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ABSTRACT: The paper presents the antibacterial and antioxidant
activities of silver nanoparticles (AgNPs) when conjugated with two
antibiotics levofloxacin and ciprofloxacin as well as biologically
synthesized nanoparticles from Moringa oleifera and Curcuma longa.
Leaves of Moringa and powder of Curcuma were used in the green
synthesis of silver nanoparticles. Ultraviolet−visible spectroscopy
(UV), Fourier transform infrared spectroscopy (FTIR), and
scanning electron microscopy (SEM) were used for the character-
ization of the synthesized silver nanoparticles. Comparison of
levofloxacin and ciprofloxacin and their conjugated AgNPs was also
studied for antibacterial and antioxidant activity. The synthesis of
Moringa-AgNPs, turmeric-AgNPs, levofloxacin-AgNPs, and cipro-
floxacin-AgNPs was confirmed by UV spectroscopy. An absorption
peak value of 400−450 nm was observed, and light to dark brown color indicated the synthesis of AgNPs. Moringa-AgNPs revealed
high antioxidant activity (80.3 ± 3.14) among all of the synthesized AgNPs. Lev-AgNPs displayed the highest zone of inhibition for
Staphylococcus aureus, while in Escherichia coli, Cip-AgNPs showed high antibacterial activity. Furthermore, AgNPs synthesized using
green methods exhibit high and efficient antimicrobial activities against two food-borne pathogens. Biologically synthesized
nanoparticles exhibited antibacterial activity against E. coli (13.73 ± 0.46 with Tur-AgNPs and 13.53 ± 0.32 with Mor-AgNPs) and
S. aureus (14.16 ± 0.24 with Tur-AgNPs and 13.36 ± 0.77 with Mor-AgNPs) by using a well diffusion method with significant
shrinkage and damage of the bacterial cell wall, whereas antibiotic-conjugated nanoparticles showed high antibacterial activity
compared to biologically synthesized nanoparticles with 14.4 ± 0.37 for Cip-AgNPs and 13.93 ± 0.2 for Lev-AgNPs for E. coli and
13.3 ± 0.43 for Cip-AgNPs and 14.33 ± 0.12 for Lev-AgNPs for S. aureus. The enhanced efficiency of conjugated silver nanoparticles
is attributed to their increased surface area compared to larger particles. Conjugation of different functional groups contributes to
improved reactivity, creating active sites for catalytic reactions. Additionally, the precise control over the size and shape of green-
synthesized nanoparticles further augments their catalytic and antibiotic activities.

■ INTRODUCTION
Nanomaterials have gained extreme interest in the developing
field of science and therapeutic medicines since the beginning
of the 21st century.1 The electronic, optical, catalytic, and
magnetic properties of nanoparticles depend on their
morphology, size, and chemical environments.2 Among others,
silver nanoparticles (AgNPs) have potential applications in
various fields such as agriculture, waste management, forensic
science, water treatment, pollution control, solar cells, and
medicine.3 Till now, hazardous chemicals have been used as
reducing agents in conventional methods for synthesizing
AgNPs, which also require significant amounts of external heat
energy. Hence, there is a need to synthesize AgNPs using

environment-friendly chemical processes to minimize the use
of hazardous chemicals in the production of AgNPs.4,5For the
large-scale synthesis of metal and metallic oxide nanoparticles,
plants are the best green source due to their diverse
morphologies and sizes.6 The biomolecules, such as
terpenoids, alkaloids, carbohydrates, and phenolic compounds,
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present in plant extracts are suitable for synthesizing silver
nanoparticles. These nanoparticles can efficiently reduce metal
ions into nanomaterials using a one-step procedure.7

The frequent utilization of antibiotics has led to the
emergence of resistance among microorganisms. This resist-
ance was initially characterized by microorganisms developing
insensitivity to treatment, resulting in a decline in therapeutic
effectiveness, heightened toxicity, the onset of side effects,
nonspecific reactions, and difficulties in establishing appro-
priate dosing protocols.8 With the continuous increase in
antibiotic resistance over the past decade, primarily driven by
the widespread and inappropriate use of these medications,
there has been a growing demand for more potent antibiotics.8

Nanoparticles (NPs) offer several advantages,7−10 including a
high capacity for drug loading,8 an extended half-life, enhanced
stability during transition,7 reduced toxicity, targeted delivery
to specific sites, and the controlled release of therapeutic
agents.10 When combined, these properties, along with the
increased antibacterial activity stemming from high drug
loading, improved drug availability, reduced toxicity, and
prolonged the half-life of therapeutic agents, positioning
nanoparticles as a promising approach to combat antibiotic
resistance.9 Among various nanomaterials, metal nanoparticles
(MNPs) stand out due to their pronounced antibacterial
properties.10 The advanced drug delivery system of nano-
particles has developed several advantages such as increased
solubility of the drug in blood serum, improved drug half-life in
the body, and targeted release of drugs. These methods have
been used in therapy with various drugs that target specific
cells.11 Drug-conjugated nanoparticles have been utilized to
treat infections caused by microbial agents within cells. The
process involves the entry of nanoparticles into host cells
through endocytosis, followed by the release of drugs
intracellularly.12 This type of transport system works so fine
that drug delivery systems of nanoparticles have now been
accepted for medical trials and many nanoparticle formulations
are under different stages of medical trials.13 In the treatment
of microbial infections, antibiotic therapies have been found to
be highly effective in the past few years, but bacterial strains
have been resilient toward many drugs, causing great
challenges to medical science. Multiple-drug resistance has
reached an appalling situation. To decrease this problem, new
initiatives and methods need to be established.14 One of these
is the use of silver nanoparticles synthesized using plant
parts.15

Hence, green chemistry application protocols are now
gaining increasing reputation in environmental protection
and wastewater treatment.16−19Nanotechnology has an ex-
tensive range of applications in electronic, medical, commer-
cial, and industrial fields.20 Nanoparticles, such as silver, zinc
oxide, platinum, gold, and palladium, are widely studied due to
their unique characteristics when they are reduced in size from
bulk materials to the nanoscale.21 The physicochemical
properties of silver nanoparticles make them highly significant
in the field of water treatment as well.22

The synthesis of silver nanoparticles using biomolecules is
gaining more importance due to its ecofriendly and green
chemistry approach. The reducing power of biomolecules to
convert Ag+ to AgNPs is obtained from microorganisms and
plants. The interface between microbes and metals helps
researchers discover the synthesis of metallic nanomaterials,
such as silver, platinum, and gold.23 Silver metallic nano-
particles have been considered for their unique antimicrobial

properties. Silver nanoparticles not only affect the external
surface of bacterial cells but also tend to penetrate the bacterial
cell and hinder the functions of its intracellular proteins.24

The trend of making and using nanoconjugates (a mixture of
various kinds of nanoparticles) was not common previously.
Therefore, no work has been reported simultaneously on
biological and synthetic nanoconjugates of AgNPs. The
novelty of this work is the synthesis and characterization of
nanoconjugate AgNPs made from two plants, moringa and
turmeric, and two antibiotics, levofloxacin and ciprofloxacin,
and their comparative assessment for antibacterial and
antioxidant applications has been done for the first time. The
objective of this study is (i) to synthesize nanoparticles using
biological sources and nanoconjugates with antibiotics to
discover their antibacterial and antioxidant activity and (ii) to
use nanoconjugates of antibiotics to enhance antibacterial
efficacy, reduce resistance, improve bioavailability, enable
targeted delivery, and minimize side effects in medical
treatments. Characterization of stabilized biological nano-
particles, such as silver nanoparticles (AgNPs) and their
nanoconjugates with antibiotics for bactericidal activity, is an
important area of research in nanomedicine and antibacterial
therapy.

■ MATERIALS AND METHODS
Chemicals. The chemicals and reagents used to synthesize

moringa-AgNPs, turmeric-AgNPs, Cip-AgNPs, and Lev-AgNPs
were silver nitrate (AgNO3, molecular weight (MW): 169.87 g
moL−1, 99% pure); trisodium citrate dihydrate (Na3C6H5O7,
MW: 294.10 g moL−1,98% pure); sodium borohydride
(NaBH4, molecular weight (MW) 37.83 g moL−1, 97%
pure); and sodium hydrooxide (NaOH, molecular weight
(MW) 39.997 g moL−1) purchased form Sigma-Aldrich,
Lahore, Pakistan. Levofloxacin (Lev, MW: 361.368 g moL−1)
and ciprofloxacin (Cip, MW: 367.9 g moL−1) were purchased
from Servaid Pharmacy, Lahore, Pakistan. All of the
experimental processes were performed with deionized and
double-distilled water. The media and reagents used for
antibacterial applications were Muller−Hinton agar medium,
nutrient broth, and 1,1-diphenyl-2-picryl-hydrazyl
(C18H12N5O6) (DPPH, MW: 394.32 g moL−1) from
supplier Sigma-Aldrich, provided by GCU Lahore, Pakistan.

Biological Synthesis of Silver Nanoparticles. 10 g of
turmeric powder (Curcuma longa) and drumstick tree
(Moringa oleifera) was taken and mixed in 100 mL of
deionized water. After that, the mixture was boiled and stirred
on a hot-plate magnetic stirrer (CLV-CSL-DHOTRTIR, U.K.)
for 10 min. The extract was filtered with Whatman cellulose
filter papers (45 μm) and stored at room temperature until the
completion of the experiment. 10 mL of aqueous solution of
the extract was added to 60 mL of 1 mM silver nitrate solution
dropwise throughout 30 s. A mixture of extract and silver
nitrate was heated on a magnetic stirrer (C-MAG HS 4, IKA)
at the temperature of 65 °C for almost 45 min until the color
of the solution changed to dark-yellowish brown. This change
in the color of the mixture showed the conversion of Ag± ions
to nanoparticles of silver (AgNPs).5 The stability of the
nanoparticles was studied for 1 year.

Preparation of Nanoconjugates (NCGs). Selected
antibiotics, i.e., levofloxacin and ciprofloxacin, were conjugated
with optimized nanoparticles for evaluating their antibacterial
efficacy. Levofloxacin-conjugated AgNPs (Levo-AgNPs) and
ciprofloxacin-conjugated AgNPs (Cip-AgNPs) were synthe-
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sized. Briefly, 5 mL (0.1 mM) of levofloxacin and ciprofloxacin
solution was reacted with 5 mL (0.1 mM) of silver nitrate
solution (AgNO3) separately; the reaction mixture was
magnetically stirred for 10 min. After that, 20 μL of 5 mM
freshly prepared solution of sodium borohydride (NaBH4) was
added to the reaction mixtures. The yellow-brown color of the
solution appeared due to the addition of a reducing agent,
which indicated the silver ion reduction and formation of Lev-
AgNPs and Cip-AgNPs. Freshly synthesized AgNPs were
centrifuged (M-80, Beijing, China) at 12,000 rpm for 1 h after
the supernatant was collected, and an antibiotic was
prepared.25 The stability of conjugated particles was checked
for 1 year.

Characterization of Nanomaterials. The synthesized
products were characterized using several procedures. Physio-
logical characteristics like stability, size, and shape of
conjugated AgNPs were determined by retaining different
characterization methods, i.e., UV−visible spectroscopy (AE-
S70-1U), Fourier transform infrared spectroscopy (FTIR)
(Shimadzu IR Prestige21, Japan), and scanning electron
microscopy (SEM)-JEOL (JSM-6480LV, Japan) in the CASP
Department, Government College University, Lahore, Paki-
stan, with 15 kV acceleration. The reduction of Ag± ions to
AgNP ions was confirmed by measuring the spectrum of
AgNPs after dilution using a Jasco V-630 spectrophotometer
(JASCO Corporation, Japan) in the Zoology department of
GCU, Lahore, Pakistan, operated within the range of 300−600
nm. UV was used for some time to check the stability of
nanoparticles.

Maintenance and Confirmation of Bacterial Strains.
In the current study, we use Staphylococcus aureus and
Escherichia coli strains collected from clinical specimens from
the laboratory of Ganga Ram Hospital, Lahore (31.5556° N,
74.3219° E). Bacterial strains were identified based on the
biochemical tests, including Gram staining, growth in
cetrimide agar, MacConkey agar, citrate utilization, and oxidase
test. Strains of bacteria were grown at 37 °C for 15−18 h in
nutrient broth medium. Overnight cultures were inoculated
into fresh medium. For the determination of antibiotic activity,
cells in the mid-exponential phase (optical density at 600 nm
of 0.5−0.6) were used.

Antibacterial Activity. The antibacterial activity of the
synthesized AgNPs, extracts, and antibiotics was determined
against E. coli and S. aureus. Bacterial pure cultures were
subcultured on agar-solidified (LB) medium. 25 μL of bacteria
(1.0 × 106 colony-forming units (CFU)/mL) was swabbed
onto the solidified agar plates using a swab. Then, the
synthesized AgNPs and antibiotics were loaded into wells in
three different quantities, i.e., 25, 50, and 100 μg/mL, for the
antibacterial assay, while deionized water was used as a control.
Plates were incubated at 37 °C overnight in the incubator. The
zones of inhibition around the wells were measured by using a
conventional ruler.

Antioxidant Activity. The AgNPs of Moringa extract,
turmeric extract, ciprofloxacin, and levofloxacin were inves-
tigated for antioxidant activity using the previously used
scavenging method of 2,2-diphenyl-1-picrylhydrazyl (DPPH)
free radicals26,27 with methanol used as the negative control,
while ascorbic acid was used as the positive control.28 DPPH
radical scavenging is a fast and easy decolorant process. A
deep-violet color solution of 1,1-diphenyl-2-picrylhydrazyl is
used in the oxidized form with an antioxidant compound,
which results in DPPH reduction when the color appears

yellow from the deep-violet color. For the reaction, 2 mL of
DPPH standard solution of 0.1 mM was added to 1 mL of
freshly prepared sample solution of AgNPs to obtain various
concentrations of 25−100 μg/mL. Standard ascorbic acid
diluted solution (2 mL of DPPH and 1 mL of methanol) was
also run with the samples. The mixture was properly shaken
and stored in the dark at room temperature for an incubation
of 1 h. The results of DPPH radical scavenging activity were
found by measuring the absorbance (Abs) of every solution
using a UV−visible spectrophotometer at 517 nm and
estimating the percentage inhibition (I%) by using eq 124

I% inhibition of DPPH
(Abs control sample Abs test sample)

Abs control sample
100= ×

(1)

By finding the half-maximal inhibitory concentration (IC50)
of each sample, antioxidant capacity was also evaluated, which
was the concentration of the test sample that could inhibit 50%
of the DPPH radicals and was computed in parallel from the
linear plot of the ascorbic acid standard.

Data Analysis. All calculations and statistical analyses were
performed on SPSS v22.0. SEM images were analyzed using
ImageJ software. All graphical presentations were prepared in
Origin and Microsoft Excel 2013.

■ RESULTS AND DISCUSSION
Biosynthesis of AgNPs. The biosynthesis of AgNPs was

accompanied by a distinct color change. The color change
indicated the synthesis of AgNPs as shown in Figure 1. The

phenomenon of surface excitation of silver metal plasmon
resonance results in the color change of the aqueous
solution.29 High levels of terpenoids and some proteins are
present in the turmeric powder. Furthermore, turmeric is very
rich in chemicals such as phellandrene, zingiberene, sabinene,
and sesquiterpenes. Many of these described compounds are

Figure 1. Change in color from yellowish (before) to dark reddish
brown (after).
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polyphenolic biologically active elements known as curcumin,
which results in their unique color and flavor.30

The first indicator of silver nanoparticles is the color change
from light yellowish to dark reddish-brown color as shown in
Figure 1. The maximum absorbance of the turmeric leaf extract
was measured at 433 nm, while that of the Moringa leaf extract
was 445 nm; Cip- and Lev-conjugated AgNPs showed a peak
at 420 and 412 nm, respectively. Color change in the
biologically synthesized nanoparticle solution was due to the
occurrence of surface plasmon resonance in metal nano-
particles31 as a result of the reduction of silver ions into
nanoparticles of silver.

Time-dependent kinetic study for the synthesis of AgNPs
from turmeric, Moringa, ciprofloxacin, and levofloxacin was
carried out at different time intervals after the addition of Ag±

ions into the flask. Figure 2a−d shows the evolution of silver
nanoparticle synthesis with time. Synthesis of silver nano-
particles was seen within 1 h after the addition of salt in culture
medium at room temperature. The production of nanoparticles
showed exponential growth up to 1 h of the current study. A

vast absorption peak appeared at λmax = 430 nm and significant
absorption exists at >700 nm with time lapse, which represents
the characteristic SPR of aggregated and spherical AgNPs.

Tur-AgNPs were found to be stable 1 year after synthesis
with a red shift in peak absorbance (Figure 2). The long-term
stability and effectiveness of turmeric nanoparticles, spanning a
year or more, may vary due to factors such as the
manufacturing process, storage conditions, and potential
interactions with their environment. Researchers have
documented that proteins present in turmeric powder
contribute to the stabilization of biosynthesized silver nano-
particles (AgNPs). The stabilization is facilitated through
cysteine or free amino group residues present in the proteins,
acting as capping agents for AgNPs. These capping agents play
a crucial role in safeguarding the nanoparticles from
aggregation, thereby maintaining their stability.32 To maintain
their activity, it is essential to store turmeric nanoparticles
correctly and continuously assess their stability using suitable
testing and analysis methods. Conjugated nanoparticles may
face challenges in terms of stability over time. Aggregation or

Figure 2. UV spectra of silver nanoparticles: (a) Tur-AgNps, (b) Mor-AgNps, (c) Cip-AgNps, and (d) Lev- AgNps at different time intervals.
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degradation of nanoparticles can impact their efficacy,
especially in applications where stability is crucial,33 while in
Mor-AgNPs, a slight change in peak absorbance occurred with
a blue shift in the peak over time. The peak of the particles
finally disappeared after 1 year (see Figure 3b). A red shift in
the peaks of nanoparticles, along with a slight reduction in
absorbance, was also observed for ciprofloxacin and levo-
floxacin-AgNPs (Figure 3c,d). However, a reduction in
absorbance was observed over time. The reason for the
difference in time may be due to the fact that silver
nanoparticles are prone to instability over time due to several
factors: aggregation, oxidation, surface modification contami-
nants, and size changes.21 (Figure 3d).

Scanning Electron Microscopy and Size Distribution
of Silver Nanoparticles. This method allowed for obtaining
both quantitative and qualitative data as well as other details
related to nanoparticle size and morphology.32 Scanning
electron microscopy revealed the synthesis of uniformly

spherical-shaped Lev-AgNPs (see Figure 4d) with a 100 nm
average size range and 12% polydispersion. Cipro-AgNPs
displayed an average size of 100 nm with polydispersity in
Figure 4c.32 The shapes of turmeric and Moringa-AgNPs
particles showed agglomeration and aggregation (see Figure
4a,b). Turmeric AgNPs display an average size of 70 nm with
irregular surface morphology and polydispersity, while Moringa
nanoparticles were created with an average size of 80 nm; some
of the spherical particles were seen prominently in good
concentration (see Figure 5). Tur-AgNPs exhibited a spherical-
shaped morphology with a composite level of particle clusters.
These NPs showed 7% polydispersity (Figure 4a).

FTIR of Silver-Conjugated Nanomaterials. The FTIR
peaks of silver nanoparticles appeared at 1111, 1093, 1272,
2335, and 3373 cm−1. At 600−1400 cm−1, the peaks appear to
be due to C−N and C−O carboxyl groups due to extensions of
amide bonds present in proteins;29 these are due to a high
content of proteins present in plant leaves. The peak at 1550

Figure 3. UV−visible spectroscopy of silver-conjugated nanoparticles at different times of the year: (a) turmeric AgNps, (b) Moringa-AgNPs, (c)
ciprofloxacin-AgNPs, and (d) levofloxacin-AgNPs.
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cm−1 is due to the nitrile group that contains the C�N group,
which indicates a triple bond between nitrogen and carbon,
whereas the peak at 1690 cm−1 refers to the C−O and −C�
C− bond, which is primary and secondary fission; peaks at
2335 cm−1 refer to the CN function, while the peak at 3373
cm−1 specifies the existence of the O−H bond of phenolic
compounds. Phenolic groups and proteins work as reducing
and stabilizing factors and after linking with AgNPs may result
in clustering through free amino groups or the residue of
cysteine.32

The functional groups of ciprofloxacin were identified using
FTIR spectroscopy in the scan range of 4000−500 cm−1. The
FTIR spectrum obtained for ciprofloxacin (Figure 6c) exhibits
many absorption peaks like 3359 cm−1 assigned for the O−H
bond of alcohols/phenols, 3031 cm−1 for the N−H bond of
ammonium ions, 1740 cm−1 for the C�O bond of carboxylic
acids, 1365 cm−1 for the N−H bond of ammonium ions, 1219
cm−1 for the N−O bond, 1073 cm−1 for C−O of ether bond,
1005 cm−1 for the C−N bond of amines, 750 cm−1 for the C−
H bond of aromatic benzene, and 689 cm−1 for the O−H bond
of alcohols/phenols,34 whereas FTIR spectra of ciprofloxacin-
conjugated AGNPs (Figure 6b) showed 3282 cm−1 assigned
for the O−H bond of alcohols/phenols and 1748 cm−1 for the
O−H bond of primary amines. Based on FTIR analysis, it is
confirmed that the broad peaks of phenols (3325 cm−1) and
primary amines of proteins (1636 cm−1) are interacting with
biosynthesized SNPs and acting as reducing agents (Figure

6c). The interaction between the C�O of the functionalized
CIP and AgNPs through a hydrogen (H) bond indicated their
successful attachment.35 The transmittance peak at 1272 cm−1

was due to the amine (C−N) piperazine group of the CIP. In
addition, the aryl C−H and C−N stretching peaks were found
at 2919 and 1094 cm−1, respectively, in agreement with the
previous observations.36

The FTIR analysis of the Moringa extract and Moringa-
AgNPs confirmed the existence of common absorption bands
(Figure 6b). These bands relate to functional groups that
might be involved in silver ion reduction as well as stabilization
of synthesized AgNPs. Broad intense bands observed at 3466,
3359, and 3003 cm−1 (Figure 6b) are characteristics of all
polysaccharides due to the −OH stretch.37 The polar groups,
−OH, are strongly capable of coordinating bonds with metal
ions (e.g., with silver ions).38 The bands at 1732 and 1646
cm−1 relate to the −C�O stretch and the bands around
∼1400 cm−1 confirm the presence of the carboxylic acid in
uronic acids, which is associated with metal chelation and
result in the reduction of toxicity of metal.39 As recommended
by the FTIR data, polysaccharides are bound to the surface of
nanoparticles through hydroxyl and carboxyl groups. The
Moringa leaf extract consists of protein, phenols, terpenoids,
and carboxylic acid, which result in the synthesis and reduction
of nanoparticles.40

However, in Figure 6d for AgNPs for levofloxacin, peaks
were found at 3310 and 3030 cm−1, which indicate the

Figure 4. SEM images of the AgNPs: (a) Tur-AgNPs, (b) Mor-AgNPs, (c) Cip-AgNPs, and (d) Lev-AgNPs.
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presence of amide bonds, while small peaks were found
between 2000 and 3000 cm−1, which show the presence of
carboxylic acid and C−N bonds. A peak at 1740 cm−1

observed in levofloxacin and Lev-AgNps is due to ketones
present in the solution. Peaks at 1219 and 1110 cm−1 indicate
alkyl ketones and alkyl amines present in Lev-AgNPs.41

Antibacterial Activity. In this study, both Gram-negative
(E. coli) and Gram-positive (S. aureus) food-borne pathogenic
bacteria were employed to assess the antibacterial activity of
AgNPs. The antibacterial activity of silver nanoparticles
conjugated with turmeric showed a larger zone of inhibition
at a concentration of 100 μg/mL. The inhibition zone
measured 13.53 mm in E. coli (Figure 7). Moringa-conjugated
silver nanoparticles display a zone of inhibition of 13.73 mm at
a concentration of 100 μg/mL. The zone of inhibition for
antibiotic-conjugated silver nanoparticles tends to be higher
than that of biologically synthesized nanoparticles, measuring
14.4 and 13.93 mm for Cip-AgNPs and Lev-AgNPs,
respectively, at a concentration of 100 μg/mL. As shown in
Figure 7, after being conjugated with AgNO3, ciprofloxacin and
levofloxacin exhibit a larger zone of inhibition compared to
their original forms. In their pure form, these antibiotics exhibit
a zone of inhibition measuring 13.3 and 14.33 mm at a
concentration of 100 μg/mL, respectively.42 Chemically
synthesized AgNPs exhibit a zone of inhibition measuring
7.3 mm at a concentration of 100 μg/mL. In the current study,

no zone of inhibition was observed with the extracts of
turmeric (T-E) and Moringa (M-E). Tur-AgNPs exhibited
remarkable efficacy in the degradation of the primary
contaminant found in drinking water and wastewater, namely,
E. coli. When treated with Tur-AgNPs, a substantial reduction
was observed in the CFU/mL E. coli.43 To evaluate its
effectiveness, contaminated water must be treated with Tur-
AgNPs.

In the present study, the antibacterial activity of Mor-AgNps
was observed (Figure 8) with a zone of 13.36 mm and Tur-
AgNps showed a zone of 14.16 mm with 100 μg/mL in S.
aureus. Moringa is generally considered safe and has been used
traditionally for various health purposes. The conjugation with
silver nanoparticles can potentially improve the biocompati-
bility, making it suitable for biomedical applications. Moringa
conjugated with silver nanoparticles offers several advantages
for antibacterial and antioxidant applications, but challenges
related to standardization, biocompatibility, regulatory appro-
val, quantitative control, and interaction complexity should be
carefully addressed for successful and safe implementation.
Cip-AgNPs and Lev-AgNPs showed 11.66 + 0.32 and 7.3 mm
zones of inhibition, respectively. As shown in Figure 8, the
bactericidal property of these biologically synthesized AgNPs is
due to the release of cations of silver; these Ag ± ions get
attached to the cell wall of bacteria due to electrostatic
attraction, and these ions also penetrate inside the bacteria.

Figure 5. Size distribution maps of (a) Tur-AgNPs, (b) Mor-AgNps, (c) Lev-AgNPs, and (d) Cip-AgNPs.
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Figure 6. Fourier transform infrared spectrum of silver-conjugated nanoparticles: (a) turmeric AgNps, (b) Moringa-AgNPs, (c) ciprofloxacin-
AgNPs, and (d) levofloxacin-AgNPs.

Figure 7. Zone of inhibition of E. coli for AgNPs for 24 h. T-E
(turmeric extract) and M-E (Moringa extract) did not show any
antibacterial activity. Figure 8. Zone of Inhibition of S. aureus AgNPs for 24 h. Silver

nanoparticles conjugate T-E (turmeric extract) and M-E (Moringa
extract) did not show any antibacterial activity.
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The antibacterial activity of Lev-AgNPs was higher than that of
free levofloxacin against S. aureus.44 Stable Mor-AgNPs
produced with a biological method by using Moringa leaves
have good antibacterial activity against both Gram-negative
and Gram-positive bacteria usually found in wastewater.45

Indeed, Mor-AgNPs demonstrate notable efficiency as catalysts
for the degradation of organic dyes under sunlight exposure.
This degradation process occurs precisely on the surface of
AgNPs, where they serve as catalysts.46 Mor-AgNPs have
demonstrated remarkable effectiveness in the removal of lead
(Pb) from contaminated water.47 Recent findings suggested
that Mor-AgNPs show substantial potential for utilization in
water treatment due to their ability to operate without
generating toxic or hazardous chemicals throughout the
treatment process. In broad terms, the bactericidal effect of
silver nanoparticles (AgNPs) is ascribed to their interaction
with the bacterial cell wall. This interaction results in the
accumulation of envelope protein precursors, leading to
protein denaturation, a decrease in proton motive force, and
ultimately cell death. This mechanism underscores the
antimicrobial properties of AgNPs and is a key factor in their
exploration for various applications, ranging from medical
contexts to water treatment and beyond.48

Silver has been reported many times as a strong agent with
higher antibiotic resistance in bacteria due to its multitargeted
action.49 Silver nanoparticles’ mode of action is to destroy the
bacterial cell wall, resulting in a change in the structure of the
cell wall. As a result, the bacteria become more susceptible to
antibiotics.50 Silver nanoparticles possess unique thermal and
electrical properties as well as a high surface area-to-volume
ratio. This characteristic allows them to interact with the
surface of bacteria, resulting in antimicrobial activity. Due to
differences in the cell membrane structure, there is a variation
in antibacterial activity. The Gram-negative bacteria have a
phospholipid layer, while Gram-positive bacteria have a
peptidoglycan outer layer. Therefore, both types of bacteria
undergo different mechanisms in the presence of turmeric,51

while previous study reveals that curcumin is similarly effective
against both Gram-negative and Gram-positive bacteria.52

Turmeric, specifically its active compound curcumin, is known
for its strong antibacterial properties. When conjugated with
silver nanoparticles, it can enhance and broaden the
antibacterial spectrum, making it effective against a variety of
bacterial strains.53 Moreover, the present study found that
turmeric AgNPs exhibit higher antimicrobial activity compared
to curcumin against both pathogens.54 Free radicals produced
by silver nanoparticles inhibit bacterial growth. Silver cations
are released when nanoparticles dissolve in water or penetrate
cells.55 These silver ions attach to the cell membrane, nucleic
acids, and proteins. They cause deformations and structural
changes in bacterial cells and are also involved in the
production of reactive oxygen species. This disables many
enzymes by targeting their thiol groups. DNA modification
also occurs as a result of silver ions, which lead to the death of
bacterial cells.56 The use of turmeric in the synthesis process
aligns with green chemistry principles, making the process
environmentally friendly compared to traditional chemical
methods.

The overall mechanism of conjugated AgNPs is also
analyzed and provided in the figure below (Figure 9).

Biologically synthesized silver nanoparticles exhibited
antimicrobial activity against pathogenic microorganisms, as
made evident by the diameter of the zone of inhibition. The

Gram-negative bacteria E. coli showed a larger inhibition zone
compared to the Gram-positive bacteria S. aureus due to
variations in the composition of their cell walls.57 Gram-
positive bacteria contain a thick peptidoglycan cell wall
consisting of cross-linked short peptides with linear poly-
saccharide chains. This structure establishes a more solid
assembly, which may hinder the penetration of silver
nanoparticles. In contrast, Gram-negative bacteria have a
thinner peptidoglycan layer in their cell wall. Several main
mechanisms contribute to the biocidal properties of silver
nanoparticles against various microorganisms. First, the silver
nanoparticles disrupt the cell wall and cell membranes of
microorganisms by attaching to the negatively charged cell
surface. This damages their important functions, such as
electron transport, permeability, respiration, and osmoregula-
tion.58 Second, silver nanoparticles damage the cell wall of
bacteria by penetrating the cell and interacting with proteins,
DNA, and other sulfur- and phosphorus-containing cell
components. Third, the silver nanoparticles in the micro-
organism release silver ions, which have a biocidal effect that
depends on their size and dosage.59,60 The combination of
silver nanoparticles and the antibiotic levofloxacin showed a
synergistic effect due to increased antibacterial activity,
lowered antibiotic dosage, reduced resistance development,
and broadened spectrum, enhancing the antimicrobial activity
against S. aureus and E. coli.61

Antioxidant Activity. The DPPH radical was used to
determine the antioxidant activity of naturally occurring
compounds because it is stable as a free radical.62 Plant
extracts contain polyphenolic components that exhibit
antioxidant activity. This is because they can donate electrons
and hydrogen atoms while capturing free radicals. As a result of
this reaction, the purple color 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) is reduced to α, α-diphenyl-β-picrylhydrazine,
resulting in a change to a yellow color.63,64 The results of
the free radical scavenging activity of plant extracts are listed in
Table 1. Results showed that Mor-AgNPs exhibited the highest
DPPH radical scavenging activity (80.3 ± 3.14%) at a
concentration of 100 μg/mL, followed by Tur-AgNPs with
an activity of 75.22 ± 2.8% at the concentration of 100 μg/mL.
Turmeric is a well-known antioxidant, and curcumin, its major
component, has strong antioxidant effects. Conjugating with
silver nanoparticles may amplify these antioxidant properties,

Figure 9. Mechanism of conjugated AgNPs toward antibiotic activity.
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protecting against oxidative stress.65 Both silver nanoparticles
derived from Moringa and turmeric demonstrate a significant
enhancement (p < 0.05) in antioxidant activity compared to
the extract. Moringa is rich in antioxidants, and the conjugation
with silver nanoparticles may result in a synergistic effect,
enhancing the antioxidant potential. This can be beneficial for
combating oxidative stress and related diseases.66 Levofloxacin
exhibited antioxidant activity at 72.25 ± 5.6%. With an increase
in concentration, the activity of scavenging free radicals tends
to increase. Cip-AgNPs exhibit a lower value (78.4 ± 0.45%)
compared to that of Lev-AgNPs. The values of these samples
are significant for standard ascorbic acid, which shows an
activity of 78.96 ± 0.65%.

■ CONCLUSIONS
This study developed a cost-effective and environmentally
friendly method for synthesizing conjugated silver nano-
particles (AgNPs) using antibiotics and plant materials as
antibacterial agents, holding great promise as a future direction
to address the challenges associated with conventional
antibiotic treatments for diseases. In this study, the
ciprofloxacin-conjugated AgNPs exhibited a zone of inhibition
of 14.4 ± 0.37 mm, which was the highest value observed. On
the other hand, the levofloxacin-conjugated AgNPs displayed a
zone of inhibition of 13.93 ± 0.2 mm, compared to the
antibiotics levofloxacin and ciprofloxacin. Therefore, antibiotic-
conjugated silver nanomaterials exhibit higher antibacterial
activity compared to that of pure levofloxacin and ciprofloxacin
antibiotics. Conjugated silver nanoparticles exhibit a higher
surface area compared to larger particles. This increased
surface area provides more sites for catalytic reactions to take
place, enhancing the overall efficiency. In this investigation, it
was determined that nanoparticles of M. oleifera and C. longa
act as strong reducing agents by forming invisible capping
coatings around silver, resulting in a zone of inhibition of 13.53
± 0.32 and 13.73 ± 0.46, respectively. The FTIR analysis

showed that the carboxyl group of the extracts has a strong
interaction with the nanomaterials, thereby stabilizing the
surface of the nanoparticles, which is endorsed by previous
studies as well.67−69

Additionally, nanomaterials synthesized using this method
exhibit excellent antioxidant activity. For instance, the
antioxidant activity values are 80.3 ± 3.14 for Moringa, 75.22
± 2.8 for Curcuma, 78.4 ± 0.45 for ciprofloxacin-AgNPs, and
72.25 ± 5.6 for levofloxacin-AgNPs. Furthermore, the
synthesized AgNPs showed efficient antioxidant efficacy
(>70%, 100 μg/mL) against DPPH, demonstrating that their
use would be an encouraging candidate for many biomedical
applications. Our work recommends reducing the use of
antibiotics by replacing them with nanoconjugates of silver and
biologically synthesizing silver nanoparticles. However, there is
a further need to analyze the safety of using antibiotic-
conjugated silver nanoparticles on animal models.
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Moringa AgNPs 25 20.57 ± 2.19 2.54 ± 0.08
50 44.91 ± 10.59
75 57.46 ± 4.15
100 80.3 ± 3.14

Turtrmermeric AgNPs 25 11.05 ± 4.4 8.87 ± 0.07
50 26.97 ± 5.55
75 47.65 ± 4.5
100 75.22 ± 2.8

Ciprofipppppcrpofloxacin-AgNPs 25 26.45 ± 5.96 2.58 ± 0.76
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aA statistically significant difference in DPPH scavenging activity was found among different nanoparticles of silver at different concentrations with
p < 0.05 two-way ANOVA.
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