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Green synthesis of silver nanoparticles using Phyllanthus
emblica extract: investigation of antibacterial activity and
biocompatibility in vivo

Silver nanoparticles were generated, exploiting the
antioxidation potential of phenolic compounds found

in extracts of Phyllanthus emblica. The nanoparticles
demonstrated amazing antibacterial activity against a
wide spectrum of bacteria, such as highly pathogenic
Salmonella typhi, Vibrio cholera, and antimicrobial resistant
Staphylococcus aureus. They brought about antibacterial
activity by producing reactive oxygen species (ROS) upon
interacting with bacterial cell membrane lipids. They also
demonstrated great hemocompatibility against human red
blood cells (RBCs) and were biocompatible with rat liver and
kidneys.
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The application of nanotherapeutics is being considered as one of the most sought-after strategies to
combat the threat posed by drug resistant bacteria. One promising type of nanotherapeutic is biogenic
silver nanoparticles (bAgNPs) generated through exploiting the reducing potential of plant extracts.
Herein, bAgNPs were synthesized at pH 7.4 (bAgNPs) and pH 10 (bAgNPs@pH) through green chemistry
approaches using an extract of Phyllanthus emblica fruit as a source of reducing agent. The physico-
chemical properties, antibacterial potential, and biocompatibility of the as-synthesized bAgNPs were
determined. The average size of bAgNPs and bAgNPs@pH was 15.3 and 20.1 nm, respectively, and both
types of nanoparticles were negatively charged (i.e., ~—25 mV). The as-synthesized bAgNPs exhibited
excellent antibacterial activity against different bacterial strains such as Bacillus subtilis RBW, Escherichia
coli DH5a, Salmonella typhi, Hafnia alvei, enteropathogenic E. coli, Vibrio cholerae, and Staphylococcus
aureus. The most effective antibacterial activity of bAgNPs and bAgNPs@pH was observed against Hafnia
alvei, a Gram-negative bacterium, with a zone of inhibition (ZOI) of ~24 and 26 mm in diameter, respect-
ively. The nanoparticles exhibited antibacterial activity through damaging the bacterial cell wall, oxidizing
the membrane fatty acids, and interacting with cellular macromolecules to bring about bacterial death.
Furthermore, bAgNPs showed excellent hemocompatibility against human red blood cells, and there was
no significant toxicity observed in rat serum ALT, AST, y-GT, and creatinine levels. Thus, bAgNPs syn-
thesized using Phyllanthus emblica fruit extract hold great promise as nanotherapeutics to combat a
broad spectrum of pathogenic bacteria. Future directions may involve further exploration of the potential
applications of biogenic silver nanoparticles in clinical settings, including studies on long-term efficacy,
extensive in vivo toxicity profiles, and scalable production methods for clinical use.

1. Introduction

The development of resistance in pathogenic bacteria to
chemically synthesized antibiotics is a threat to the existence
of humanity. On the other hand, many therapeutic agents,
including antibiotics, can cause systemic toxicity, which is
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and potentially fatal infections. However, their abuse has led
to the emergence of increased bacterial resistance and side
effects such as nausea, diarrhea, and stomach pain, among
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them less effective, which may result in adverse effects, includ-
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hepatotoxicity and nephrotoxicity such as acute kidney injury,
cirrhosis, cholestatic injury, and hepatitis."® Therefore, it is
urgent to find alternative but biocompatible antibacterial
agents that can efficiently combat a wide range of bacteria.
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The field of nanoscience has become a highly promising
interdisciplinary area of research for developing bioactive
nanoparticles for use as therapeutics. The aim is to engineer
materials at both the atomic and molecular levels to create
nanostructures with superior functionalities.* Inorganic nano-
particles, such as gold (Au)*~ and silver (Ag),"”*°™** have been
widely studied as antibacterial agents due to their excellent
physical and chemical properties. Among these, silver nano-
particles (AgNPs) have been extensively utilized as anti-
microbial agents in various medical applications, including
wound dressings, cardiovascular and orthopedic implants,
catheters, and dental composites.'* Various physical, chemi-
cal, and biological techniques have been employed to prepare
AgNPs."® However, many of these methods are costly and time-
consuming, and involve the use of environmentally and bio-
logically harmful chemicals and solvents, generating toxic
chemical  byproducts  that hinder their clinical
applications."'® Moreover, chemically synthesized AgNPs are
prone to oxidation and aggregation, which leads to instability
and toxicity to both human health and the environment.'”*
Therefore, green synthesis is a more economical and eco-
friendly approach for synthesizing AgNPs. The size, mor-
phology, and synthesis of AgNPs are influenced by different
factors, including the concentration of AgNOj3, pH, duration of
reaction, and light irradiation."® pH plays a crucial role in
determining the average size and morphology of biologically
synthesized nanoparticles by modulating the surface charges
of bioactive molecules and capping agents, which affects their
capacity to reduce and incorporate metal ions.*'" The use of
plant extracts and various microbes, including bacteria, fungi,
microalgae, and cyanobacteria, for the reduction of metals,
has gained widespread attention as an alternative to using phy-
toconstituents for preparing metal nanoparticles.'®*°

Biogenic silver nanoparticles (bAgNPs) exhibit potential as
antibacterial agents; however, before their use in clinical trials
and commercial applications, it is essential to thoroughly
assess their biocompatibility. The presence of biocompatible
phytoconstituents as capping agents may reduce the cyto-
toxicity of bAgNPs.*'* Therefore, the inherent biocompatibility
of the conjugated phytoconstituents renders bAgNPs suitable
for various clinical applications. Previously, we demonstrated
that bAgNPs exhibited excellent hemocompatibility against
human and rat red blood cells (RBCs). Furthermore, rats
treated with bAgNPs exhibited no significant toxicity in terms
of their hematological and biochemical parameters.*°"** This
is due to the presence of secondary metabolites such as sapo-
nins, flavonoids, terpenoids, and quinines in plant extracts,
which have strong reducing potential and lead to the pro-
duction of nanoparticles with better characteristics.” As a
result, silver nanoparticles made from plant extracts have a
natural ability to combat various bacterial strains, including
those that are resistant to multiple drugs, while also being
more biocompatible.'**?

Phyllanthus emblica (syn. Emblica officinalis), also known as
emblica or amla (Hindi) or amalaka (Sanskrit) or Indian goose-
berry (English), belongs to the family Phyllanthaceae. The fruit

246 | RSC Pharm., 2024, 1, 245-258

View Article Online

RSC Pharmaceutics

of the Phyllanthus plant is used in traditional medicine in
Southeast Asia because of its unique properties, which include
high levels of antioxidants, and anti-aging, antipyretic, and
anti-inflammatory agents.>>** It exists in two varieties: culti-
vated (gramya) and wild (vanya). The wild variant is smaller,
whereas the cultivated type is larger, smoother, and juicier.
Comprising over 80% water, the chemical composition of
P. emblica includes large amounts of proteins, carbohydrates,
phenolic compounds, glycosides, alkaloids, coumarins, flavo-
noids, saponins, resins, etc.?® It also contains a variety of iso-
lated compounds with significant medicinal potential. These
compounds include ascorbic acid (vitamin C), tannins such as
gallotannins and ellagitannins, gallic acid, ellagic acid, and
quercetin.>**> Ascorbic acid serves as a major constituent with
potent antioxidant properties, while tannins contribute to the
fruit’s bitterness and antioxidant effects. Gallic acid exhibits
anti-ulcerogenic activity, and ellagic acid offers antioxidant
benefits. Quercetin is a flavonoid known for its antioxidant
and anti-inflammatory properties.>**® These compounds have
been studied for their diverse pharmacological activities,
including anti-ulcerogenic and hepatoprotective activities,
highlighting the potential health benefits of P. emblica.>*>®
Besides, a comparative analysis revealed that extracts from
Phyllanthus emblica demonstrated antibacterial effects against
both Gram-positive (Bacillus subtilis) and Gram-negative bac-
teria (Escherichia coli and Salmonella typhi).”* While there have
been numerous investigations into the plant’s pharmacognosy
and phytochemistry, its potential as a biocompatible material
for producing AgNPs is yet to be fully explored.***® Previous
studies on biogenic silver nanoparticles have overlooked the
specific pH effects during synthesis, hindering the optimiz-
ation of their stability and reactivity.>’">° Additionally, there is
a dearth of information regarding the hydrodynamic diameter
and zeta potential of nanoparticles synthesized from
Phyllanthus emblica extracts, crucial for understanding their
surface properties and biological interactions. Investigating
the antibacterial activity of these nanoparticles under varied
pH conditions could offer insights into enhancing their
efficacy. Furthermore, assessing the biocompatibility of these
nanoparticles through hemocompatibility and in vivo cyto-
toxicity studies in animal models is imperative for evaluating
their safety and potential clinical applications.

To address this gap, we have used the extract of P. emblica
fruit to produce green and biocompatible silver nanoparticles
that pose no chemical toxicity related risk. Therefore,
P. emblica fruit extract was utilized as a source of reducing
agent to synthesize bAgNPs at both physiological (pH 7.4) and
alkaline pH (10.0). The as-synthesized bAgNPs were character-
ized using UV-Vis spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, energy dispersive X-ray spectroscopy
(EDS), powder X-ray diffraction (XRD), transmission electron
microscopy (TEM), and scanning electron microscopy (SEM).
Furthermore, the size and zeta potential of bAgNPs were deter-
mined using a zeta size analyzer. The antibacterial potential of
bAgNPs was investigated against five pathogenic bacterial
strains such as Salmonella typhi, Hafnia alvei, enteropathogenic
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E. coli, Vibrio cholerae, and Staphylococcus aureus. In addition,
two nonpathogenic bacterial strains such as Bacillus subtilis
RBW and Escherichia coli DH5a were also used in the antibac-
terial potential assay. The antibacterial potential of bAgNPs
was investigated through disk diffusion, broth dilution, and
CellTox green assay. The lipid peroxidation (LPO) assay was
used to investigate the mechanism of the antibacterial activity
of bAgNPs. Moreover, the hemocompatibility of bAgNPs was
assessed using human red blood cells (RBCs), while the bio-
compatibility was tested in vivo using a Wister rat model.

2. Materials and methods

2.1. Materials

Sigma Aldrich (USA) provided absolute ethanol, potassium
bromide, EDTA, and silver nitrate (AgNO;). Unichem (China)
supplied sodium chloride, yeast extract, and peptone. Titan
Biotech Ltd (India) provided agar powder. Promega (USA) pro-
vided CellTox. JT Baker (USA) supplied thiobarbituric acid
(TBA), while trichloroacetic acid (TCA) was obtained from
Merck (Germany). Vitro Scient (Egypt) provided the biochemi-
cal analysis kits for determining ALT, AST, and y GT, while
Crescent Diagnostics (The Kingdom of Saudi Arabia) supplied
the serum creatinine measurement kits. Both the nonpatho-
genic bacterial strains (ie., Bacillus subtilis RBW and
Escherichia coli DH5a) and pathogenic bacterial strains (i.e.,
Salmonella typhi, Hafnia alvei, enteropathogenic E. coli, Vibrio
cholerae, Staphylococcus aureus) were obtained from the
Department of Biotechnology and Genetic Engineering at
Jahangirnagar University, Savar, Dhaka 1342, Bangladesh.
Male Wister albino rats weighing between 170 and 180 g were
obtained from the Department of Biochemistry and Molecular
Biology at Jahangirnagar University, Savar, Dhaka, Bangladesh.

2.2. Synthesis of biogenic silver nanoparticles (bAgNPs)

To synthesize biogenic silver nanoparticles (bAgNPs), ethanolic
extract of P. emblica flesh was utilized (Fig. 1a). The flesh
extract was prepared according to our previously published
protocol.'®3°73? Briefly, P. emblica was procured from the local
market, Savar, Dhaka-1342, Bangladesh, thoroughly washed
with distilled water, sun-dried, and ground to fine powder. Ten
grams (10 gm) of the powder was mixed with 100 mL of 70%
ethanol and continuously stirred for 72 hours. The resulting
mixture was filtered using Whatman No. 1 filter paper, the
solvent was evaporated completely, and stored at 4 °C. The
extract was resuspended in MQ water to make 1% suspension
prior to mixing with 10 mM AgNO; in two separate Duran
glass bottles at a ratio of 1:9 (i.e., 8 mL extract suspension and
72 mL AgNO;). One bottle was left undisturbed while pH of
the other bottle was adjusted to 10 using concentrated NaOH
solution. Both reaction mixtures were incubated in the dark
for 24 h at room temperature with constant stirring to prevent
the photoactivation of AgNO;. The phytochemicals present in
the extract served as reducing agents and brought about the
reduction of Ag” to Ag°. After incubation, the unconjugated
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phytoconstituents, and AgNO; were separated from the reac-
tion mixture by centrifugation at 16 873g for an hour. The
supernatant was carefully removed to collect the synthesized
bAgNPs. Finally, the synthesized bAgNPs were washed twice
with distilled water and redispersed using distilled water.

2.3. Characterization of biogenic silver nanoparticles
(bAgNPs)

The generation of bAgNPs was confirmed using various
analytical techniques such as UV-Visible (Specord® 205,
Analytik Jena, Germany) and FTIR spectroscopy (IRPrestige-21,
SHIMADZU, Japan). The hydrodynamic size, and zeta potential
of nanoparticles were determined using a zeta size analyzer
(Nano-ZS90; Spectris PLC, Egham, England) after sonicating
the nanoparticles for 30 minutes in a bath-type sonicator. The
shape, morphology, and composition of bAgNPs were analyzed
using a scanning electron microscope (SEM) operated at 10 kv
with a probe current of 100pA, and a transmission electron
microscope (TEM) (HF-2200; Hitachi, Tokyo, Japan) integrated
with an energy-dispersive X-ray spectrometer (EDAX Genesis;
AMETEK, Pennsylvania, USA) and operated at 200 kV. The
nanoparticles were neither stained nor coated with any con-
ductive metal prior to observing under an electron microscope.
XRD patterns of bAgNPs were analyzed using a powder X-ray
diffractometer (GNR Xray Explorer, Italy) following our pre-
viously published protocol.**%**

2.4. Antibacterial activity assay

The antibacterial potential of bAgNPs was assessed against
both Gram-positive (i.e., Bacillus subtilis, and Staphylococcus
aureus), and Gram-negative bacteria (i.e., Salmonella typhi,
Hafnia alvei, Enteropathogenic Escherichia coli (EPEC),
Escherichia coli DH5a, and Vibrio cholerae). Among others
B. subtilis, and E. coli DH5a are non-pathogenic, while the
remaining bacterial strains are pathogenic. The antibacterial
potential of bAgNPs was evaluated through minimum inhibi-
tory concentration (MIC), disk diffusion, and CellTox green
assays.

2.4.1. Determination of the minimum inhibitory concen-
tration (MIC) value. To determine the minimum amount of
bAgNPs required to prevent the growth of specific bacterial
strains, MIC value of the respective nanoparticles was deter-
mined through broth dilution method as described in our pre-
viously published literature.>® Briefly, 10 ul of an overnight-
grown bacterial culture was added to 990 pl of LB broth and
incubated for 4 hours in a shaker at 37 °C and 120 rpm. After
incubation, different concentrations of bAgNPs (ie., 0.125,
0.25, 0.5, 1, 2, 3, 4, and 5 pg) were added to the bacterial
culture and incubated overnight in the same environment.
Finally, MIC values of bAgNPs were determined by measuring
the optical density (OD) of the bacterial culture at 600 nm
using a UV-Visible spectrophotometer (Optizen, POP, Korea).

2.4.2. Determination of the zone of inhibition (ZOI). To
determine the antibacterial activity of bAgNPs, the disk
diffusion assay was performed according to our previously
published article.?® First, all of the abovementioned bacterial

RSC Pharm., 2024,1, 245-258 | 247
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Fig. 1 (a) Outline for the synthesis of silver nanoparticles (bAgNPs) using Phyllanthus emblica flesh extract. (b) Ultraviolet-visible (UV) spectra of bio-
genic silver nanoparticles. High-intensity surface plasmon resonance (SPR) bands are visible at 431, and 436 nm for bAgNPs and bAgNPs@pH,
respectively. (c) Determination of the morphology, and size of nanoparticles using electron microscopy. Scanning electron microscopy (SEM)
images (i & iv) demonstrate the formation of bAgNPs. Transmission electron microscopy (TEM) images (ii & v), and particle size distribution histogram

(iii & vi) exhibit the formation and spherical shape, and size of bAgNPs.

strains were grown overnight in Luria Bertani (LB) media in a
shaker at 37 °C and 120 rpm. Then, 100 pl of the overnight-
grown respective bacterial culture was evenly spread on LB
agar plates. Metric filter paper disks were impregnated with

248 | RSC Pharm., 2024, 1, 245-258

different concentrations (i.e., 30, and 60 pg) of bAgNPs and
placed onto LB agar plates containing bacteria. Also, the povi-
done iodine (i.e., 100 pg) and ciprofloxacin (i.e., 5 pg) were
used as standard drugs for the antibacterial assay. The plates

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were then incubated for different time points (i.e., 12, 16, and
24 h) at 37 °C to allow maximum bacterial growth. The pres-
ence of clear zones surrounding the disks containing different
amounts of bAgNPs indicated the suppression of bacterial
growth by the nanoparticles. The diameter of the clear zone
(in millimeters) was measured using slide calipers.

2.4.3. CellTox green assay. CellTox Green, a fluorescent
dye, penetrates through the compromised cell membrane and
upon interacting with DNA, emits green fluorescence.'®
Briefly, the overnight grown bacterial culture was first diluted
to 1 x 107 CFU ml™" using LB broth. Then 80 pl of each bac-
terial culture (1 x 107 CFU ml™") was mixed with 20 ul (60 pg)
of either bAgNPs or bAgNPs@pH. The bAgNP-containing bac-
terial culture was then mixed with 900 pl fresh LB broth and
incubated at 37 °C and 120 rpm for 2 hours. Following the
initial incubation, the bAgNP-containing bacterial culture was
properly mixed with 1 pl of CellTox Green reagent (2X), which
was then incubated again at room temperature for an
additional 30 minutes in the dark. Twenty microliters (20 pl)
of CellTox Green treated bacterial culture was kept aside to
observe the dead cells under a fluorescence microscope
(Olympus BX50 Fluorescence Microscope, Olympus, Japan). In
addition, the fluorescence intensity of dye treated bacterial cul-
tures was then measured using a spectrofluorometer
(SHIMADZU RF-6000, Japan) at 490 nm. Biogenic AgNPs with
control groups were performed concurrently with the treat-
ment groups without CellTox Green. Triplicates of each experi-
ment were performed.

2.5. Lipid peroxidation (LPO) assay

The lipid peroxidation (LPO) potential of bAgNPs was investi-
gated following our previously published protocol.” Firstly,
200 pl of bAgNPs was mixed with 1 ml of the respective bac-
terial culture and incubated for 30 minutes at room tempera-
ture. After incubation, 2 ml of 10% trichloroacetic acid (TCA)
was added to bAgNP treated bacterial culture followed by cen-
trifugation at 10 416g for 35 minutes at room temperature to
remove the insoluble cellular components. The supernatant
was then re-centrifuged for 20 minutes at the same relative
centrifugal force (g) to remove any protein precipitates and
dead cells. The resulting supernatant containing malonalde-
hyde was mixed with 4 mL of 0.67% TBA solution, heated for
10 minutes in a hot water bath to form the malondialdehyde-
TBA adduct, and then cooled down to room temperature. The
absorbance of the malondialdehyde-TBA adduct was measured
at 532 nm using a UV-Visible spectrophotometer (Specord®
205, Analytik Jena, Germany).

2.6. In vitro hemocompatibility assay

The compatibility of bAgNPs with human red blood cells
(RBCs) was investigated according to our previously published
protocol with minor modifications.>®'* In brief, 6 mL of
human blood was drawn from the donor’s left hand following
the venipuncture technique and collected in a tube containing
10% EDTA. The blood was then centrifuged at 500g for
10 minutes at room temperature to separate RBCs from serum.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The serum was discarded, and the RBCs were resuspended in
5 ml PBS and centrifuged again at 500g for 10 minutes. The
supernatant was removed, and the RBCs were washed twice
using 150 mM NacCl solution at 3000g for three minutes. Then,
0.1 ml RBC solution was mixed with 0.4 ml of various concen-
trations (10, 20, 40, and 60 pg) of bAgNPs and incubated at
37 °C, and 150 rpm for 30 minutes. After incubation, the
mixture was centrifuged at 1377g for 5 minutes at room temp-
erature, and the supernatant was collected. The absorbance of
the supernatant was measured at 570 nm. RBCs treated with
PBS, and MQ water were used as the negative and positive con-
trols, respectively.*® The proportion of hemolysis was deter-
mined using the following formula:

% of hemolysis =

Absorbance of sample — Absorbance of negative control
Absorbance of positive control — Absorbance of negative control
X 100

2.7. In vivo cytotoxicity assay

The biocompatibility of bAgNPs was investigated in vivo using
rat models. Herein, 30 Wistar rats (male) were used and
divided into five groups (six rats per group), as described pre-
viously.’® Briefly, the rats were kept in a clean environment
with controlled temperature (23 + 2 °C) and humidity (55 +
7%), following a 12 h day and 12 h night cycle. Before adminis-
tering bAgNPs, the rats were allowed to acclimatize to the
environment for one week. Based on previous studies, which
indicated that smaller AgNPs (approximately 20 nm) have a
higher rate of deposition in the tissues like liver, spleen,
kidney, and brain.>**> The highest and the lowest doses used
in the study were 6 mg per kg and 3 mg per kg body weight
respectively, as the size of the as-synthesized bAgNPs and
bAgNPs@pH was 15.3, and 20.1 nm, respectively. The rats
were anesthetized using ketamine/xylazine prior to intravenous
administration (through the tail vein) of two doses of bAgNPs
and bAgNPs@pH. After seven days, blood samples were col-
lected from all the rats, and serum was separated and stored at
4 °C for further analysis. The study was approved by the
Biosafety, Biosecurity & Ethical Committee of Jahangirnagar
University (BBEC, JU/M 2019 (4)2).

To evaluate the potentially toxic effects of bAgNPs on rat
tissues, the concentrations of enzymes that usually get elevated
in response to any liver and kidney damage were measured.
Specifically, the concentrations of serum aspartate amino-
transferase (AST), alanine aminotransferase (ALT), gamma-glu-
tamyl transferase (y-GT), and creatinine were analyzed in the
experimental rats and compared to those of the control group.
The concentrations of biomarkers were measured using com-
mercially available kits following the instructions provided by
the manufacturer.

2.8. Statistical analysis

The mean + standard error of the mean (SEM) was used to
present the data. Statistical analysis was performed using one-
way ANOVA, and the Dunnett test was used for post-hoc testing.
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Results were considered statistically significant at P < 0.05.'°
The experiments were repeated three times, and the results pre-
sented are average measurements with the standard deviation.

3. Results and discussion

3.1. Characterization of bAgNPs

The colorless AgNOj; solution turned brown upon the addition
of the extract of P. emblica followed by incubation at room
temperature for 24 h in the dark (Fig. 1a). The change of color
was observed because of the reduction of Ag” to Ag® due to the
presence of secondary metabolites, including alkaloids, flavo-
noids, and tannins in the extract.*® The Ag° then formed nano-
clusters and ultimately nanoparticles, known as bAgNPs,
which exhibit powerful scattering and absorption capabilities
when exposed to light of a certain wavelength.’” To confirm
the generation of bAgNPs, analysis of UV-Visible spectra was
conducted and the A, values were 431 and 436 nm for
bAgNPs and bAgNPs@pH, respectively, (Fig. 1b) which closely
matched with the usual surface plasma resonance (SPR) value
of AgNPs (ie., 420 nm).'® The absorption spectrum of
bAgNPs@pH synthesized in alkaline conditions (pH 10) dis-
played a redshift of the SPR band [i.e., Amax shifted to higher
wavelengths (436 nm)] indicating that the nanoparticles had a
distinct morphology in terms of size and shape.'* It is gener-
ally assumed that any shift in the SPR peak indicates a change
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in the size of nanoparticles, with a shift towards the shorter
wavelength indicating a decrease in the size of the as-prepared
bAgNPs (as shown in Fig. 1b and c). The observed spectral
changes can be attributed to the reduction of the size of metal
nanoparticles. On the other hand, oxidation prevails over the
reduction process in a low-pH environment (below 5). In con-
trast, in a very high-pH environment (>9), the rate of reduction
is very fast, leading to nanoparticle aggregation.'* As a result,
the size of bAgNPs synthesized at pH 10 was larger (as
depicted in Fig. 1b and c). Our as prepared bAgNPs demon-
strated similar SPR bands (ranging from 400 to 450 nm) to
that of other AgNPs."" However, the particle size was different
which can be attributed to the presence of various secondary
metabolites in P. emblica extract. In addition, we have con-
firmed the long-term stability of our as-synthesized bAgNPs.
For example, our bAgNPs are stable at room temperature for
several years (i.e., 3 years) as shown in Fig. S1.7

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) (Fig. 1c) images demonstrate that both
the as-synthesized nanoparticles are spherical in shape. The
particle size distribution (PSD) graphs of both bAgNPs and
bAgNPs@pH were prepared using their respective TEM
images. The average size of bAgNPs and bAgNPs@pH were
found to be 15.3 nm and 20.1 nm, respectively (Fig. 1c).

FTIR spectra reveal that bioactive phytoconstituents with
diverse functional groups are present in both the plant extract
and as-synthesized Ag nanoparticles (Fig. 2a).>**° The ethano-
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Fig. 2 (a) FTIR spectra of Phyllanthus emblica extract, silver nitrate, bAgNPs, and bAgNPs@pH (controlled pH). (b) Powder X-ray diffraction (XRD)

analysis of the as-synthesized bAgNPs (i) and bAgNPs@pH (controlled pH) (ii). (c) Determination of hydrodynamic size, (d) polydispersity index (PDI),

and (e) zeta potential of bAgNPs, and bAgNPs@pH.
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lic extract of P. emblica flesh, and bAgNPs exhibited distinct
peaks at 920 and 918, 1060 and 1062, 1317 and 1320, 1622
and 1630, 2360 and 2360, 2920 and 2920, and 3425 and
3388 cm™?, which are attributed to aromatic C-H bending, C-
OH stretching, C-N stretching, carbonyl stretching, C-H asym-
metric stretching, and N-H stretching, respectively.’® On the
other hand, the FTIR spectrum of bAgNPs@pH also demon-
strated the presence of prominent peaks at 923, 1058, 1342,
1616, 2355, 2927, and 3402 cm™" that correspond to aromatic
C-H bending, C-OH stretching, C-N stretching, carbonyl
stretching, C-H asymmetric stretching, and N-H stretching,
respectively.’® The strong signature peak at 1384 cm™' was
observed for silver nitrate.’® The FTIR spectra confirm the
presence of hydroxyl (-OH) as well as carboxyl (-COOH) groups
in the constituents of P. emblica flesh extracts. The peaks
observed in the spectra were mainly due to the presence of fla-
vonoids and other secondary metabolites present in the plant
extract.'?

The phase, orientation, and crystal size of the bAgNPs in
their as-prepared state were determined through powder XRD
analysis. Fig. 2b exhibits clear distinction patterns indicative
of crystalline silver. These patterns confirmed the presence of
face-centered cubic (fcc) crystalline elemental silver, as evi-
denced by the Braggs peaks at 26 angles of 34.32, 38.08, and
44.32 degrees which correspond to the Miller indices (122),
(111), and (200), respectively, for both the as-synthesized
bAgNPs. These results were consistent with the JCPDS data-
base designated file number 04-0783. Furthermore, the crystal-
line grain size of bAgNPs was also determined using Scherer’s
equation, where the mean crystalline size of the particle (D)
was calculated as D = (KA/f cos ), with a shape factor (K) of
0.9, wavelength of the X-ray radiation (1) of 0.154 nm, full
width at half maximum (FWMH) (f) of (2/180) x FWMH, and
Bragg angle (¢). The average size of the particles calculated
using Scherer’s equation was 15.86 nm and 19.21 nm, respect-
ively. The size of the particles matches closely with the average
size of bAgNPs, and bAgNPs@pH obtained from TEM images,
that is, 15.3 nm and 20.1 nm, respectively.

The hydrodynamic diameter of bAgNPs and bAgNPs@pH
were 366.4 + 148.2, and 116.8 + 72.9 nm, respectively, as
measured by the dynamic light scattering (DLS) technique
(Fig. 2c and Table S17). However, the size of bAgNPs obtained
from TEM images was smaller than that of the hydrodynamic
diameter. This is because TEM images provide information
about the nanoparticles’ inorganic core only, whereas the
hydrodynamic diameter of nanoparticles is influenced by the
interaction between the electric dipole of the solvent and con-
jugated bioactive molecules of the phytoconstituents.'* The
stability of nanoparticles is influenced by the physiochemical
properties of the solvents used for their dispersion as well as
the type of polymers conjugated/adsorbed on their surface.**
The polydispersity index (PDI) of bAgNPs and bAgNPs@pH
was 0.214 and 0.566, respectively (Fig. 2c and Table S17). A PDI
value of less than 0.50 indicates good stability of the par-
ticles.*> On the other hand, the zeta potentials of both bAgNPs
and bAgNPs@pH were almost the same (ie., —24.3 mV)
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(Fig. 2c and Table S1t), which can be attributed to the bio-
active molecules adsorbed onto the surface of the nano-
particles."’ Energy dispersive X-ray (EDS) microanalysis con-
firmed that the nanoparticles were composed of Ag, C, and O
with a distinctive Ag peak at about 3 keV (Fig. S21). Based on
the results obtained from electron microscopy (EM) obser-
vation and EDS analysis, it was estimated that the peaks
corresponding to elements Si and Cu were likely artifacts stem-
ming from the vacuum pump’s silicon oil and the copper
present in the TEM grid used during the analysis, respectively.
However, the key finding was that Ag nanoparticles were
coated with bioactive polymers derived from the flesh of
P. emblica.

3.2. Antibacterial activity assay

3.2.1. Determination of the minimum inhibitory concen-
tration (MIC) and zone of inhibition (ZOI). The broth dilution
assay was conducted to determine the MIC values of the as-
synthesized bAgNPs. The lowest MIC value against H. alvei,
EPEC, and V. cholerae was 0.25 pg ml™* for both bAgNPs and
bAgNPs@pH, whereas it was 0.125 pg ml™' against S. aureus
when bAgNPs@pH was used (Table S21). On the other hand,
the antibacterial activity of the as-synthesized bAgNPs was
observed as a distinct clear zone surrounding the metric filter
paper disks. Notably, the most potent antibacterial activity of
bAgNPs and bAgNPs@pH was observed against H. alvei, a
Gram-negative bacterium, with zone of Inhibition (ZOI) values
of ~24 and 26 mm in diameter, respectively (Fig. 3 and
Table S27). Conversely, the least antibacterial activity against
B. subtilis, a Gram-positive bacterium, was recorded with ZOI
values of 13 mm and 15 mm in diameter for bAgNPs and
bAgNPs@pH, respectively (Fig. 3 and Table S2%). The size of
bAgNPs@pH is larger than that of bAgNPs and demonstrates
enhanced antibacterial activity when compared to those syn-
thesized at physiological pH (7.4). An alkaline environment
promotes the formation of AgNPs and boosts their antibacter-
ial properties. The control of Ag nanoparticle synthesis
through manipulating reaction pH emerges as a promising
approach to enhance their antibacterial efficacy.”® Controls
using silver nitrate and ethanolic flesh extract exhibited
limited antibacterial activity against the tested bacterial strains
(Table S2t). The antibacterial efficacy of the as-synthesized
bAgNPs was evaluated at different time points (16, 20, and
24 hours) and in a dose-dependent manner (Table S37).
Following 16 hours of incubation, the clear zone diameter
decreased for all bacteria treated with bAgNPs, plant extracts,
and AgNO;. The highest antibacterial effectiveness was observed
with 60 pg of bAgNPs, plant extracts, and AgNO; against all
tested bacteria, surpassing the clear zone area achieved by pre-
viously reported biogenic silver nanoparticles*** (Table S37).

3.2.2. CellTox green assay. CellTox Green functions as a
DNA-binding dye that emits green fluorescence upon binding
to the DNA of bacteria with compromised cell walls, making it
suitable for detecting only dead cells due to its inability to
penetrate intact cell membranes. The fluorescence emitted by
dead bacteria treated with CellTox Green was quantified using
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Fig. 3 (a) Antibacterial activity [i.e., the zone of inhibition (ZOI)] of bAgNPs and bAgNPs@pH (controlled pH). The values presented are mean + SE of
multiple samples (n = 3). Data were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. The ZOI of both bAgNPs and
bAgNPs@pH-treated bacteria was significantly higher than those of the plant extract treated as well as AQNOs treated bacteria and *P < 0.001. (b)
CellTox Green uptake assay. The fluorescence intensity of bacteria treated with bAgNPs and bAgNPs@pH was measured at 490 nm using a spectrofl-
uorometer. The values presented are mean + SE of multiple samples (n = 3). Data were analyzed using one-way ANOVA followed by Tukey's multiple
comparison test. The fluorescence intensity of both bAgNPs and bAgNPs@pH-treated bacteria was significantly higher than that of untreated bac-
teria and *P < 0.001. (c) CellTox Green uptake assay. H. alvei was first treated with bAgNPs (i), and bAgNPs@pH (iii). The treated bacteria were then
incubated with CellTox green to stain the cell wall compromised bacterial DNA, and green fluorescence was observed under a fluorescence micro-
scope. The same experiment was also performed for EPEC after treating them with bAgNPs (ii) and bAgNPs@pH (iv). Scale bar: 20 pm.
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a Spectro fluorophotometer (SHIMADZU RF-6000 from Japan)
at 490 nm. The results revealed that S. aureus treated with
bAgNPs exhibited the highest fluorescence intensity followed
by bAgNPs@pH treated H. alvei as illustrated in Fig. 3b. These
intensities were approximately 6.5 times higher than those of
untreated cells, aligning with the results obtained from the
disk diffusion assay. Moreover, the green fluorescence of dead
bacteria treated with bAgNPs was visualized under a fluo-
rescence microscope (Fig. 3c and S3f), confirming that the
bacterial cell membrane was damaged, resulting in the dead
bacteria appearing green.

Phyllanthus emblica flesh extracts contain phytoconstituents
with long hydrocarbon chains as well as carboxyl and hydroxyl
groups which function as hydrophilic moieties. Consequently,
interactions between bAgNPs and bacteria are predominantly
non-covalent, allowing the negatively charged bAgNPs and
bAgNPs@pH to be more readily taken up due to their greater
hydrophobicity compared to plant extracts and silver nitrate.'
Molecular crowding may also contribute to the interaction
between bAgNPs and bacteria.* Furthermore, the primary anti-
bacterial mechanism of bAgNPs involves either the release of
silver ions or the deposition of bAgNPs inside cells, leading to
cell membrane damage, disruption of energy metabolism, oxi-
dative stress from reactive oxygen species (ROS) production,
and gene transcription suppression. The released silver ions
interact with proteins in the bacterial cell wall and plasma
membrane, containing sulfur and phosphorus, through
electrostatic interactions.'®'* This interaction results in pores
in the bacterial cell membrane, eliminating intracellular bac-
terial substances and causing permanent cell damage leading
to an electrochemical imbalance that causes permanent cell
damage.’® The antibacterial efficacy of both bAgNPs and
bAgNPs@pH is more pronounced against Gram-negative bac-
teria like H. alvei compared to Gram-positive bacteria like
B. subtilis which is attributed to the distinct cell wall compo-
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sitions of these bacteria. Gram-negative bacteria have an outer
layer of lipopolysaccharides and a thin peptidoglycan layer,
which is about 7-8 nanometers thick, while Gram-positive bac-
teria only have a thick layer of peptidoglycan.*” Although lipo-
polysaccharides are composed of covalently linked lipids and
polysaccharides, there is a lack of strength and rigidity. The
negative charges on lipopolysaccharides are attracted toward
the weak positive charge available on AgNPs.*® This attraction
may lead to enhanced antibacterial activity against Gram-nega-
tive bacteria.*®™>*

Furthermore, antibiotic-resistant bacteria pose a significant
threat to public health worldwide. Biogenic nanoparticles offer
a promising alternative to conventional antibiotics for combat-
ing resistant strains. Their unique mechanisms of action make
them less susceptible to microbial resistance mechanisms,
such as efflux pumps and enzymatic degradation, which are
common among antibiotic-resistant bacteria.”> Consequently,
biogenic silver nanoparticles (bAgNPs) have emerged as highly
promising contenders owing to their exceptional antibacterial
characteristics, crucial for addressing microbial resistance.*"°
The distinctive antimicrobial attributes of bAgNPs highlighted
in this study are of significant interest in confronting multi-
drug-resistant bacteria such as MRSA and VRE." These bio-
genic Ag nanoparticles achieve this by disrupting bacterial cell
membranes, inhibiting enzymes, and interfering with DNA
replication, and ultimately inducing cell death. Their small
size and large surface area enable efficient interaction with
bacterial cells, enhancing antimicrobial activity, while their
synergy with conventional antibiotics boosts efficacy against
resistant strains.'> Moreover, biogenic nanoparticles exhibit
comparatively lower toxicity towards animal models, rendering
them safer for biomedical applications, and can be customized
for targeted delivery to specific bacterial strains or infection
sites.*® Offering greater stability and durability than their
chemically synthesized counterparts, biogenic silver nano-

E Control
[ bAgNPs
bAgNPs@pH

EPEC E. coli DH5q V. cholerae S. aureus

Bacterial strains

Fig. 4 Lipid peroxidation assay. The cell membrane fatty acid oxidation potential of bAgNPs was measured using the MDA-TBA adduct assay. The
absorbance of the MDA-TBA pink adduct was measured at 532 nm (i.e., Amax). The values presented are mean + SE of multiple samples (n = 3). Data
were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. The absorbance of the MDA-TBA adduct of nanoparticles
treated bacteria was significantly higher than that of the untreated bacteria (i.e., control) and *P < 0.01.
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particles show great promise in addressing multidrug resis-
tance, though further research is imperative to optimize clini-
cal effectiveness.

3.3. Lipid peroxidation (LPO) potential assay

To assess the oxidative potential exerted on bacterial cell mem-
brane fatty acids exposed to bAgNPs, the lipid peroxidation
(LPO) assay was carried out. The interaction between nano-
particles and the bacterial cell wall, facilitated by strong hydro-
phobic interactions upon exposure to bAgNPs and
bAgNPs@pH, led to the formation of malondialdehyde-thio-
barbituric acid (MDA-TBA) adducts. The highest formation of

(@ 4
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MDA-TBA adducts was observed when H. alvei, a Gram-nega-
tive bacterium, was subjected to treatment with bAgNPs@pH,
compared to all other bacterial strains. Conversely, S. aureus, a
Gram-positive bacterium, exhibited the highest amount of
MDA-TBA adduct formation among all bacterial strains treated
with bAgNPs (Fig. 4). This corroborates the similar antibacter-
ial profile of bAgNPs and bAgNPs@pH obtained through both
the disk diffusion assay and the CellTox Green assay. The vari-
ations in the quantities of MDA-TBA adduct among bacterial
strains can be attributed to the diverse interactions of nano-
particles with bacteria, influenced by the distinct compo-
sitions of bacterial cell walls across species. When exposed to
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Fig. 5

(a) Hemocompatibility of bAgNPs and bAgNPs@pH to rat red blood cells (RBCs). The hemocompatibility assay was performed three times on

three different days. The values presented are mean + SE of multiple samples (n = 3) and the values were analyzed using ANOVA followed by Tukey's
multiple comparison test. No statistically significant difference was observed between bAgNPs and bAgNPs@pH and p > 0.05. (b) In vivo cytotoxicity
assay. The effect of bAgNPs and bAgNPs@pH on liver function was investigated by measuring the levels of serum ALT (i), AST (ii), and y-GT (iii). The
effect of bAgNPs and bAgNPs@pH on kidney function was also investigated by measuring the level of serum creatinine (iv). The values presented are
mean + SE of multiple samples (six animals per group). Data were analyzed using one-way ANOVA test. Dunnett test was used for post hoc compari-
son. No significant difference was observed when treatment groups were compared with the control and P > 0.05.
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bAgNPs, bacterial membrane fatty acids undergo oxidation,
resulting in the formation of lipid peroxides. This process also
triggers the generation of reactive oxygen species (ROS) due to
oxidative stress induced by transition metals,'® causing the
oxidation of bacterial membrane fatty acids and producing
lipid peroxides, with the redox balance favoring oxidation.
ROS-induced oxidative stress further disrupts the electron
transport chain and interferes with bacterial metabolic reac-
tions,'® ultimately activating apoptotic genes and oxidative
proteins, leading to bacterial apoptosis.

3.4. Invitro hemocompatibility assay

The hemolytic potential of the biologically synthesized silver
nanoparticles (bAgNPs) with human red blood cells (RBCs)
was evaluated to assess their compatibility. The results pre-
sented in Fig. 5a demonstrated that both bAgNPs and
bAgNPs@pH exhibited high compatibility with human RBCs.
Various concentrations of nanoparticles, ranging from
10-60 pg, were tested. At 60 pg, the percentage of hemolysis
for bAgNPs and bAgNPs@pH was 2.23% and 3.07%, respect-
ively. The enhanced hemocompatibility of bAgNPs can be
attributed to their more negative zeta potential (ie.,
—24.3 mV), resulting in stronger electrostatic repulsion with
negatively charged RBCs. On the other hand, the size of
bAgNPs is smaller than that of bAgNPs@pH which results in a
higher surface-to-volume ratio for bAgNPs. This results in a
stronger electrostatic repulsion with the RBCs when compared
to bAgNPs@pH. This phenomenon results in a lower percen-
tage of hemolysis for bAgNPs compared to bAgNPs@pH.
Importantly, the percentage of hemolytic potential was well
below the safe limit of 5% for the therapeutic applications of
biomaterials.* Furthermore, hemolysis was verified using Milli
Q water (MQ) as a positive control and Phosphate Buffer Saline
(PBS) as a negative control, as illustrated in Fig. S4.7

3.5. Evaluation of rat liver and kidney function biomarkers

The potential toxicity of intravenously administered biogenic
silver nanoparticles (bAgNPs) and bAgNPs@pH on rat liver and
kidneys was investigated. The results, as depicted in Fig. 5b,
revealed no significant toxic effects on either organ. Specifically,
there was no discernible difference (p > 0.05) in the levels of
ALT, AST, y-GT, and creatinine in the serum of experimental rats
compared to control rats. These findings suggest that treatment
with bAgNPs (3 and 6 mg kg™') or bAgNPs@pH (3 and 6 mg
kg ") did not have an impact on these biomarkers. Considering
the liver’s crucial role in rat physiological functions and the
known tendency of colloidal silver nanoparticles to accumulate
in the liver, the absence of significant changes in biomarkers
indicates the safety of bAgNPs."°

To assess liver function, the serum levels of ALT, AST, and
y-GT enzymes were measured following the intravenous
administration of bAgNPs. Liver damage is often indicated by
a decrease in ATP levels, a high-energy phosphate compound,
leading to the release of enzymes (e.g., ALT and AST) into
tissues and their subsequent presence in the serum.
Additionally, gamma-glutamyltransferase (y-GT), an enzyme of
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hepatobiliary origin, brings about cholestasis, a liver disease
caused due to impaired bile flow. Our findings suggest that
doses of bAgNPs up to 6 mg kg™ are safe for the liver, as evi-
denced by the lack of significant changes in these biomarkers."°

The assessment of bAgNPs’ toxicity on the kidneys involved
measuring serum creatinine levels. A low level of serum creati-
nine indicates impaired kidney function in filtering and excret-
ing waste products through urine.'® Our results indicate that
administering various doses of bAgNPs up to 6 mg kg™" for 7
days did not result in a significant difference in serum creati-
nine levels, suggesting that bAgNPs are not toxic to the
kidneys and are compatible with liver function.

Moreover, the serum levels of ALT, AST, and y-GT fall within
the normal reference range (Table S5t). Interestingly, the bio-
logically synthesized AgNPs are compatible to animals as
reflected in the data obtained from the in vivo study irrespec-
tive of the size, shape and surface charge of the nanoparticles.

4. Conclusion

We have successfully synthesized biogenic silver nanoparticles
(bAgNPs) using Phyllanthus emblica flesh extract in a cost-
effective and eco-friendly manner. The as-synthesized bAgNPs
demonstrated excellent antibacterial activity against both
pathogenic and nonpathogenic bacterial strains. The nano-
particles demonstrated antibacterial activity by damaging the
bacterial cell wall, oxidizing the cell membrane fatty acids, and
interacting with cellular macromolecules (i.e., DNA, proteins
etc.) to bring about bacterial death. On an additional note,
bAgNPs showed excellent hemocompatibility and biocompat-
ibility with no significant toxicity to the rat liver and kidneys at
higher doses. Therefore, our as-synthesized bAgNPs hold great
potential to be used as antimicrobials against a wide range of
bacteria causing infectious diseases. While the assumption
that size, shape, and surface charge do not significantly influ-
ence the toxicity of biogenic AgNPs simplifies the understand-
ing, it is essential to acknowledge the nuanced interplay of
these factors in determining nanoparticle toxicity. Further
research employing sophisticated experimental models and
comprehensive toxicity assessments is necessary to elucidate
the intricate relationships between nanoparticle characteristics
and biological responses extensively.
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