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Synergic effect of aqueous extracts of Ocimum
sanctum and Trigonella foenum-graecum L on the
in situ green synthesis of silver nanoparticles and as
a preventative agent against antibiotic-resistant
food spoiling organisms
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The combination of Ocimum sanctum and Trigonella foenum-graecum L leaf water extract synergistically
acts as a reducing and capping agent for the synthesis of narrow polydisperse silver nanoparticles (Ag NPs)
with controlled sizes depending on the precursor (AgNO=) concentration in the plant extract. The toxicity of
40 nm-sized green synthesized Ag NPs is less than that of 10 nm-sized NPs. The Ag NP solution in Ocimum
sanctum and Trigonella foenum-graecum L leaf water extract shows synergic antibacterial effect on Gram-
negative bacteria by effecting the ester group of the lipids (hydrolysis) and also breaking the amide bonds of
the bacterial chemical constituents, which leads to their rapid death.

Introduction

Chemical reactions that cause offensive sensory changes in
foods are mediated by a variety of microbes that use food as
a carbon and energy source."® These organisms include
prokaryotes (bacteria) such as Escherichia coli, Lactobacillus
acidophilus, Staphylococcus aureus, Bacillus cereus, Pseudomonas
(P) putida, and P. fluorescens, leading to adverse effects in food
preservation.** Pseudomonas fragi is a psychrotrophic species
that is mainly responsible for the spoilage of meat stored
aerobically at refrigeration temperatures. P. fragi is more widely
distributed than other Pseudomonas, and has been isolated
from water, soil, plant materials, and other natural media. This
species grows well at temperatures ranging from 2 °C to 35 °C.%”
The prevalence and growth conditions of P. fragi contribute
towards its successful proliferation on foods, especially fresh
meat, and the strict chill chain applied during fresh meat
production from slaughtering to final distribution selectively
favours its development.® Moreover, P. fragi has been suggested
to promote the growth and survival of several food borne
pathogens, such as S. aureus and Listeria monocytogenes.’
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Therefore, information about P. fragi growth and biological
responses to preservation conditions during food storage is
urgently needed to improve food safety.

Many Gram-negative bacteria, including Pseudomonas,
secrete acyl homoserine lactones (AHLs) to regulate the
expression of certain genes, such as virulence factors, as
a function of cell density.'” These AHL quorum-sensing signals
may regulate proteolytic enzyme production and iron chelation
during the spoilage of some foods." Microbial spoilage is of
particular concern and can be caused by either psychrotolerant
spore-formers, which likely originate from raw milk, or by post
pasteurization contamination.”™**

Recently, researchers have focused on nanotechnology-
based techniques for food preservation.'**® Silver nano-
particles (Ag NPs) are well known as an antibacterial agent**~>*
and are employed in the textile as well as in the food/cosmetic
industries as an additive to control microorganisms.>»** In the
past, researchers have successfully used Ag NPs as a strong
biocide agent for various micro-organisms**** and fungi.*
However, recent interest on Ag NPs has particularly focused on
the increasing threat of antibiotic resistance due to the exces-
sive use/abuse of antibiotics.?

In general, the mode of antibacterial action of Ag ions or Ag
NPs depends on the (a) attachment of Ag ions or Ag NPs to the
cell wall, which disrupts the cell-wall permeability and respi-
ration of the bacteria, and the (b) interaction with loan pair
electron containing atoms such as the phosphorus, nitrogen or
sulphur groups of DNA, as well as the proteins of bacteria to
penetrate inside mammalian cells.*® Ag NPs exhibit improved
antibacterial properties compared to bulk silver, mainly due to
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the high surface area and fraction of their surface atoms, so as
a result, more of the smaller NPs are incorporated inside the
bacteria, promoting their efficacy in a sustained manner.*** In
addition, Ag NPs are relatively nontoxic to human cells.**
Considering their wide range of applications, Ag NPs have been
synthesized using various methods over the years. In terms of
chemical reduction methods, reducing agents such as NaBH,,
citrate, or ascorbate are the most commonly used chemicals.*
However, such reducing agents and synthetic organic material
templates may be associated with environmental toxicity or
biological hazards.*

Recently, the synthesis of Ag NPs via a biological reduction
method has been developed as a promising technique because
of its special advantages, such as mild reaction conditions,
nontoxic reagents, and absence of synthetic chemical additives
as the stabilizing or reducing agents of the NPs.** Because of
their environmentally-friendly nature, biosynthetic processes
are being researched for the synthesis of Ag NPs.*” In biosyn-
thesis methods, the reaction time for the reduction of silver ions
requires more time due to the slow rate of the reaction. For
example, the synthesis of Ag NPs by bacteria requires 24-120 h
to complete the reduction process, with high polydispersity and
aggregation of the NPs.?

Ocimum sanctum (holy basil) (0S) is a well-known medicinal
plant that is used as a folk medicine in the treatment of hepatic
amoebiasis and rheumatism. It is also employed in the treat-
ment of various disease and issues, such as infections, arthritis,
chronic fever, fertility, and eye disease, due to its antimicrobial,
antifungal, anticancer, hepatoprotective, antispasmodic, anal-
gesic, antiemetic, and cardioprotective properties.>**** This
medicinal herb has also been shown to reduce blood glucose
levels, making it an effective treatment of diabetes. There are
many chemical constituents present in OS, such as ascorbic
acid, oleanolic acid, rosmarinic acid, ursolic acid, eugenol,
linalool, carvacrol, B-elemene, P-caryophyllene, germacrene,
amino acids, etc.***' Similarly, Trigonella foenum-graecum L leaf
(TFG) is also rich in ascorbic acid and many chemicals, such as
sapiens, steroids, phytosterol terpenes, fatty acids, and phenolic
acids, and has several medicinal properties, including anti-
fungal and antibacterial activities.*” There have been several
reports in the literature on using OS and TFGL extracts for the
synthesis of a broad range of polydisperse NPs.**-*¢

The purpose of the current research is broadly based on
adding value to agriculture products using simple techniques.
For this purpose, we selected two medicinal plants, OS and TFG,
to optimize their antibacterial effects, as well as use them to
synthesize narrow disperse Ag NPs and measure their antibac-
terial properties. Herein, we used leaf extracts of OS and TFG
(1 : 1, v/v) in deionized water and determined their antibacterial
effects, as well as using them in the reduction and stabilizing of
silver ions in Ag NPs. The reduction of Ag ions took place within
4 h, hence representing a substantial reduction in their prepa-
ration time. Synthesized Ag NPs were characterized by UV-
visible and attenuated total reflectance/Fourier-transform
infrared (ATR/FT-IR) spectroscopy, X-ray diffraction (XRD),
dynamic light scattering, and high-resolution transmission
electron microscopy (HR-TEM) (for details of the extraction,
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synthesis of the NPs and their characterization procedures, see
the ESIt). The toxicological properties of various sized Ag NPs
were studied. We chose NPs with insignificant toxicity for the
studies on the synergic effect of the concentration-dependent
antimicrobial activity of green Ag NPs against Pseudomonas
fragi, Pseudomonas fluorescens, and Salmonella, in presence and
absence of OS and TFG leaf extracts in water. Also, OS and TFG
leaf extracts in water alone were tested for antibacterial activi-
ties for comparison purposes.

Results and discussion

Characterization of the Ag NPs

Analysis of the UV-vis, DLS, and XRD data. The UV-vis
spectra of the biochemically synthesized green Ag NPs are
shown in Fig. 1a. The spectra illustrate that with an increasing
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Fig. 1 (a) UV-vis spectra, (b) DLS data showing the number average
mean hydrodynamic size of Ag NPs synthesized using a mixture of
Ocimum sanctum (OS) and Trigonella foenum-graecum L (TFG) leaf
water extracts (1 : 1, v/v) at precursor (AgNO3) concentrations of 1, 2, 3,
and 4 wt% with respect to the leaf weight, and (c) the powder XRD
pattern of a lipolyzed sample showing characteristics peak of the Ag
NPs (4 weight% AgNOs with respect to the leaf weight of OS + TFG, 40
nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration of silver salt added during synthesis, the number
of nuclei formed increased and bigger NPs were formed than at
lower concentration, with a red shift accordingly observed in
the plasma band of the Ag NPs. Absorption spectra were
recorded at 397, 407, 412, and 429 nm for Ag NPs synthesized at
1, 2, 3, and 4 wt%, respectively, which reflect the effect that the
precursor concentration has on the size of the Ag NPs.*”*®

The hydrodynamic diameters (d) of the Ag NPs were calcu-
lated using the Stokes-Einstein equation d = kgT/37wnD, where
kg is the Boltzmann constant, T is the absolute temperature, 7 is
the solvent viscosity, and D is the diffusion coefficient. CONTIN
algorithms were used in the Laplace inversion of the autocor-
relation function to obtain the size distribution. The number
average hydrodynamic sizes of the Ag NPs at 1, 2, 3, and 4 wt%
with respect to leaf weight, were 10.13, 20.21, 30.21, and 40 nm,
respectively with a narrow polydispersity index (0.22-0.29)
(Fig. 1b). Fig. 1c shows the characteristic two theta peaks of the
green Ag NPs. The characteristics peaks of (111), (200), (220),
and (311) can be attributed to the reflection of the face centred
cubic (fcc) lattice of the Ag NPs (compared with JCPDS file no:
89-3722). As the concentration of the precursor increased, the
plasma band of the Ag NPs red shifted, which indicates the
increase in the size of Ag (Fig. 1a) was confirmed by measuring
the hydrodynamic size via DLS (Fig. 1b). The narrow poly-
dispersity index (0.22 to 0.29) measured by DLS is supported by
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the sharp XRD peaks (Fig. 1c, low bandwidth of the peaks and
ESI, Fig. S11).*” However, for the synthesis of Ag NPs in OS or
TFG leaf water extracts, a polydisperse hydrodynamic size of Ag
NPs was observed (ESI, Fig. S27).

Morphology of the Ag nanoparticles. The average size of the
Ag NPs synthesized via a green synthesis route was calculated
from the TEM images to be 10, 20, 30, and 40 nm at weight 1, 2,
3, and 4 wt%, respectively, in a mixed aqueous solution of OS
and TFG extracts (Fig. 2a-d). All of the NPs were found to be
spherical in shape, in correlation with data from both DLS and
UV-vis spectroscopy measurements (Fig. 2).**** TEM micro-
graphs (ESI, Fig. S31) and XRD spectra (ESI, Fig. S41) of the Ag
NPs synthesized in OS and TFG leaf water extracts are shown in
the ESI.T TEM and XRD data of the citrate-capped synthesized
Ag NPs are also shown in the ESI (Fig. S57).

Toxicity analysis

MTT assay. A dose dependent response was observed in MTT
assay for calculating the LDs, values and cytotoxicity data of the
Ag NPs, citrate-capped Ag NPs (40 nm size), and AgNOs;, as
presented in Fig. 3 (the method for the MTT assay is shown in
the ESI). The LDj, values for the 10 nm Ag NPs was the most
sensitive amongst all the NPs (ESI, Fig. S3at) in both macro-
phages, while the 40 nm spherical shaped Ag NPs (Fig. 3) were

Fig. 2 TEM micrographs of the Ag NPs synthesized using a mixture of Ocimum sanctum and Trigonella foenum-graecum L leaf at concen-
trations of (a) 1, (b) 2, (c) 3, and (d) 4 wt% of AgNO3 with respect to the plant leaf weight. The inset images show the corresponding selected area

electron diffraction (SAED) patterns.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Plots of cell viability (MTT assay) studied for citrate-capped Ag
NPs (40 nm), leaf extracts and Ag NPs synthesized using a mixture of
Ocimum sanctum and Trigonella foenum-graecum L leaf extract in
water compared to the negative control (Triton X-100) after 24 h of
incubation at the same concentration of 0.8 mg mL™! (confidence
interval + 1.09). This shows that the green synthesized Ag NPs are less
cytotoxic in comparison to the citrate-capped Ag NPs.

found to be the least sensitive in macrophages, where the cell
viability was found to decrease with a decrease in the size of the
Ag NPs. Also, the toxicity of the Ag NPs was found to be less than
those of AgNO; in water (ESI, Fig. S67) and the 40 nm sized
citrate-capped Ag NPs (Fig. 3). The LDs, values of the 10 nm Ag
NPs are much lower than those of the 40 nm spherical Ag NPs
after 24 h of exposure time.

Hemolysis assay. The results of hemolytic experiments
indicate that the 10, 20, 30, and 40 nm NPs (Fig. 4) show slightly
decreased blood compatibility, but are non-toxic up to 1 mg
mL ™! towards erythrocytes, which places significant emphasis
on the usefulness of these nano-systems in the treatment of
many diseases.*®

Antimicrobial activity

The antibacterial activity of the green-synthesized Ag NPs was
investigated against the Gram-negative strains P. fragi, P. fluo-
rescens, and Salmonella, which are responsible for food spoilage
and cause food poisoning, typhoid fever, and paratyphoid fever.
This is the first report, as per our knowledge, demonstrating the
synergic effect of Ag NPs and OS and TFG leaf extracts on the

Hemolysis Assay
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Fig. 4 Size dependent toxicity of the green-synthesized Ag NPs
towards erythrocytes.
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antibiotic resistant microbes P. fragi, P. fluorescens, and
Salmonella. Thus, this information will be useful for making
food preservatives as well as drug delivery formulations for the
treatment of diseases related to microbial infection. The
minimum inhibition concentrations (MICs) against 10° CFU
mL " of P. fragi, P. fluorescens, and Salmonella were calculated to
be 2.10, 2.18, and 2.20 pg mL™ ', respectively, whereas the
minimum bactericidal concentration (MBC) values for the
respective bacteria were 3.80, 4.50, and 4.30 pug mL~ " (Table 1).
However, the MIC value of the citrate-capped Ag NPs was in the
range of 7.20 to 8.21 pg mL ™" for the above-mentioned Gram-
negative bacteria and for the combined solution of OS and
TFG leaf extracts in water (1 : 1, v/v), the MIC values were 62 +
5.3 ug mL™ ", respectively (Table S17), and the aqueous OS and
TFG leaf extracts alone exhibit roughly 4 and 3.7 times higher
MIC values, respectively, than when the two are combined. The
MBC value for each sample is roughly double their respective
MIC value, which is in line with reported studies.*® The data
from the antibacterial experiments carried out using a disc
diffusion method are shown in the ESI (Fig. S71).

ATR/FT-IR spectroscopy analysis. ATR/FT-IR spectroscopy
analysis was carried out to determine the interactions between
or among the functional groups of the constituents of the
systems and the experimental data are shown in Fig. 5. The
possible functional groups of the chemicals in the aqueous OS
and TFG leaf extracts involved in the NP synthesis were identi-
fied by ATR/FT-IR spectroscopy analysis. The broad bands in the
range of 3336 to 3100 cm ™' can be attributed to H-O-H, -O-H
stretching of phenols, hydrogen-bonded groups, amines, and
amino acids.® The band at 3000-3020 cm™ " indicates the
presence of aromatic compound -C-H stretching and in the
range of 2990 to 2700 cm ™" aliphatic ~-C-H peaks were observed
for all of the samples (Fig. 5, zone A). The peak at 2724 cm ™"
indicates the presence of the -C-H stretching of an aldehyde.
After the reduction of AgNOg;, a shift in the band of amide II
(1590 to 1572 cm™ ') and 1640 cm ™' was observed and a peak
near to 1687 cm ™', along with a -C-O stretching peak at
1232 cm™?, appeared that can be attributed to a carboxyl group
(Fig. 5, spectra II, zone B). The peaks observed at 848, 731, and
680 cm™ " correspond to the C-H stretching of alkenes. The
hydrogen-bonded C-N band at 996 cm™" shifts to 1005 cm ™,
which indicates partial positive charge on nitrogen atoms in
presence of Ag NPs (Fig. 5, spectra I and II, zone B).****

The FT-IR/ATR data suggests that several loan pair contain-
ing and polar functional groups present in the plant extract are
capable of covering and stabilizing the Ag NP surface (which has
positive charge on the surface of the NPs due to plasmon
resonance) during nucleation, with concentration dependent
narrow polydisperse NPs formed in aqueous medium as a result
(Fig. 1b and 2). During the synthesis of the NPs, atoms and ions
are reduced one by one and act as individual centres for
nucleation and further coalescence due to high binding energy
between two atoms or atoms and unreduced ions in comparison
to the binding energy of atom-solvent and atom-capping
ligand.*® Consequently, the atoms dimerize or become associ-
ated with unreduced metal ions. Also, due to their large surface
area, NPs possess high surface energy and as a result

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Tablel Antimicrobial action, minimum inhibition concentration (MIC), and minimum bactericidal concentration (MBC) of plant leaf extract (with
and without 40 nm sized Ag NPs) against selected Gram-negative bacteria®

Concentration

0.1 0.2 0.4 0.6 0.8 MIC MBC
Systems mgmL ' mgmL ' mgmL' mgmL' mgmL ' Control (ugmL ') (ugmL )
Pseudomonas fragi treated with (Zone of inhibition in mm)
Sample A 11 14 17 19 21 0 2.1 3.8
Sample B 5 8 10 13 15 0 7.2 15
Sample C 0 0 2 5 7 0 58 132
Sample D 0 0 0 4 6 0 98 101
Sample E 0 0 0 3 5 0 110 232
Pseudomonas fluorescens treated
with
Sample A 12 16 19 22 25 0 2.18 4.5
Sample B 5 9 11 14 16 0 7.5 14.2
Sample C 0 0 3 6 8 0 65 142
Sample D 0 0 0 5 0 104 195
Sample E 0 0 0 4 6 0 121 240
Salmonella treated with
Sample A 12 14 15 17 21 0 2.2 4.3
Sample B 6 9 10 12 15 0 8.1 15.2
Sample C 0 0 2 4 6 0 55.3 104
Sample D 0 0 0 3 6 0 88 170
Sample E 0 0 0 3 5 0 101 194

“ Sample A: in situ 40 nm-sized green-synthesized silver nanoparticles in a combination of aqueous extracts of Ocimum sanctum and Trigonella
foenum-graecum L; sample B: 40 nm-sized citrate-capped Ag NPs; sample C: combination of aqueous extracts of Ocimum sanctum and Trigonella
foenum-graecum L; sample D: aqueous extract of Trigonella foenum-graecum L; sample E: aqueous extract of Ocimum sanctum leaf.

120
0 v A B
5 100 % %
k]
8
- 80
°\° n
.g 60 :"'\\/w
®
g 40—
2 — L
| \_/
20 | \_—/’

4000 3500 3000 2500 2000 1500 1000 500
Wave number {cm’)

Fig. 5 FT-IR/ATR spectra of (I) aqueous extracts of Ocimum sanctum
(OS) and Trigonella foenum-graecum L (TFQ) leaf, () green-synthe-
sized Ag NPs in a solution of aqueous extracts of OS and TFG leaf, (IIl)
P. fragi Gram-negative bacteria in aqueous solution, (IV) P. fragi Gram-
negative bacteria treated with an aqueous solution of extracts of OS
and TFG leaf, and (V) P. fragi Gram-negative bacteria treated with
green-synthesized Ag NPs in an aqueous solution of extracts of OS
and TFG leaf.

thermodynamically unstable colloids can associate with each
other via van der Waals forces of attraction. However, control of
the final size of the NPs depends on the restraints applied to the
coalescence by balancing the attractive forces with repulsive
forces through electrostatic/static stabilization (Fig. 6a).>® The

© 2022 The Author(s). Published by the Royal Society of Chemistry

capping agent that binds the precursor (AgNO;) and as well as
Ag nanoparticles on their surface and shows strong effect on
final size of the synthesised metal NPs. As the concentration of
the precursor increased at a fixed concentration of the capping
agent, covering of the NP surfaces by ligand reduced as van der
Waals forces of attraction became more dominant, which led to
larger sized NPs being formed. ATR data suggest that the plant
extract contains amine, carbonyl, and phenolic-groups, which
have a high affinity for metal atoms (Fig. 5, spectrum I).
Concentration dependent size control of the Ag NPs in the
aqueous OS and TFG leaf extract also indicates that the inter-
molecular interactions of plant extract constituents with Ag
nuclei are stronger than their interactions with solvent.

The ATR spectrum of the untreated bacteria shows a strong
ester carbonyl band at 1742 cm ™" (Fig. 5, zone B, spectrum III)
along with additional peaks at 1390, 1166, and 1088 cm .
Phospholipid group peaks at 1224 and 1087 cm™ " correspond-
ing to ~-OPO- and -P-OCH,, respectively, were also observed
(Fig. 5, spectrum III, zone B).*® These peaks can be attributed to
Gram-negative bacteria, wherein the bacteria cell membrane is
composed of 25% phospholipids and more than 60% protein.
The presence of C-O-C and C-O vibrations in the sugar rings in
the various polysaccharide components can be identified from
the peaks at 1167 and 932 cm ™' (Fig. 5, spectrum III, zone B).
Also, FT-IR/ATR spectral peaks observed at 2973, 2941, 2856,
(zone A) and 1464 cm™ " (zone B) confirm the occurrence of ~C-
H stretching (-CHj, -CH,) of alkyl chains (Fig. 5, spectrum III).>®

RSC Adv, 2022, 12,1425-1432 | 1429
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Fig. 6 Model for (a) synthesis and (b) mode of action of Ag NPs in
presence of Ocimum sanctum and Trigonella foenum-graecum L leaf
water extract.

1 1

The peaks at 1445 cm™ and in the range of 980-835 cm™
indicate the presence of C=C bonding in the fatty acid chain
and were observed for untreated Gram-negative bacteria (Fig. 5,
spectrum III, zone B). Besides this, amide I (1628 cm™ ") and
amide II (1588 cm ') peaks of the protein in the structure of the
bacteria were also identified. After treatment with an aqueous
extract of OS and TFG leaf, partial breaking of ester bonds and
the formation of a new broad peak near to 1654 cm ' were
observed along with a shift in the alkyl peaks at 2973, 2941, and
2856, cm ™' to 2965, 2920, and 2819 cm ™', respectively (Fig. 5,
zone A). Also, the amide II peak shifts from 1588 to 1574 cm ™"
(Fig. 5, spectrum IV, zone B) and the phospholipid group peaks
of ~OPO- and ~P-OCH, slightly shift from 1224 and 1087 cm™*
to 1218 and 1057 cm ™', respectively (Fig. 5, zone B, spectrum
IV). However, for Ag NPs in an aqueous extract of OS and TFG
leaf, an ester peak was not observed and a very broad peak from
1780 to 1450 cm™ ' appeared (Fig. 5, spectrum V, zone B) and
noticeable peak separation can be seen in the range of 3400 to
3200 cm ™ for bacteria treated with aqueous extracts of OS and
TFG leaf in the presence or absence of Ag NPs (Fig. 3, spectra IV
and V, zone A). Minor peaks near to 1563 and 1541 cm ™' can be
seen in the spectrum of the bacteria treated with Ag NPs con-
taining aqueous extracts of OS and TFG.>*>*

Analysis of FT-IR/ATR data suggests that the chemical constit-
uents of the aqueous extracts of OS and TFG leaf partially break the

1430 | RSC Adv, 2022, 12, 1425-1432
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ester bonds of the phospholipids and disturb the hydrogen
bonding, responsible for crosslinking and stabilizing by effecting
the pore size of the Gram-negative bacteria, which is a prominent
reason for their antibiotic resistance.”””® However, in the presence
of Ag NPs in an aqueous solution of OS and TFG leaf extracts, the
peak for the ester bonding of the lipids that are chemical
constituents of the bacteria (Fig. 6b) disappeared in the ATR
spectra, also the amide band appeared to fragment. The Ag NPs
are more efficient for antibacterial application in presence of OS
and TFG leaf extract due to presence of several interacting groups
such as phenolic, carboxylic, carbonyl, alcoholic groups, etc. in
plant extract which synergistically interfering in more efficiently
way with bacterial cell wall and shows more effect on cellular
interaction leading to cell death.>**”** These results show that Ag
NPs exhibit potential antimicrobial activity and food preservation
activity, even at low concentration.

Conclusions

In conclusion, well-defined monodispersed Ag NPs were
synthesized via a biochemical method using a combined solu-
tion of Ocimum sanctum and Trigonella foenum-graecum L leaf
extracts in aqueous media (1 : 1, v/v) as a reducing and stabi-
lizing agents for NPs with sizes of 10, 20, 30, and 40 nm,
respectively. Ag NPs of 40 nm in size exhibit excellent antibac-
terial activities against food spoiling Gram-negative bacteria.
The effect of the size of the Ag NPs on murine peritoneal
macrophages showed significant cell viability at various
concentrations of the NPs after 24 h of treatment, thus indi-
cating their non-toxic nature. The green-synthesized Ag NPs can
thus be used as a cost-effective and nontoxic material for use in
food preservation.
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