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Abstract: The absence of novel, safe, and effective bactericide is an urgent concern worldwide and
remains a challenge in scientific communities. The unique proprieties of silver nanoparticles (SNPs)
synthesized from plant extracts make them a suitable candidate to overcome these limitations. Herein,
we synthesized SNPs from Bersama engleriana fruit (BEfr) extracts and determined their potential
antibacterial activity and mode of action. SNPs were synthesized from BEfr methanolic fruit extracts
at 25 and 70 ◦C, and the antibacterial effectiveness of SNPs against bacterial strains was investigated.
The surface plasmon resonance peaked at 430.18 and 434.08 nm, respectively, for SNPs synthesized at
25 and 70 ◦C, confirming SNPs synthesis. BEfr-SNPs had minimum inhibitory concentrations (MIC)
range of 0.234 to >50 µg/mL, which was 30-fold greater than extract alone (MIC of 500 µg/mL). BEfr-
SNPs-25 ◦C was potent against six bacterial strains (S. aureus, S. enterica, MRS. aureus, K. pneumonia,
and S. pyogenes), with MIC range of 0.339 to 6.25 µg/mL. The mode of action of BEfr-SNPs-25 ◦C
was achieved by an MRSA bacteria strain outer membrane and DNA nucleotide linkage. These
results suggest that our synthesized SNPs, especially BEfr-SNPs-25 ◦C, demonstrated an enhanced
antibacterial effect and could be potential candidates for bacterial infection treatment.

Keywords: green nanotechnology; Bersama engleriana; antibacterial activity; mode of action

1. Introduction

Infectious diseases are a severe and persistent public-health issue affecting millions
around the world and account for one-quarter to one-third of all death cases across the globe.
In African countries, infectious diseases have a serious influence on the social security and
economic output throughout the Africa continent [1]. Despite advances in pharmaceutical
research, rates of infectious diseases are increasing globally as a result of human behaviour,
denser and larger cities, an increase in commercial activities and travel/immigration,
inappropriate antibiotic usage, and the advent of drug-resistant organisms.

Multidrug-resistant (MDR) bacteria continue to be one of the most difficult problems
in public health care [2]. According to the Centers for Disease Control and Prevention
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(CDC) report, approximately 2.8 million individuals are afflicted with antibiotic-resistant
bacteria, with over 35,000 deaths annually [3]. Bacterial pathogens, such as Pseudomonas
aeruginosa, Salmonella enterica, Klebsiella pneumoniae, Escherichia coli, Streptococcus pneumonia,
and Methicillin-resistant Staphylococcus aureus (MRSA), have been identified as primary
causative agents for skin infections, infections of the lungs, as well as other serious dis-
eases [4]. Due to antibiotic resistance, the treatment of these infections is becoming more
difficult. Consequently, these antibiotic-resistant bacteria are the primary cause of nosoco-
mial infections globally. The number of diseases caused by these resistant strains is growing,
and bacteria have developed several mechanisms to become antimicrobials resistant [5].
Some strategies employed by pathogenic bacteria include the inactivation of enzymes,
decrease in cell permeability, target overproduction, target protection, change in target
enzyme/site, and increase in efflux as a result of efflux pump overexpression [6]. Many
other complex phenotypes, for example, the formation of biofilm and quorum sensing, do
not occur due to antibiotic exposure, despite the fact that biofilm growth can be activated
by antibiotics and hence result in tolerance [6]. To overcome this and other forms of re-
sistance, several techniques, such as the application of structural nanomaterial, are now
being explored.

Recent developments in nanotechnology-based therapies have created a novel golden
opportunity for slowing down the increase of multidrug resistance in microorganisms [7].
The application of nanomaterials, particularly silver nanoparticles (SNPs), has demon-
strated promising and tremendous uses in wound-healing, drug delivery, bio-labelling,
cosmetics, water purification, and food preservation [8]. Moreover, SNPs have gained a lot
of interest from scientific communities as a potent antibacterial agent.

Several conventional approaches have been employed for decades to synthesize SNPs.
For example, physical techniques like laser ablation, melt mixing, sputtering, and physical
vapour deposition, as well as chemical techniques, such as thermolysis, microemulsion,
sol-gel, and photoreduction. These methods usually lead to nanoparticle volatility, toxic
chemical adhesion on the nanoparticles surface, and the production of hazardous by-
products [9]. Thus, green silver nanoparticle synthesis represents a new sustainable method
for nanoparticle production and to design alternative energy-efficient, non-toxic, and
environmentally friendly techniques [10]. The use of plants for nanoparticles synthesis
has several advantages over other biological synthesis techniques since it eliminates the
need for cell culture maintenance and integrates support for the synthesis of large-scale
nanoparticle [11]. The green synthesis of SNPs from plant extracts (a) provides stable
nanoparticles synthesis; (b) enables biocompatible functionalization on the nanoparticle
surface, providing a more active surface area for physiological environment interactions;
(c) formation of no hazardous byproduct; and (d) requires no stabilizing agents or additional
reduction, which result in a more cost-effective procedure [9,12]. A study showed that SNPs
synthesized in an environmentally friendly approach from the leaf extracts of Argemone
mexicana with a particle size of 20 nm demonstrated antifungal and antimicrobial effect
against a number of fungal and bacterial microorganisms [13]. Additionally, 11 nm size
SNPs synthesized from leaf extracts of Terminalia mantaly, showed significant antibacterial
activities against several bacterial strains (Streptococcus pneumoniae, Kbesiella pneumoniae,
Haemophilus influenzae, Shigella flexneri, Salmonela enterica, and Staphylococcus aureus) [7].

While the actual mechanism of SNPs antibacterial activity is still not completely
understood, and some remain to be clarified, it has, however, been fully proven that nano-
silver accumulates at the surface of bacterial membranes and penetrates the cell walls of
the bacteria, thereby resulting in their destabilization, change in cell membrane structure,
and even cell death [14]. Additionally, previous reports have stated that the inhibitory
effect of SNPs can be ascribed to the electrostatic interaction found within the negative
charge on the bacterial cells and the positive charge of nanoparticles [15]. In addition, it
has been postulated that nano silver-based systems exhibit their antibacterial actions via
the following mechanisms: (a) the destruction of the microbial membrane, which is caused
by the directed physicochemical linkage of SNPs on the surface of the cell, and consequent
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functional and structural modifications (such as membrane destabilization, formation
of gap, cytoplasm leakage, and piercing of membrane); and (b) damage to microbial
subcellular structures induced by releasing the free Ag+ ions and the resultant production
of reactive oxygen species (ROS) or inactivation of important macromolecules (proteins,
enzymes, and nucleotides) [16]. Hence, the current study aims to develop a green technique
for silver nanoparticle synthesis from the fruit extracts of the plant Bersama engleriana (BEfr-
SNPs). We also investigated the possible modes of action, including the time-kill kinetic
growth inhibition, the effect of BEfr-SNPs on the outer membrane destabilization, and DNA
nucleotide linkage.

2. Results and Discussion
2.1. Green Synthesis and UV–Visible Spectroscopy Evaluation

After 24 h of incubation in a silver nitrate (AgNO3) aqueous solution, the fresh fruit
extract of Bersama engleriana became a dark yellowish and brownish colour (Figure 1),
indicating that phytochemicals reduced silver ions to SNPs. The dark brown colour was
obtained for BEfr-SNPs produced at 70 ◦C. The variation in colour depended on the tem-
perature at which the SNPs were synthesized and the concentration of the extracts [7].
SNPs have distinct optical characteristics that significantly interact with specific wave-
lengths of light, which result in a distinctive peak between 400 and 450 nm for surface
plasmon resonance (SPR) [8]. Basically, the absorption peak of SPR occurs primarily in
metal nanoparticles. As a result, the presence of an SPR peak is the key indicator of forma-
tion of metal nanoparticle. SPR peak is critical in the synthesis of nanoparticle to regulate
not just particle size but also morphology and particle shape [17]. Interestingly, in our study,
SPR peaks were 430.18 and 434.08 nm (Figure 1) for synthesized BEfr-SNPs at 25 ◦C and
70 ◦C, respectively, which confirm the formation of SNPs. These results were supported by
similar findings obtained in a study performed by Dakshayani et al., 2019 [18], where the
formation of SNPs SPR peaks was monitored at 430 nm.
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Figure 1. Colour change and the profiles of UV–vis spectral of BEfr-SNPs synthesized at 25 ◦C and
70 ◦C. (A) silver nanoparticles synthesized at 25 ◦C; (B): silver nanoparticles synthesized at 70 ◦C.
Abbreviations: BEfr: Fruits extracts from methanolic of Bersama engleriana; BEfr-SNPs: BEfr silver
nanoparticles.

2.2. Full Characterization of BEfr-SNPs
2.2.1. Dynamic Light Scattering (DLS) Evaluation

The DLS was used to estimate the average hydrodynamic diameter, polydispersity
index (Pdi), as well as zeta potential parameters of the BEfr-SNPs (Figures 2 and 3 and
Table 1). The sizes of BEfr-SNPs differed based on the temperature (25 ◦C and 70 ◦C) in
which the synthesis was carried out. The average hydrodynamic size of 51.31 and 48.06 nm
was obtained for synthesized BEfr-SNPs at 25 ◦C and 70 ◦C, respectively. Zeta potential
results showed that the synthesized BEfr-SNPs is negatively charged with potential values
of −17.30 and −20.83 mV for BEfr-SNPs-25 ◦C and BEfr-SNPs-70 ◦C, respectively. The most
reliable zeta potential value for most nanosuspensions was approximately ±30 mV; the val-
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ues of zeta potential generated from this study are within this range [19]. However, using
the Zetasizer Malvern, the quality of the results was revealed to be good (Figures 2 and 3).
Generally, SNPs that present negative values of zeta potential indicate that there are signifi-
cant repulsion forces between the SNPs that prohibit NPs aggregation and agglomeration in
solution [20]. The polydispersity index (PDI) revealed that all synthesized SNPs had a nar-
row size distribution, as demonstrated by a PDI value of 0.48 and 0.66 for BEfr-SNPs-25 ◦C
and BEfr-SNPs-70 ◦C, respectively. Based on the International Organization for Standard-
ization (ISO), values of PDI greater than 0.7 imply that the samples possess a great wide
range of size distribution. In contrast, values of PDI less than or equal to 0.5 suggest that
the samples are more monodispersed. Hence, the nanoparticles from BEfr-SNPs-25 ◦C
were monodisperse, while those from BEfr-SNPs-70 ◦C were polydisperse. These findings
clearly demonstrated that the nanoparticles synthesized have a negatively charged surface
and a narrow size distribution.
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Table 1. Surface plasmon resonance and dynamic light scattering parameters of BEfr-SNPs.

Codes

Dynamic Light Scattering Parameters

Optimum
Concentration

(mg/mL)

λmax
(nm)

Average
Diameter

(nm)

Average Zeta
Potential

(mV)

Deviation/Conductivity
(ms/cm) Pdi

BeFr-SNPs-25 ◦C 0.39 434.08 51.31 −17.30 ± 1.28 5.26/0.573 0.480

BeFr-SNP-70 ◦C 0.78 430.18 48.06 −20.83 ± 0.59 7.40/10.788 0.665

2.2.2. HRTEM Characterization of BEfr-SNPs

The nanostructure morphology of BEfr-SNPs was elucidated using an HRTEM micro-
scope, and the TEM micrograph images showed several geometrical shapes (Figure 4). The
silver nanoparticles produced at 25 ◦C were mostly spherical and most were well dispersed.
The great distribution of SNPs with a small particle size obtained may be ascribed to the
bio-components of Bersama engleriana, which play both reductants roles for Ag ions as well
as a stabilizing agent for the synthesized SNPs [21]. The monodispersity of SNPs is an
indication that SNPs are bounded using the layer of organic molecule, this suggests that
particular adhering/capping phytochemical agents present in Bersama engleriana extract
are involved in the SNPs biosynthesis procedure [22]. However, the mixture of geometric
shapes, such as triangular, rectangular and spherical, was obtained with silver nanoparticles
produced at 70 ◦C. These anisotropic shapes obtained in SNPs synthesized at 70 ◦C could
be attributed to the capping and reducing phytochemicals that enabled thermodynamic
stability and not only that but also defined the NPs bioactivities [7,23]. Many reports have
demonstrated that SNPs with different geometrical shapes are usually common to NPs
synthesized via the plant-facilitated synthesis [7,17]. This postulation may be due to differ-
ent phytochemicals present in the extracts, which could act as a synergy to the reduction
of the ions and produce SNPs [24]. It has been described that polyphenols generate NPs
with different kinds of shapes [25]. Biomolecules with strongly polar groups (for instance,
-OH) on their surfaces could accelerate nucleation and cause SNP formation. Based on
the HRTEM analysis, silver nanoparticles produced at 70 ◦C appear to be agglomerated.
Interestingly, the HRTEM micrograph images of the synthesized SPNs both at 25 ◦C and
70 ◦C supported the average particle size revealed in the DLS evaluation; this excellent
result could be attributed to the standard absorption peak observed in the SPR evaluation.
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2.2.3. Size Distribution Frequency and Selected Area Diffraction Pattern

The nanocrystalline nature and size distribution of the synthesized SNPs were identi-
fied through image G (Figure 5g,h) and selected area diffraction pattern (Figure 5c,d) that
are among the components of HRTEM analysis. Regarding the SAED pattern, SNPs exhib-
ited four intense Bragg’s reflection peaks patterns for BEfr-SNPs on the face-centered-cubic
(FCC), that is, (111), (200), and (220), as well as (311) crystalline planes. This is an indication
that the FCC crystalline structure of metallic silver particles corresponded with the Joint
Committee on Powder Diffraction Standards (JCPDS no. 00-004-0784, USA) database.
Thus, this validated the synthesized silver nanoparticles from BEfr being crystal-like in
nature [24]. This evidence is further confirmed by similar patterns of FCC reported from
silver nanoparticles synthesized using Echinochloa stagnina extract [8]. Concerning the
size distribution of BEfr-SNPs determined from the HRTEM micrographs (Figure 5e,f)
using image G software, the representative histograms (Figure 5g,h) illustrated that the
synthesized BEfr-SNPs at 25 ◦C as well as 70 ◦C showed the core size of 19 nm and 18 nm,
respectively. These data could imply that BEfr has a higher concentration of capping and
reducing agents.
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Figure 5. Frequency of diameter and selected area diffraction pattern of BEfr-SNPs. (A): BeFr-
SNPs-25 ◦C; (B): BEfr-SNPs-70 ◦C; (a,b): Silver facet of BEfr-SNPs synthetized at 25 ◦C and 70 ◦C;
(c,d): Crystalline planes; (e,f): Nanostructures; (g,h): Core size. SAED, selected area electron diffrac-
tion; TEM, transmission election microscope.

2.2.4. Energy Dispersive X-ray (EDX) Examination of BEfr-SNPs

The composition of BEfr-SNPs-25 and BEfr-SNPs-70 ◦C elements were identified
using EDX analysis (Figure 6). The biosynthesized BEfr-SNPs EDX profiles revealed the
existence of high peaks for elemental silver (Ag+) at 3 keV, as well as other trace of peaks
corresponding to other elements (Figure 6). The distinctive peak of optical absorption at
3 keV is unique to metallic silver nanoparticles because of its SPR [26]. The occurrence of
distinctive peaks of C, Cl, and O might be attributed to the components of cellular makeup,
such as carbohydrates and proteins derived from the organic matrix, which could have
served as a capping agent or stabilizer for the synthesis of SNPs. Indeed, the high oxygen
and carbon peaks at 0.5 and 0.0 keV revealed that the compounds of phytochemical that
stabilized SNPs are derived from a BEfr extract. Additionally, since the grid is made up of
Cu, peaks of other element components, including Cu, were also detected.
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2.2.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis of BEfr-SNPs

FTIR evaluation was used to investigate the putative bonds of functional chemicals
obtained from the extracts of BEfr phytochemicals that could be responsible for the capping,
reduction, and stability of BEfr-SNPs [7]. The FTIR Spectra of BEfr and BEfr-SNPs are
presented in Figure 7 and Table 2. The overall bonds of a chemical recognised in the BEfr
extracts as well as BEfr-SNPs include C-H, C-O, –C=C–, O-H, and H–C=O, based on the
temperature (25 ◦C and 70 ◦C), although some of the peaks were missing in the SNPs.
In the IR spectrum of BEfr and BEfr-SNPs, the peaks at 1048 cm−1 and 1108 cm−1 and
1123 cm−1 with the redshift of BEfr and the synthesized BEfr-SNPs at 25 ◦C and 70 ◦C,
respectively, are characteristic of C=O vibrations of carboxylic acids, esters, and ethers. The
identified peaks at 1606.22 cm−1 and 1617.28 cm−1, as well as 1606.14 cm−1, showed a
redshift of +11.06 and −0.08 cm−1 for BEfr and the synthesized BEfr-SNPs at 25 ◦C and
70 ◦C, respectively, and correspond to the –C=C– stretch vibration of alkenes. More so,
the spectrum at 2016 cm−1 may be ascribed to the stretch of –C≡C–alkynes. The stretch
wide peaks at 2916.10 cm−1, 2927.29 cm−1, and 2916.16 cm−1 of BEfr, BEfr-SNPs-25 ◦C,
and BEfr-SNPs-70 ◦C, respectively, arises from aldehyde (H–C=O: C–H) stretch vibrations.
Furthermore, the observable changes in the band at 3390.07 cm−1, 3401.24 cm−1, and
3401.97 cm−1 showed redshifts of +11.1728 cm−1 and +11.928 cm−1, in the FTIR spectra of
BEfr, BEfr-SNPs-25 ◦C, and BEfr-SNPs-70 ◦C respectively, corresponding to the -OH groups
found in phenols or alcohol groups.

It has been reported that the possible change in the diverse functional groups is
influenced by anthraquinones, flavonoids, saponins, tannins, phenols, and triterpenes
present in the BEfr extracts [27], which took part in the capping, reduction, and stability
of BEfr-SNPs [8]. These results are in accordance with other results in the literature,
which revealed that the stability of plant-based SNPs is due to the amino acids, glycosides,
alkaloids, saponins, flavonoids, flavanols, phenols, and polysaccharides present in the plant
extract, which function to stabilize the biochemical corona of nanomaterials [7,17,28]. All in
all, FTIR spectroscopic evidence revealed that the Bersama engleriana extract may perform
the dual roles of bioreduction and the stability of the synthesized silver nanoparticle,
thereby preventing BEfr-SNPs from adhering and agglomerating. This study is the first
to describe the use of Bersama engleriana extract as a reducing and stabilizing agent for the
synthesis of BEfr-SNPs, to the best of our knowledge.
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of (A) BEfr extract (red colour) and BEfr-SNPs synthesized at 25 ◦C (green colour); (B) BEfr extract
(red colour) and BEfr-SNPs synthesized at 70 ◦C (purple colour). Abbreviations: SNPs: Silver
nanoparticles; BEfr: fruits from Bersama engleriana; FTIR: Fourier transform infrared.

Table 2. FTIR spectra comparison for Bersama engleriana extracts and their respective SNPs.

Peak Position
in BEfr)
(cm−1)

Peak Position
in SNPs

at 25 ◦C (cm−1)

Shift in
Position
(cm−1)

Peak Position
in SNPs

at 70 ◦C (cm−1)

Shift in
Position
(cm−1)

Type of Chemicals Groups

1033.31 1044.32 +11.03 1044.17 +10.86 C-O carboxylic acids, esters, ethers
1606.22 1617.28 +11.06 1606.14 −0.08 –C=C–stretch alkenes
1716.17 ————– ——– 1716.14 −0.03 C=O Anhydrides
2916.10 2927.29 +11.19 2916.16 +0.06 H–C=O: C–H stretch aldehydes
3390.07 3401.24 +11.17 3401.97 +11.9 O-H, Alcohol, phenol

2.3. Antibacterial Potential of Extracts and Derived Biogenic BEfr-SNPs

The antibacterial effect of Bersama engleriana aqueous and methanolic extracts were
screened against eight bacterial strains. Initially, the bacteria were treated with 500 µg/mL
single dose of Bersama engleriana extracts. The antibacterial data in Table 3 demonstrate
that the methanolic extract from the fruits of Bersama engleriana (BEfrMeOH) was the most
effective in terms of MIC values of 125 µg/mL on Staphylococcus aureus-NR-45003 and
Salmonella enterica-NR-4311. However, most of the aqueous extracts of stem bark did not
show any efficacy on all the bacteria tested.

Nano-derived products from biosynthesis were tested for antibacterial efficacy in order
to overcome multidrug resistance (MDR). The minimum sample concentration required
to inhibit visible bacterial growth (MIC) was estimated with the most active extracts
(BEfrMeOH) and BEfr-SNPs against thirteen bacteria strains after 24 h of incubation. The
MIC values of silver nanoparticles from the fruits of Bersama engleriana ranged from 0.234
to >50 µg/mL (Table 4). The silver nanoparticles from the fruits of Bersama engleriana (BEfr-
SNPs) synthesized at 25 ◦C were active against seven bacterial strains (E. coli ATCC 25922; S.
aureus NR-45003; S. enterica NR-4311; MRS aureus ATCC-33591; K. pneumoniae ATCC 13883;
S. aureus NR-48374; and S. pyogenes ATCC 19615) with the MICs range of 0.39 to 6.25 µg/mL.
The MIC of 0.39 µg/mL was obtained with E. coli ATCC 25922, K. pneumoniae ATCC 13883,
S. aureus NR-48374 and S. pyogenes ATCC 19615. In addition, the silver nanoparticles from
the fruits of Bersama engleriana (BEfr-SNPs) synthesized at 70 ◦C were active with MIC
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range of 1.56 to >50 µg/mL against all the bacteria strains tested with K. pneumoniae ATCC
13883 having the MIC value of 1.56 µg/mL. A lower value of MIC suggests that fewer
therapeutic molecules are required to inhibit the organism’s growth; hence, antimicrobial
agents with lesser MIC values are more effective [29]. According to some research, SNPs
antibacterial activity is more efficient against bacteria, such as K. pneumoniae and S. aureus,
when smaller nanoparticles (<30 nm in size) are employed [30]. The suggested antibacterial
activity of SNPs is owed to their small particle size, which provides higher penetration
capacity into bacteria, particularly Gram-negative bacteria [5,31].

Table 3. Antibacterial effect of extracts against eight bacterial strains.

Extracts
Microorganism Acronyms

A B C D E F G H

BEfrAQ 500 500 500 500 500 500 500 500
BEfrMeOH 500 500 500 500 500 500 125 125
BEfeAQ 500 500 500 500 500 500 500 >500
BEfeMeOH 500 500 500 500 500 500 500 >500
BEeAQ >500 >500 >500 >500 >500 >500 >500 >500
BEeMeOH 500 >500 500 500 500 500 500 500
Ampicilin 62.5 >62.5 >62.5 >62.5 15.625 62.5 3.901 7.8125

Abbreviations: BEfrAQ: aqueous extract of Bersama engleriana fruits; BEfrMeOH: methanolic extract of Bersama
engleriana fruits; BEfeAQ: aqueous extract of leaves from Bersama engleriana; BEfeMeOH: methanolic extract of
leaves from Bersama engleriana; (BEeAQ): aqueous extract of stem from Bersama engleriana; BEeMeOH: methano-
lic extract of stem from Bersama engleriana. (A): P. aeruginosa NR-48982: Pseudomonas aeruginosa NR-48982;
(B): S. pneumonia ATCC 49619: Streptococcus pneumonia ATCC 49619; (C): S. enterica NR-13555: Salmonella enterica
typimurium NR-13555; (D): K. pneumoniae: Kpesiella pneumonia ATCC 700603; (E): S. aureus ATCC 43300: Staphylococ-
cus aureus ATCC 43300; (F): E. coli ATCC 25922: Eschericha coli ATCC 25922; (G): S. aureus NR-45003; Staphylococcus
aureus NR-45003; (H): S. enterica NR-4311: Salmonela enterica NR-4311.

Table 4. Antibacterial effect of bioactive extracts and derived silver nanoparticles against eight
bacterial strains.

Acronym

MIC (µg/mL)

Bacterial Strains

A B C D E F G H I K L M N

BEfrMeOH 500 500 500 500 500 >500 125 125 >500 >500 >500 >500 >500

BEfr-SNPs-25 ◦C >50 >50 >50 >50 >50 0.3906 6.25 0.7815 0.7812 0.3906 0.3906 >50 0.3906
BEfr-SNPs-70 ◦C > 50 > 50 > 50 > 50 > 50 3.125 > 50 6.25 3.125 1.5612 3.125 > 50 >50

Ampicilin 62.5 >62.5 >62.5 >62.5 15.625 62.5 3.901 7.8125 7.8125 7.8125 3.9062 >62.5 62.50
Ciprofloxacin 0.468 0.468 0.234 0.468 0.234 0.234 0.234 0.234 0.234 0.468 0.234 0.468 0.468

Abbreviations: BEfrMeOH: methanolic extract of fruits from Bersama engleriana; (A): P. aeruginosa NR-48982:
Pseudomonas aeruginosa NR-48982; (B): S. pneumonia ATCC 49619: Streptococcus pneumonia ATCC 49619; (C): S.
enterica NR-13555: Salmonella enterica typimurium NR-13555; (D): K. pneumoniae ATCC 700603: Kpesiella pneumonia
ATCC 700603; (E): S. aureus ATCC 43300: Staphylococcus aureus ATCC 43300; (F): E. coli ATCC 25922: Eschericha
coli ATCC 25922; (G): S. aureus NR-45003: Staphylococcus aureus NR-45003; (H): S. enterica NR-4311: Salmonela
enterica NR-4311; (I): MRS. aureus ATCC 33591: Methicilin resistant Staphylococcus aureus ATCC 33591; (K): K.
pneumoniae ATCC 13883: Klebsiella pneumoniae ATCC 13883; (L): S. aureus NR-48374: Staphylococcus aureus NR-48374;
(M): S. epidermidis ATCC 12228: Staphylococcus epidermidis ATCC 12228; (N): S. pyogenes ATCC 19615: Streptococcus
pyogenes ATCC 19615.

Several structural factors that could have an effect on the MIC of therapeutic molecules
are the solubility of water and polarity, molecular size, dissociation constants, isomers,
chemical stability, and functional groups [32]. Generally, BEfr-SNPs produced at 25 ◦C were
the most promising compared to BEfr-SNPs produced at 70 ◦C. The improved antibacterial
activity of SNPs may be due to various factors, such as shape, temperature, and the
phytochemicals responsible for capping the SNPs, knowing the FTIR analysis showed the
presence of phytochemicals bounds from secondary metabolites [7]. SNPs that have the
same surface areas but different shapes exhibit differential bactericidal effects that can
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be related to differences in surface area effectiveness, crystallographic surface structures,
and active surfaces of SNPs. However, there is little available information on how the
nanoparticle shape affects the SNPs biological effect.

2.4. Evaluate the Time Kinetics Effect of Potential Silver Nanoparticles against the
Susceptible Bacteria

The growth kinetics of five bacteria strains with the lowest MICs (E. coli ATCC 25922,
K. pneumonia ATCC 13883, MRS. aureus ATCC 33591, S. pyrogenes ATCC 19615 and S.
aureus NR-48374) were determined in response to the treatment with the two synthesized
BEfr-SNPs as represented in Figure 8. The optical density (OD) changes were employed to
ascertain the bacterial growth for 24 h, since this is a fast and simple approach to measure
bacterial growth over time. The decline in absorbance suggests bacterial growth inhibition,
which could be explained by the cell death inhibited in the stationary phase. Both BEfr-
SNPs generated a dose- and time-dependent growth inhibition in the susceptible strains,
as shown in Figure 8. The two synthesized BEfr-SNPs (Figure 8) showed a bactericidal
effect against the microorganisms until the quarter of the minimal inhibitory concentration;
however, the BEfr-SNPs were bacteriostatic at 1/8xMIC. Interestingly, BEfr-SNPs inhibited
the development of all five bacterial strains examined. Surprisingly, the growth pattern for
S. pyrogenes ATCC 19615 demonstrates that ciprofloxacin inhibitory effects, reduce after 4 h
and 6 h for BEfr-SNPs-25 ◦C and BEfr-SNPs-70 ◦C, respectively. Moreover, a similar effect
was obtained in S. aureus NR-48374, which showed a decreased effect of ciprofloxacin after
20 h of incubation. In general, Gram-negative bacteria (E. coli ATCC 25922 and K. pneumonia
ATCC 13883) were more sensitive to BEfr-SNPs than Gram-positive bacteria (S. pyrogenes
ATCC 19615 and S. aureus NR-48374). Conversely, the MRS. aureus ATCC-33591 was also
sensitive to BEfr-SNPs. The difference in sensitivity to SNPs is explained by disparities in
the molecular composition and thickness of the membrane structures of Gram-positive and
Gram-negative bacteria [33]. Bactericidal activity is believed to be caused by alterations in
the cell wall of bacteria structure initiated by interactions with the incorporation of SNPs,
resulting in increased membrane permeability and, ultimately, death [34].

Gram-negative bacteria consist of a thinner cell wall that is made up of lipopolysac-
charides, phospholipids, and lipoproteins, while the Gram-positive bacteria cell wall has a
thick layer of peptidoglycan, teichoic acid that can obstruct nanoparticle penetration [35,36].
Furthermore, Gram-positive bacteria possess a strong negative charge on the surface of
the cell wall that can bind SNPs and cause cytoplasmic membrane disruption and, subse-
quently, cell death [37]. The SNPs antimicrobial activity is generally recognized, although
this differs depending on the physical characteristics of the nanoparticle, such as size,
shape, and composition, as well as the conditions of synthesis (temperature, pH, and
macromolecules) [34]. Their morphologies may be associated with their antibacterial effect,
and smaller SNPs have a higher binding surface and exhibit a stronger bactericidal effect
compared to larger SNPs [38].

2.5. Evaluate the Effect of Biogenic BEfr-SNPs on Bacteria Cell Membrane of Methicillin-Resistant
Staphylococcus aureus

The activity of biogenic SNPs on the outer membrane destabilization of the bacteria
was evaluated with MRSA bacteria strains, and the destabilization of the membrane by
the biogenic SNPs was detected after the treatment with biogenic BEfr-SNPs (Figure 9).
The effect of membrane destabilization of the BEfr-SNPs was salt-dependent. As shown in
Figure 9, BEfr-SNPs-25 ◦C at 1MIC, 2MIC, and 4MIC concentrations, affected the growth
of bacteria depending on the salt concentration. Interestingly, the increased effect was
observed at MIC and 1/2MIC concentrations with a treatment containing NaCl (70%). This
depicts the inability of MRSA bacteria strains to tolerate NaCl presence in their growth
medium. Several studies have documented that the biological effects of SNPs may be
attributed to active phytochemicals at specific temperatures [7].
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Figure 8. Time-kill kinetics of BEfr-SNPs against selected bacteria strains after 24 h of treatment.
# p < 0.05, ## p < 0.01, ### p < 0.001, significantly different compared to control. The values are
represented as means ±SD based on a one-way ANOVA test, then by post hoc multiple comparisons
(Tukey’s test). Notes: Growth curves of (A,B): E. coli ATCC 25922; (C,D): K. pneumonia ATCC 13883;
(E,F): MRS. aureus ATCC 33591; (G,H): S. pyrogenes ATCC 19615; (I,J): S. aureus NR-48374.

The SNPs shape and size also influence NP activity, smaller SNPs is typically more
effective since they can readily penetrate across cellular barriers and membrane and im-
pair the physiological processes of bacteria after internalization [39]. Thus, BEfr-SNPs
efficacy might be ascribed to their spherical shapes and smaller diameter, because it has
been shown that the size of SNPs improves the activity of anti-MRSA [40]. The smaller
nanoparticle size (19 nm) is very bactericidal and consequently induces membrane destabi-
lization. This implies that the silver nanoparticles with a surface-to-volume ratio provide
an inherent specificity for bacteria cell, which possibly facilitates the penetration across the



Crystals 2022, 12, 1010 12 of 20

membrane to get access into the cell. The ionic silver antibacterial effect is associated with
its state of valence: with greater-valency, the silver ion Ag (III) displays higher antibacterial
characteristics than Ag (I) [40].
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Figure 9. Variation of the number of MRSA colonies as a function of the concentration of BEfr-SNPs-
25 ◦C (A), BEfr-SNPs-70 ◦C (B), and NaCl. # p < 0.05, ## p < 0.01, ### p < 0.001, significantly different
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then by post hoc multiple comparisons (Tukey’s test). Abbreviations: MRS. aureus: Methicilin resistant
Staphylococcus aureus; NaCl: Sodium Chloride.

Additionally, the results could be ascribed to phytochemicals bounds revealed from
FTIR (Figure 7), which correlated with extracts from BEfr that are a rich source of polyphe-
nols. For example, tannins and flavonoids have the ability to complex with divalent cations
and membrane proteins that result in bacterial membrane destabilization. The low effect
observed with BEfr-SNPs synthesized at 70 ◦C is most likely due to limited concentrations
and/or the existence of non-destabilizing particular metabolites of the aforementioned
classes caused by the high temperature used in its synthesis. They would almost definitely
act through other mechanisms, including intracellular efflux pumps and biofilms, as well
as the lysis of cellular proteins or enzymes (MRSA penicillinases or ß-lactamases). Many
MRSA strains, according to the literature, can express large amounts of hydrolytically effec-
tive penicillinases (or ß-lactamases), which are proteins that have the ability to hydrolyze
ß-lactam drugs to inactive ring-opened derivatives [40]. According to Abbaszadegan
et al. [41], when SNPs are exposed to microorganisms, nanoparticles adhere to the cell wall
as well as the membrane. The SNPs positive surface charge is critical for adhesion by induc-
ing the electrostatic bond between the negatively charged microorganism cell membranes
and SNPs, thereby promoting SNP attachment to cell membranes. Morphological changes
occur as a result of such contact and are characterized with shrinking of the cytoplasm as
well as the detachment of membrane, which eventually lead to cell wall rupture [42]. In
addition, the activity of SNPs could be controlled through the free Ag ions, released or
present in the SNPs, which can attach to the cell membrane, disrupt the potential of the
membrane, and cause rupture of the bacterial envelope [43,44].

2.6. Determination of the Effect of Bioactive BEfr-SNPs on Nucleotide Leakage

The effect of BEfr-SNPs on DNA nucleotide linkage was evaluated against MRSA
bacteria strains. As presented in Figure 10, the BEfr-SNPs induced nucleic acids (DNA)
release into the extracellular environment, which correlated to nuclear DNA linkage. In-
deed, a decrease in OD at 260 nm could turn to a nucleic acid release in the medium
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when compared to the growth control. A decline in the OD was observed, meaning that
BEfr-SNPs exert their antibacterial activity through this mechanism.
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The antimicrobial mechanisms of various flavonoids may be ascribed to the inhibition
in the synthesis of nucleic acid because FTIR analysis revealed the availability of phyto-
chemicals bounds that possibly originated from tannins. Indeed, the phytochemicals of
extracts from Bersama engleriana revealed the presence of tannins, flavonoids, and others [45].
SNPs also bind to the phosphorus- and sulfur-rich biomaterials, which comprise intracel-
lular and extracellular components, including proteins and DNA, as well as membrane
proteins. These components have an impact on cell division, respiration, and, ultimately,
survival [46]. More so, silver ions, a component of SNPs may enter cells after disrupting the
cell wall of bacteria, resulting in the formation and accumulation of DNA damaged, have a
great influence on protein synthesis [34,47]. The binding of SNPs with DNA may result in
DNA denaturation or shearing, as well as a disruption of cell division [5,48]. Furthermore,
SNPs intercalation in the DNA helix could inhibit gene transcription in microorganisms,
and SNPs cause DNA molecule modification from relaxed to condensed state, causing a
loss of replication ability [47].

Finally, the SNPs binding to MRSA bacteria cell membranes and the consequent
changes in the lipid bilayer result in enhanced membrane permeability, cell death, and
DNA damage, and a strong antibacterial activity that appears to be more significant when
nanoparticles with smaller-sized are employed [5]. The findings suggest that the green
synthesis of BEfr-SNPs has a significant influence on the optimization of properties and
biological effects, as well as the inhibitory efficacy of synthesized BEfr-SNPs, particularly
at 25 ◦C. However, more research is required to improve and gain better insight into the
mechanism of antibacterial effect of BEfr-SNPs.

3. Materials and Methods
3.1. Plant Collection and Identification

In December 2015, leaves, fruits, and stem organs of Bersama engleriana were collected
in Bamendjou, Cameroon, and a voucher specimen (reference: 24725/HNC) was confirmed
at the Yaoundé National Herbarium. In this study, the preparation of plant material and
the extraction procedure used were previously described by Majoumouo et al., 2020 [49].
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3.2. Extraction Procedure

An amount of 100 g of each plant organ powder (leaves, fruits, and stem) was weighed
individually into 1000 mL of 100% double-distilled water or methanol for 72 h at 25 ◦C,
with periodic stirring. The generated filtrate solutions were filtered and/or sieved using
filter paper (Whatman N◦ 1). The filtrates were concentrated through a rotary evaporator
(Büchi 011, Flawil, Switzerland) at 60 ◦C (for methanol) under decreased pressure, and the
aqueous extracts were lyophilized through the use of a Martin Christ Beta 2–8 lyophilizer
(Germany). The concentrates of the methanolic extracts were dried in an open air until
consistent weights was attained, and the extract residues were collected and kept at 4 ◦C
for future use.

3.3. Biological Synthesis and Characterization of BEfr-SNPs from Bersama engleriana

The synthesis of the BEfr-SNPs was performed using a previously described method
by Majoumouo et al., 2019 [7]. Briefly, the methanolic extracts (50 mg/mL) were prepared
in distilled water, and in a 96-well plate, BEfr extracts (50 µL) with concentrations ranging
from 0.78 to 50 mg/mL were prepared, followed by the addition of 3 mM AgNO3 (250 µL)
to the plant extracts. Duplicate plates were used to prepare the samples, and one of the
plates was incubated at 25 ◦C and the other at 70 ◦C for 24 h under continuous shaking
at 40 rpm. The colour change in the solution was used as an indicator for SNP formation.
The optimum extract concentration was selected to upscale NP synthesis to 2 mL with the
same conditions. The SNPs were washed thrice with distilled water and centrifuged for
10 min at 14,000× g in order to rid of free and unreacted Ag+ ions and plant extracts. The
BEfr-SNPs were resuspended with sterile distilled water and kept at 4 ◦C for subsequent
use. The summary of the SNPs synthesis process is depicted in Figure 11.
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3.4. Characterization of BEfr-SNPs

The SNPs that were synthesized were thoroughly examined using spectroscopy (UV–
Vis spectrophotometry and dynamic light scattering (DLS)), energy dispersive X-ray (EDX),
selected area diffraction pattern (SAED) as well as Fourier transform infrared (FTIR).
Additionally, microscopy (high-resolution transmission election microscopy (HRTEM)
methods reported by Majoumouo et al., 2019 [7], with a few modifications was used.

3.4.1. UV–Vis Spectrophotometry Analysis and Dynamic light Scattering (DLS) Analysis

The UV–Vis evaluation of the BEfr-SNPs was carried out using TECAN microplate
reader (Infinite M 200, USA), the optical density was measured from 350–700 nm.
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The average size and zeta potential, as well as the polydispersity index (Pdi) of the
synthesized BEfr-SNPs were analyzed via DLS through the use of a Malvern Nano ZS90
Zetasizer (Malvern, UK).

3.4.2. HRTEM Characterization of BEfr-SNPs

The BEfr-SNPs nanostructure parameters (morphology, core size, and crystallinity)
were evaluated using HRTEM under an FEI Tecnai F20, field-emission HRTEM (Oregon,
OR, USA) at the Physics and Astronomy Department of the University of the Western Cape.
The elemental composition examination was carried out using EDX, and the estimation of
materials for elemental and phase determination was performed using SAED assessment.
The samples were prepared via the drop-coating a drop of each sample onto a carbon-
coated Cu grid. Thereafter, HRTEM was used to evaluate the samples after they had been
dried for 10 min under a Xenon light. Transmission electron morphologies were obtained
in a bright field mode using a 200 KeV accelerating voltage. An EDX liquid nitrogen cooled
Lithium doped Silicon detector was used to collect EDX spectra. The TEM images were
analyzed by Image J Software (50b version 1.8.0_60).

3.4.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis of BEfr-SNPs

FTIR analysis of BEfr-SNPs and extracts were performed. Infrared spectroscopy was
done in the Analytical Chemistry Laboratory of the University of Yaoundé I, with the
frequency range of 4000 to 400 cm−1. The BEfr-SNPs were dried using a ventilation process,
and the BEfr extracts as well as the BEfr-SNPs powders were mixed with the powder of
potassium bromide (KBr) and subsequently pressed into a pellet before FTIR evaluation.
The baseline adjustments were performed for all spectra using the reference of a blank KBr
pellet as a background correction.

3.5. Assessment of In Vitro Antibacterial Effect of BEfr Extracts and BEfr-SNPs

The antibacterial efficacies of the prepared BEfr extracts and BEfr-SNPs derived from
methanolic extracts of fruits were tested against thirteen bacterial strains (Table 5) with
little modifications from the Clinical Laboratory Standards Institute (CLSI) guidelines [50].

Table 5. List of bacterial strains with their acronyms, reference number, and suppliers.

Bacterial Strains Acronym Reference No. Supplier

Pseudomonas aeruginosa P. aeruginosa NR-48982 BEI resources
Streptococcus pneumonia S. pneumonia ATCC 49619 ATCC

Salmonella enterica typhimurium S. enterica NR-13555 BEI resources
Klebsiella pneumoniae K. pneumoniae ATCC 700603 ATCC
Staphylococcus aureus S. aureus ATCC 43300 ATCC

Eschericha coli E. coli ATCC 25922 ATCC
Staphylococcus aureus S. aureus NR-45003 BEI resources

Salmonela enterica S. enterica NR-4311 BEI resources
Methicilin resistant Staphylococcus aureus MRS. aureus ATCC 33591 ATCC

Klebsiella pneumoniae K. pneumoniae ATCC 13883 ATCC
Staphylococcusaureus S. aureus NR-48374 BEI resources

Staphylococcus epidermidis S. epidermidis ATCC 12228 ATCC
Streptococcus pyogenes S. pyogenes ATCC 19615 ATCC

3.5.1. Bacterial Strains

The antibacterial activities of SNPs were tested on thirteen bacterial strains. The Research
Resources Repository of Biodefense and Emerging Infections (BEI Resources, Rockville, MD
20852) donated some of the bacterial strains, as indicated in Table 5, while others were bought
from the American Type Culture Collection (ATCC, Manassas, VA, USA).
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3.5.2. Antibacterial Screening of Extracts and Derived Silver Nanoparticles from Bersama
engleriana

Single bacterial colonies were inoculated in Mueller–Hinton broth (Sigma, St. Louis, MO,
USA), and the cultures were incubated for 24 h at 37 ◦C with 400 rpm shaking. At 450 nm,
the suspensions of the bacteria were standardized to 0.5 McFarland (~1.5 × 108 cells/mL),
and each inoculum was diluted to a final concentration of 5 × 105 cells/mL before being
dispensed at 100 µL per well in a 96 well plate. BEfr extracts and BEfr-SNPs were tested
against thirteen bacterial strains to evaluate whether they had a single point inhibitory
effect. To do this end, 100 µL of BEfr (500 µg/mL) or BEfr-SNPs (100 µg/mL) were added
separately to wells that contained 100 µL of bacteria and were incubated for 24 h. At
50 µg/mL, ampicillin/ciprofloxacin was used as a positive control, and the visual examina-
tion of the bacterial culture turbidity was employed as a bacterial growth indicator.

3.5.3. Evaluation of Minimal Inhibitory Concentration (MIC) of BEfr-SNPs

MICs were determined for Befr-SNPs by using the microdilution test method illus-
trated above. The bacteria (P. aeruginosa NR-48982; S. pneumonia ATCC 49619; S. enterica
typimurium NR-13555; K. pneumoniae ATCC 700603; S. aureus ATCC 43300; E. coli ATCC
25922; S. aureus NR-45003; S. enterica NR-4311; MRS aureus ATCC-33591; K. pneumoniae
ATCC 13883; S. aureus NR-48374; S. epidermidis ATCC 12228; and S. pyogenes ATCC 19615)
were given increasingly higher crude extracts concentrations (0–500 µg/mL) and BEfr-SNPs
(0–100 µg/mL). The positive treatment (ciprofloxacin and ampicillin at 0–50 µg/mL) and
negative (untreated) controls were also incorporated into the testing groups. The bacterial
suspension turbidity was visually examined after 24 h of treatment as an indicator of
bacterial growth. The smallest concentration that inhibited the observed bacterial growth
was obtained as the MIC. All tests were carried out in triplicate.

3.5.4. Study of Bacterial Time Kill Growth Inhibition of Active BEfr-SNPs

The time-killing kinetics of BEfr-SNPs was estimated following the method illustrated
by Cao et al., 2012 [51], with few modifications. The assay was done in triplicate and the
silver nanoparticles solution concentrated at 1MIC, 1/2MIC, 1/4MIC, and 1/8MIC were
prepared through serial twofold dilution in a 96-well microplate. An amount of 100 µL of
bacterial suspension (1.5 × 106 CFU/mL) was introduced into each well of the microplate.
The bacterial cultures OD was evaluated at 630 nm at different time intervals (2, 4, 6, 8, 10,
12, 14,16,18, 20, and 24 h) to monitor the growth rate of the bacteria, and the absorbance
(OD 630 nm) against time (hours) growth curves was plotted.

3.5.5. Analysis of the Effect of Extraction on Membrane Destabilization Using Loss of Salt
Tolerance Assay

The ability of Methicilin-Resistant Staphylococcus aureus to grow colonies on NaCl-
supplemented MHA in the presence of extracts was examined using the method previously
described by Etame et al., 2018 [52]. Indeed, a preliminary assessment was performed by
cultivating MRSA bacteria for 24 h at 37 ◦C on a supplement of MHA with NaCl at various
concentrations (10–100 mg/mL). The number of colonies was counted at the end of the
incubation time, and the concentrations of NaCl that had no effect on the bacterial growth
were selected. Thereafter, BEfr-SNPs at various concentrations (1MIC, 2MIC, and 4MIC)
were mixed with the cells (0.5 McFarland) and incubated for 1 h at 37 ◦C. Subsequently,
each well contents were subcultured on MHA enriched with NaCl at specific concentrations
(60, 70, and 80 mg/mL). The petri dishes were incubated for 24 h at 37 ◦C, while the colony-
forming units (CFU) number was plotted against the concentrations of silver nanoparticles
and NaCl. The tests were carried out in triplicate.

3.5.6. Analysis of the Effect of Bioactive BEfr-SNPs on Nucleotide Leakage

The experiment was performed in accordance with the method previously described
by Oliveira et al., 2015 [53]. Briefly, an Methicilin resistant Staphylococcus aureus overnight
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culture was washed in sterile physiologic water (2 mL of 0.9% NaCl), and the resultant
solution was centrifuged for 10 min at 10,000× g. Subsequently, the supernatant was
removed, and the pellet was resuspended in 10 mM PBS (pH 7.4) with the turbidity
adjusted to 0.5 McFarland (1.5 × 108 CFU/mL). The inoculum (100 µL) was added to
100 µL of MHB with varying concentrations of silver nanoparticle solutions (1MIC, 2MIC,
4MIC) and incubated at various time points (0, 2, 4, 6, 8, and 12 h). After each incubation
time, the suspension of cell was centrifuged for 10 min at 10,000× g, the supernatant
was diluted accordingly, and OD at 260 nm were measured. Negative control (PBS + cell
suspension), positive control (ciprofloxacin), blank (MHB + Silver nanoparticle solution),
and sterility control (MHB alone) tests were performed in triplicate and concurrently. The
ODs of the various extract concentrations were plotted against time to measure the degree
of leakage as a time-dependent.

3.6. Statistical Analysis

Graph Pad Prism version 8.0.0 for Windows, Graph Pad Software, San Diego, CA,
USA, www.graphpad.com (accessed on 13 June 2022), was used to analyze the results. The
values are represented as means ± SD based on a one-way ANOVA test, then by post
hoc multiple comparisons (Tukey’s test). A p-value of <0.05 was considered statistically
significance and denoted with an asterisk (#). # p < 0.05, ## p < 0.01, ### p < 0.001.

4. Conclusions

This study is the first to describe silver nanoparticle synthesis from methanolic ex-
tracts of Bersama engleriana with HRTEM sizes of 18 and 19 nm. The silver nanoparticles
produced at 25 ◦C were spherical in shapes and exhibited powerful antibacterial activity
with a decrease of MIC at more than 30 folders compared to the extracts against the tested
pathogenic bacteria. The findings revealed that biogenic nanoparticles exhibited significant
bactericidal effects. Interestingly, the mode of action of the silver nanoparticles produced at
25 ◦C was attained through the outer membrane destabilization of MRSA bacteria strains
and/or through the prevention of the expulsion of salt from the bacterial cells, as well as
DNA nucleotide linkage. This evidence showed that the silver nanoparticles from Bersama
engleriana, through their bactericidal effects, could be a new hope in the development of
antibacterial drugs. Further studies are underway to extend the study on other microorgan-
isms and evaluate the mechanism of silver nanoparticles from Bersama engleriana on biofilm
formation, the inhibition of efflux pumps cellular protein, and others.
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