands ranging from 1390–

1380 cm−1 are characteristic to C-H bending of aldehyde. Aromatic amine, C-N stretching 

is related to peaks at 1342–1266 cm−1. Aromatic esters are associated to the symmetric vi-

bration C-O at peaks of 1310–1250 cm−1. Additionally, vibrational stretching of C-O was 

observed in the leaf extracts of B. prionitis [10]. Peaks at 1250–1020 cm−1 relate to the sym-

metric C–N vibration of amine [101]. Peaks at 850–550 cm−1 are linked to C-Cl stretching, 

a halo compound. Peaks in the range of 880 ± 20 cm−1 and 810 ± 20 cm−1 corresponds to C-

H bending. A peak at 755 ± 20 cm−1 represents C-H bending (1,2-disubstituted). Ghosh et 

al. [10] have reported the extensive phytochemical variety found in the leaf extracts of B. 

prionitis, which included phenols, ascorbic acid, citric acid, and reducing sugars, among 

other compounds that could potentially contribute significantly to the reduction and sta-

bilization of AgNPs. The majority of absorbance bands observed in the synthesized ex-

tracts of B. albostellata displayed distinctive functional groups such as phenols, alcohols, 

terpenes, alkynes, aldehydes, primary, and secondary amines. Hence, the phyto-constitu-

ents existing in the B. albostellata leaves and stems evidently displayed an important role 

in the bioreduction process of the synthesized AgNPs. 

 

A 

Appl. Sci. 2024, 14, x FOR PEER REVIEW 18 of 32 
 

 

Figure 8. FTIR spectra of synthesized AgNPs synthesized. (A) leaf methanolic extracts; (B) Stem 

methanolic extracts of B. albostellata. 

B 

Figure 8. FTIR spectra of synthesized AgNPs synthesized. (A) leaf methanolic extracts; (B) Stem
methanolic extracts of B. albostellata.



Appl. Sci. 2024, 14, 8331 16 of 30
Appl. Sci. 2024, 14, x FOR PEER REVIEW 19 of 32 
 

 

Figure 9. FTIR spectra of the synthesized AgNPs. (A) aqueous fresh leaf extracts; (B) aqueous fresh 

stem extracts of B. albostellata. 

A 

B 

Figure 9. FTIR spectra of the synthesized AgNPs. (A) aqueous fresh leaf extracts; (B) aqueous fresh
stem extracts of B. albostellata.

Absorbance peaks observed between 2700–3200and 3200–3550 cm−1 are distinctive
to a possible O-H stretching group of polyphenols/alcohol, respectively [95–97]. A peak
at 3330.48 cm−1 corresponds to phenolic hydroxyl groups and secondary amines. A
similar peak has been observed in B. longiflora leaf aqueous extract [61]. The presence of
a moderately sharp peak at 2927 cm−1 was associated with the asymmetric vibration of
methylene groups C–H (methoxy compounds) [98]. The 2117 and 2120 cm−1 wavelengths
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display the symmetrical C≡C vibration of alkynes. Bands appearing in the range of
1700–1600 cm−1 were linked to C–O stretching vibrations [99]. Bands at 1619.30 and
1622.25 cm−1 were characteristic to C=O stretching. A band at 1619 cm−1 was designated
to flavonoid and fisetin [100].
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Peaks at 1650–1580 cm−1 may be linked to symmetric N-H bending (amine). Sim-
ilar bending vibrations related to amine were observed in the leaf extracts of B. prioni-
tis [10], while peaks at 1420–1330 cm−1 were related to O-H bending. Bands ranging
from 1390–1380 cm−1 are characteristic to C-H bending of aldehyde. Aromatic amine, C-N
stretching is related to peaks at 1342–1266 cm−1. Aromatic esters are associated to the
symmetric vibration C-O at peaks of 1310–1250 cm−1. Additionally, vibrational stretching
of C-O was observed in the leaf extracts of B. prionitis [10]. Peaks at 1250–1020 cm−1 relate
to the symmetric C–N vibration of amine [101]. Peaks at 850–550 cm−1 are linked to C-Cl
stretching, a halo compound. Peaks in the range of 880 ± 20 cm−1 and 810 ± 20 cm−1

corresponds to C-H bending. A peak at 755 ± 20 cm−1 represents C-H bending (1,2-
disubstituted). Ghosh et al. [10] have reported the extensive phytochemical variety found
in the leaf extracts of B. prionitis, which included phenols, ascorbic acid, citric acid, and
reducing sugars, among other compounds that could potentially contribute significantly to
the reduction and stabilization of AgNPs. The majority of absorbance bands observed in
the synthesized extracts of B. albostellata displayed distinctive functional groups such as
phenols, alcohols, terpenes, alkynes, aldehydes, primary, and secondary amines. Hence,
the phyto-constituents existing in the B. albostellata leaves and stems evidently displayed
an important role in the bioreduction process of the synthesized AgNPs.

The FTIR frequencies observed showed the occurrence of several functional groups
(Table 4). Phenolic compounds were detected in the stem methanol, fresh leaves, fresh
stems, and powdered leaves. The above results suggest that the observed AgNP capping
may contain terpenoids and phenolic compounds, with several functional groups alcohols,
carboxylic acids, and esters etc. These compounds could have been impacted by the various
treatments used (ratios of leaf and stem material and different solvents), which may have
reduced AgNO3 to AgNPs by means of several bioactive compounds [102]. Furthermore,
the presence of impurities may be linked to the presence of other organic substances in the
different plant extracts [103].

Table 4. FTIR spectral frequencies of synthesized AgNPs using extracts of B. albostellata.

Plant Extract
Absorption
Frequency

(cm−1)

Types of
Absorption/

Vibration

Functional
Group

Compound
Class

Leaf methanol

3273.31 Stretch O-H Alcohol

2927.50 Stretch C–H Alkane

2346.67 Stretch O=C=O Carbon dioxide

2119.29 Symmetrical C≡C alkynes

1622.25 Stretch C=C Conjugated
alkene

1393.67 Bending C–H Aldehyde

1333.55 Bending O-H Alcohol

1287.63 Stretch N-O Nitro

1034.01 Stretch S=O sulfoxide

897.23 Bending C=C Alkene

813.23 Bending C=C Alkene
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Table 4. Cont.

Plant Extract
Absorption
Frequency

(cm−1)

Types of
Absorption/

Vibration

Functional
Group

Compound
Class

Stem methanol

3330.48 Stretch N-H Aliphatic
primary amine

3276.33 Stretch O-H Alcohol

2347.91 Stretch O=C=O Carbon dioxide

2119.13 Stretch N=C=N Carbodiimide

1619.30 Stretch C=C α,β-unsaturated
ketone

1474.26 Bending C-H Alkane

1392.44 Bending O-H Phenol

1332.30 Stretch C-N Aromatic amine

1041.01 Stretch CO-O-CO Anhydride

932.56 Bending C=C Alkene

895.77 Bending C=C Alkene

Fresh leaf

3397.89 Stretch N-H Aliphatic
primary amine

3370.78 Stretch N-H Aliphatic
primary amine

2331.58 Stretch O=C=O Carbon dioxide

2122.09 Stretch N=C=S Isothiocyanate

1911.28 Bending C-H Aromatic
compound

1599.40 Stretch N-O Nitro compound

1389.56 Bending O-H Phenol

1323.17 Stretch C-N Aromatic amine

1070.81 Stretch S=O sulfoxide

1039.08 Stretch S=O sulfoxide

820.01 Bending C=C Alkene

722.42 Bending C=C Alkene

Fresh stem

3269.77 Stretch O-H Carboxylic acid

2929.85 Stretch C-H Alkane

2348.90 Stretch O=C=O Carbon dioxide

2110.30 Stretch N=C=S Isothiocyanate

2094.08 Stretch N=C=S Isothiocyanate

1614.30 Stretch C=C α,β-unsaturated
ketone

1391.17 Stretch C-F Fluoro
compound

1330.95 Bending O-H Phenol

1038.69 Stretch S=O Sulfoxide

896.38 Bending C=C Alkene

821.34 Bending C=C Alkene
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Table 4. Cont.

Plant Extract
Absorption
Frequency

(cm−1)

Types of
Absorption/

Vibration

Functional
Group

Compound
Class

Powdered leaf

3281.52 Stretch O-H Alcohol

3223.08 Stretch O-H Carboxylic acid

2927.53 Stretch N-H Amine salt

2328.14 Stretch O=C=O Carbon dioxide

2115.65 Stretch N=C=S Isothiocyanate

1888.35 Bending C-H Aromatic
compound

1592.68 Bending N-H Amine

1394.61 Stretch C-F Fluoro
compound

1336.86 Bending O-H Phenol

1036.22 Stretch C-N Amine

808.04 Stretch C-Cl Halo compound

767.36 Stretch C-Cl Halo compound

Powdered stem

3262.30 Stretch O-H Alcohol

2929.28 Stretch N-H Amine salt

2344.39 Stretch O=C=O Carbon dioxide

2116.90 Stretch N=C=S Isothiocyanate

1607.25 Bending N-H Amine

1391.95 Stretch C-F Fluoro
compound

1333.34 Bending O-H Alcohol

1036.10 Stretch C-N Amine

766.74 Stretch C-Cl Halo compound

3.6. Antibacterial Activity of Synthesized AgNPs from Various Leaf and Stem Extracts

The use of AgNPs in antibacterial assays is a fascinating strategy to overcome the
problem of multidrug resistance by bacteria [104]. AgNPs synthesized from leaf and stem
extracts were subjected to antibacterial analysis. Various concentrations (100, 50, 25, 12.25,
6.25, and 3.125 mg/mL) were tested against Gram-positive and Gram-negative strains of
bacteria. Clear zones of inhibition were observed for the AgNPs synthesized from the leaf
and stem methanolic, and fresh and powdered extracts against Gram-positive B. subtillus,
methicillin-resistant S. aureus, S. aureus and Gram-negative E. coli and P. aeruginosa. The
highest inhibitory activity was observed at 100 mg/mL in all AgNPs, for both Gram-
positive and Gram-negative bacteria. From all of the AgNPs tested against B. subtillus, the
NPs from the fresh stem displayed the highest inhibitory activity (18.33 ± 3.21 mm), while
the lowest was observed in the powdered leaf (12.33 ± 1.53 mm) (Table 5). No inhibitory
activity was observed in the leaf and stem AgNPs at 6.25 and 3.125 mg/mL against B. subtil-
lus (Table 4). The powdered stem AgNPs displayed the highest activity (18.67 ± 3.21 mm)
against Methicillin-resistant S. aureus, while the fresh leaf AgNPs demonstrated the lowest
(12.00 ± 2.65 mm) (Table 5). Only the powdered leaf AgNPs at 6.25 mg/mL displayed
no activity against Methicillin-resistant S. aureus. No observed activity was observed at
3.125 mg/mL against Methicillin-resistant S. aureus (Table 5). The methanolic leaf AgNPs
showed the highest inhibitory activity against S. aureus (16.67 ± 2.52 mm), whereas the
powdered leaf AgNPs displayed the lowest (13.67 ± 2.52 mm). In S. aureus, no zones
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of inhibition were observed at 6.25 and 3.125 mg/mL for both powdered leaf and stem
methanolic AgNPs (Table 5). Furthermore, at 3.125 mg/mL, the powdered stem AgNPs
displayed no activity against S. aureus (Table 5). The powdered stem AgNPs demonstrated
the highest activity (19.33 ± 1.15 mm) against E. coli, whereas the powdered leaf AgNPs
showed the lowest activity (15.00 ± 1.00 mm). Zones of inhibition were observed at all con-
centrations for all AgNPs against E. coli (Table 5). Furthermore, Gangaram et al. [56] have
evaluated the antibacterial activity of the crude leaf and stem extracts (hexane, chloroform
and methanol). These authors found the antibacterial activity of the crude leaf methano-
lic extract at 100 mg/mL had the highest inhibition against all tested bacterial strains.
Whereas, the crude stem methanolic extracts had the highest inhibition against S. aureus
and P. aeruginosa only. According to the HRTEM analysis, AgNPs synthesized from the
various extracts ranged from 34.32–16.57 nm. Numerous studies have reported that AgNPs
of smaller dimensions (<30 nm) have a greater ability to penetrate into bacteria [105,106].
This suggests that smaller particles may engage with the contact surface of bacteria more
frequently than larger ones, therefore improving their antibacterial activity [107,108]. Addi-
tionally, the morphology and physicochemical characteristics of NPs have been recognized
to exert an effect on their antimicrobial activities [109,110]. Kvitek et al. [111] have found
smaller size AgNPs to display greater surface area then the larger particles, resulting in
improved antibacterial activity. This was further validated by Collins et al. [112], who
have suggested that small-sized particles exhibit strong antibacterial activity, due to their
enhanced capacity to penetrate bacterial cells.

Table 5. Antibacterial activity of synthesized AgNPs from B. albostellata against human pathogenic
strains (zone of inhibition mm).

Strain Concentration
(mg/mL)

Treatments/Synthesized AgNPs Positive Control
(mg/mL)

Leaf
Methanol Fresh Leaves Powder

Leaves
Stem

Methanol Fresh Stem Powder
Stem L S

BS 3.125 R R R R R R

9.00 ± 1.00 11.00 ± 1.00

6.25 R R R R R R
12.5 6.67 ± 0.58 7.33 ± 0.58 6.67 ± 0.58 6.67 ± 0.58 6.67 ± 1.15 7.00 ± 0.00
25 7.33 ± 0.58 8.00 ± 1.00 8.00 ± 1.00 7.67 ± 1.15 8.00 ± 1.73 9.00 ± 0.00
50 9.67 ± 2.08 9.67 ± 3.79 10.00 ± 1.73 9.00 ± 3.46 9.33 ± 2.31 11.33 ± 2.31

100 13.33 ± 3.06 14.33 ± 2.52 12.33 ± 1.53 15.00 ± 4.58 18.33 ± 3.21 17.33 ± 3.21

MRSA 3.125 R R R R R R

9.33 ± 0.58 9.00 ± 1.00

6.25 7.00 ± 1.73 6.67 ± 0.58 R 6.67 ± 0.58 6.67 ± 0.58 6.67 ± 0.58
12.5 9.33 ± 0.58 7.00 ± 0.00 6.00 ± 1.00 7.33 ± 1.15 7.67 ± 1.53 9.00 ± 1.00
25 10.67 ± 0.58 8.00 ± 1.00 7.33 ± 0.58 9.33 ± 1.15 9.67 ± 0.58 11.67 ± 1.53
50 12.67 ± 2.52 9.00 ± 1.00 10.00 ± 3.00 12.67 ± 2.52 12.00 ± 2.00 14.00 ± 4.00

100 14.67 ± 0.58 12.00 ± 2.65 11.00 ± 2.00 15.00 ± 1.00 14.00 ± 3.00 18.67 ± 3.21

SA 3.125 7.33 ± 1.53 7.33 ± 0.58 R R 6.67 ± 0.58 R

9.67 ± 0.58 10.00 ± 1.00

6.25 9.00 ± 2.65 8.00 ± 6.93 R R 7.33 ± 1.15 7.33 ± 1.53
12.5 10.33 ± 0.58 9.33 ± 3.05 7.33 ± 2.08 7.67 ± 1.52 8.67 ± 1.53 8.67 ± 0.58
25 11.67 ± 2.08 10.33 ± 0.58 9.67 ± 1.15 9.33 ± 1.15 10.33 ± 0.58 9.33 ± 2.52
50 15.00 ± 1.00 12.00 ± 1.00 11.67 ± 3.79 12.33 ± 3.06 13.33 ± 2.31 13.67 ± 2.52

100 16.67 ± 2.52 14.00 ± 2.65 13.67 ± 2.52 15.00 ± 2.65 16.00 ± 2.65 16.33 ± 4.72

EC 3.125 7.00 ± 1.00 7.33 ± 0.58 7.00 ± 0.00 7.00 ± 0.00 8.33 ± 0.58 7.67 ± 0.58

8.67 ± 0.58 9.33 ± 0.58

6.25 8.67 ± 0.58 9.33 ± 0.58 8.67 ± 0.58 9.33 ± 0.58 9.67 ± 0.58 9.33 ± 0.58
12.5 10.33 ± 0.58 11.33 ± 1.53 10.00 ± 0.00 10.33 ± 2.52 11.33 ± 0.58 10.67 ± 1.53
25 12.00 ± 2.65 13.67 ± 1.53 11.67 ± 0.58 12.33 ± 2.31 13.00 ± 2.65 12.33 ± 1.15
50 14.00 ± 2.65 14.00 ± 1.00 13.67 ± 4.16 14.00 ± 1.73 15.33 ± 0.58 14.00 ± 1.00

100 18.67 ± 3.51 15.67 ± 1.53 15.00 ± 1.00 16.67 ± 2.31 17.00 ± 3.00 19.33 ± 1.15

PA 3.125 7.33 ± 1.53 7.00 ± 0.00 R R 7.00 ± 0.00 7.00 ± 0.00

9.33 ± 0.58 8.67 ± 1.15

6.25 8.33 ± 1.53 7.67 ± 1.15 7.00 ± 0.00 7.33 ± 0.58 8.33 ± 0.58 7.67 ± 0.58
12.5 13.00 ± 2.65 10.33 ± 3.51 8.67 ± 1.53 8.00 ± 1.73 11.67 ± 2.89 9.67 ± 0.58
25 14.33 ± 3.05 12.33 ± 2.08 10.67 ± 3.79 11.67 ± 2.89 13.33 ± 2.89 11.00 ± 3.00
50 15.33 ± 1.53 13.67 ± 3.21 13.67 ± 3.52 13.67 ± 3.21 14.67 ± 0.58 15.33 ± 0.58

100 21.67 ± 2.87 17.00 ± 1.00 15.00 ± 4.00 19.67 ± 1.53 17.33 ± 3.79 18.67 ± 1.15

BS = B. subtillus, MRSA = methicillin-resistant S. aureus, SA = S. aureus, EC = E. coli, PA = P. aeruginosa, R = resistant,
Positive controls (Streptomycin 10 mg/mL, Gentamicin 10 mg/mL), Negative control = DMSO, (n = 3).

Pirtarighat et al. [2] have proposed that the bactericidal activity of AgNPs is due to
the attachment of these particles to the cell wall. Ag+ ions released from NPs promote
antibacterial activity. Additionally, these positively charged ions react with the phosphorus
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and sulphur found in biomolecules such as DNA and RNA in the bacterial cells, thereby
causing their disruption [113,114]. According to various reports in the literature, the
antibacterial potential of AgNPs is observed in their ability to denature the outer membrane
of bacteria [115]; cause gaps/pits in the membrane, resulting in their destruction [116,117];
and bring about an interaction between the AgNPs and sulfhydryl/disulphide groups of
enzymes, hindering their metabolic processes and leading to cell death [118]. The potency
of synthesized AgNPs from the leaves of B. cristata [75] and B. gibsoni [81] have showed
antibacterial activity against S. aureus and E. coli. AgNPs are known to affect various
biological processes within microorganisms, as they modify the structure and function of
the cell membrane, rendering them permeable [119]. AgNPs were reported to accumulate
on the membrane of E. coli cells, creating a gap in the integrity of the bilayer and increasing
its permeability, resulting in bacterial cell death [75,120]. For P. aeruginosa, AgNPs from the
leaf methanolic extract displayed the highest inhibitory activity (21.67 ± 2.87 mm), while the
lowest was observed in the powdered AgNPs (15.00 ± 4.00 mm). Additionally, no observed
activity was observed at 3.125 mg/mL in the powdered leaf and stem methanolic AgNPs
against P. aeruginosa (Table 5). Cittrarasu et al. [61] have evaluated the antibacterial activity
of AgNPs synthesized from B. longiflora aqueous leaf extracts. According to these authors,
strong antibacterial activity at 100 mg/mL was observed against S. aureus (14.5 ± 0.08 mm)
and P. aeruginosa (18 ± 0.14 mm). Therefore, the biosynthesized AgNPs from the leaves and
stem extracts of B. albostellata, exhibited antibacterial activity against both Gram-positive
and Gram-negative bacteria.

3.7. In Vitro Cytotoxic Effect on Cancerous Cell Lines Using Synthesized AgNPs

The preparation of NPs that can eradicate cancerous cells while leaving normal cells
unharmed will be a crucial step towards improving harsh toxicities linked with drug
administration. In vitro cytotoxicity analysis is a valuable tool for screening synthesized
compounds with potential anti-cancer activity. The MTT assay evaluated the level of cell
death. MTT is reduced in the mitochondria, and the absorbance measured is suggestive of
the mitochondrial activity of the cell population, and hence the amount of viable cells [121].
As shown in Figure 11A–C, the percentage of cell survival for all synthesized extracts were
dose-dependent. All AgNPs at various concentrations showed high cytotoxicity against
all cell lines (Figure 11A–C). NPs can efficiently enter the tumor micro-environment and
prevent cancer cells from metastasizing [122–124]. Controls 1, represented 100% of viable
cells, while control 2 contained DMSO only. For HEK293, the highest cellular viability was
observed at 15 µg/mL when treated with the powdered leaf and stem AgNPs. Furthermore,
at 240 µg/mL, the lowest percentage for cell viability was observed in the fresh stem AgNPs
(Figure 11A). Medium-high cytotoxicity was observed with the synthesized NPs even at
lower concentrations (15 µg/mL). The percentage of cellular viability for HeLa was highest
at 15 µg/mL when exposed to the powdered stem AgNPs, whereas at 240 µg/mL the
lowest viability was observed when exposed to the methanol stem AgNPs (Figure 11B).
The percentage viability for the MCF-7 cell line was greatest at 15 µg/mL when exposed to
the powdered stem AgNPs, and lowest at 240 µg/mL when treated with the methanol stem
and fresh leaf AgNPs (Figure 11C). Cell viabilities were above 30% for most NPs at varying
concentrations (Figure 11A–C). As the NP concentration increased, so did their toxicity
for the cell lines. Statistical analysis showed that all extracts had significantly different
activities across all concentrations (p < 0.05).
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Figure 11. The in vitro cytotoxicity assessment (% cell viability) of silver nanoparticles (AgNPs)
derived from the leaf and stem extracts of B. albostellata. (A) HEK293 human embryonic kidney
cells; (B) HeLa cervical carcinoma cells; (C) MCF-7 breast adenocarcinoma cells. (* p <0.05 and
** p <0.001 were deemed statistically significant across the varying concentrations, ranging from
15 to 240 µg/mL). The results are expressed as means ± standard deviation (SD), with n = 3, and
represented as a percentage relative to the control sample. Control Leaves 1—cells only; Control Stems
1—cells only; Control Leaves 2—DMSO control only; Control Stems 2—DMSO control; LM—Leaf
methanol extract; SM—Stem methanol extract; FL—Fresh leaf material; FS—Fresh stem material;
PL—Ground leaf powder; PS—Ground stem powder.
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The IC50 values of the synthesized AgNPs in the three mammalian cell lines are
represented in Table 6. Significant cytotoxic activity was observed in the HEK293 cell line
upon exposure to the methanol leaf AgNPs, with an IC50 value of 9.02 µg/mL. However,
lower cytotoxicity was found in the stem AgNPs (61.66 µg/mL). Fresh leaf and stem AgNPs
displayed moderate cytotoxicity in the HEK293 cell line (IC50 47.86 and 33.04 µg/mL),
while lower cytotoxic levels were observed for the powdered leaf and stem AgNPs (IC50
100 and 61.24 µg/mL) (Table 5). Methanol leaf and stem AgNPs displayed the highest
cytotoxicity in the HeLa cell line, with IC50 values of 5.87 and 12.58 µg/mL, respectively.
Fresh leaf and stem AgNPs displayed moderate cytotoxicity in the HeLa cell line (IC50
29.64 and 32.14 µg/mL), whereas lower cytotoxic levels were observed in the powdered
leaf and stem AgNPs (IC50 69.18 and 54.70 µg/mL) (Table 6).

Table 6. IC50 values of the cytotoxicity activity of methanol, powder and fresh leaf and stem extracts
of B. albostellata.

Cell Lines Extracts
Cytotoxicity (µg/mL)

Leaves Stems

HEK293
Methanol 9.02 61.66

Fresh 47.86 33.04
Powder 100.00 61.24

HeLa
Methanol 5.87 12.58

Fresh 29.64 32.14
Powder 69.18 54.70

MCF-7
Methanol 16.11 27.23

Fresh 47.86 41.30
Powder 74.13 100.00

Data are presented as mean. n = 3.

Significant cytotoxic levels (IC50 16.11 and 27.23 µg/mL) were observed for the MCF-7
cell line upon exposure to the methanolic leaf and stem AgNPs. Moderate cytotoxic levels
were observed in the fresh leaf and stem AgNPs (47.86 and 41.30 µg/mL), and lower
levels in the powdered leaf and stem AgNPs (74.13 and 100 µg/mL) (Table 6). Chen and
Schluesener [125] have proposed that AgNPs interact with the thiol groups of the inner
membrane of the mitochondria, inhibiting the antioxidant defense mechanism, leading
to the formation of reactive oxygen species (ROS). The accumulation of ROS results in an
inflammatory response that initiates the destruction of the mitochondria, triggering the
release of apoptogenic factors leading to cell death.

NPs are small in size, allowing them to easily enter and interact with cancer cells,
and ultimately disturb cellular functions [126]. Additionally, Sanpui et al. [127] have
proposed that AgNPs have the potential to interfere with genes associated with cell cycle
progression, thus inducing DNA damage and apoptosis in cancerous cells. Furthermore,
Jeyaraj et al. [128] have suggested that there are different mechanisms for the cytotoxicity
of AgNPs, which include the induction of ROS, apoptosis, and Ag ion release. Hussain
et al. [129] have observed an increase in the generation of ROS as NP concentrations are
increased. Therefore, it can be expected that any cytotoxic effects induced in the cancer
cells may be due to the active bound compounds capping the AgNPs.

Biosynthetic methods using plant extracts act as reducing and capping agents [14,19–21].
Using various microscopic techniques, AgNPS of similar shapes and sizes found in B.
albostellata were noted in other species of Barleria [15,80]. The biosynthesized AgNPs from
the leaves and stem extracts exhibited antibacterial activity against both Gram-positive and
Gram-negative bacteria; this was also noted in several species of Barleria [80,86,90]. The
precise mechanism for synthesizing NPs using plant extracts is unclear. It has been shown
that biomolecules such as alkaloids, phenols, and flavonoids found in these extracts play
an important role in reducing the metal ions and capping the biosynthesized NPs [26,27].
Synthesized AgNPs exhibited selective in vitro cytotoxicity against HEK293, HeLa, and
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MCF-7 cell lines. The size of the NPs allow them to easily enter and interact with cancer cells,
ultimately enabling them to disturb cellular functions [66]. AgNPs possess the capability
to disrupt genes linked to the advancement of the cell cycle, consequently initiating DNA
damage and apoptosis in cancerous cells. The cytotoxic consequences observed in the
cancer cells might be attributed to the bioactive molecules capping the AgNPs [67].

4. Conclusions

A rapid, efficient, and environmentally-friendly synthesis of AgNPs was established
using extracts from the leaves and stems of B. albostellata, offering a viable alternative to con-
ventional chemical synthesis, particularly for medical and pharmaceutical purposes. The
advantageous morphology, small dimensions, and zeta potential of the AgNPs bode well
for their potential biological applications. The FTIR spectra revealed absorptions associated
with various functional groups. Various phytochemical groups play an important role in the
bio-reduction and stabilization of the AgNPs. The synthesized AgNPs displayed potential
bacteriostatic effects against both Gram-positive and Gram-negative human pathogenic
bacteria. Their wide-ranging bioactivity hints at their potential as effective agents against
infections. All AgNPs exhibited cytotoxicity in vitro, with some selectivity to cancer cell
lines, suggesting their promise as potential chemotherapeutic agents. Given the influence
of NP surface charge on their effectiveness, it is advisable to utilize moderately stable
AgNPs for further assessment. As this research signifies the inaugural exploration into the
synthesis and characterization of silver nanoparticles (AgNPs) derived from B. albostellata,
subsequent investigations should concentrate on identifying the specific biochemical com-
ponents that facilitate this synthesis. To the best of our knowledge, this is the first report on
the synthesis, characterization, antibacterial, and cytotoxic activities of AgNPs synthesized
from the extracts of B. albostellata. This study sets the stage for forthcoming research to
delve deeper into the therapeutic potential of AgNPs derived from B. albostellata. While
the current characterization and assessment represent a crucial initial phase, additional
experiments and tests are necessary to enhance and broaden our understanding of the
impacts of these nanoparticles in antibacterial and anticancer applications. The findings
of this study could significantly contribute to progressing the development of innovative
phytochemical-based green compounds for potential application in the healthcare sector.
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