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ABSTRACT: Antimicrobial resistance poses a huge threat to human health around
the world and calls for novel treatments. Combined formulations of NPs and
antibiotics have emerged as a viable nanoplatform for combating bacterial resistance.
The present research work was performed to investigate the effect of combined
formulations of AgNPs with streptomycin, cefaclor, ciprofloxacin, and trimethoprim
against multidrug-resistant (MDR) isolates of Staphylococcus aureus and Klebsiella
pneumoniae. AgNPs have been synthesized by using the Nigella sativa seed extract, and
their characteristics were analyzed. AgNPs depicted concentration-dependent
antibacterial effects, as the highest concentration of AgNPs showed the strongest
antibacterial activity. Interestingly, AgNPs in conjugation with antibiotics showed an
enhanced antibacterial potential against both S. aureus and K. pneumoniae, which
suggested synergism between the AgNPs and antibiotics. Against S. aureus,
streptomycin and trimethoprim in conjugation with AgNPs presented a synergistic
effect, while cefaclor and ciprofloxacin in combination with AgNPs showed an additive effect. However, all of the tested antibiotics
depicted a synergistic effect against K. pneumoniae. The lowest value of MIC (0.78 μg/mL) was shown by AgNPs-Stp against S.
aureus, whereas AgNPs-Tmp showed the lowest value of MIC (1.56 μg/mL) against K. pneumoniae. The most important point of the
present study is that both organisms (S. aureus and K. pneumoniae) showed resistance to antibiotics but turned out to be highly
susceptible when the same antibiotic was used in combination with AgNPs. These findings highlight the potential of nanoconjugates
(the AgNPs-antibiotic complex) to mitigate the present-day crisis of antibiotic resistance and to combat antimicrobial infections
efficiently.

1. INTRODUCTION
The prevalence of antimicrobial resistance is a worldwide
challenge. Drug resistance is an inevitable and natural process
that has been emerging for decades due to the overadministering
and overutilization of antimicrobial drugs. It is a persistent
health risk worldwide and one of the most common causes of
death due to infectious diseases caused by these pathogenic
bacteria.1 Drug-resistant bacteria are affecting almost every
person in the health sector by causing serious infections. In
2016, U.K. Government-commissioned Neil reported that it is
critically needed to combat resistant bacterial infections. It is
expected that infections caused by resistant organisms may be
the main single cause of death for 10 million people per year by
2050.2

Staphylococcus aureus and Klebsiella pneumoniae are known to
be the most common disease-causing human pathogens. They
both cause sequelae of infections in all age groups, including
both genders. S. aureus (a Gram-positive bacterium) causes
many health problems. It may cause minor to severe skin
infections andmay become the cause of life-threatening issues. It
causes osteomyelitis, abscess infection, sepsis, pneumonia, and

pseudomembrane enteritis.3,4 S. aureus is very difficult to treat
because of the production of a biofilm, gliding mobility,
staphyloxanthin pigment, and slime.5,6 According to Chambers
and Deleo (2009), about 70−80% of S. aureus bacteria are
methicillin-resistant, whereas about 90% are penicillin-resist-
ant.7 K. pneumoniae is a Gram-negative bacterium. It is highly
virulent and resistant to most antibiotics. It mostly becomes the
cause of hospital-acquired infections and has worse effects on
the lungs. It is themost prevalent pathogen and is responsible for
many infections. K. pneumoniae contains a chromosomal β-
lactamase gene, which naturally makes penicillins, such as
ampicillin and amoxicillin, ineffective.8,9 Nowadays, there exists
a huge burden of infectious diseases on the health of a living
organism, the economy, and the community, and it is not
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possible to predict its worldwide cost.10 Existing antimicrobial
treatments are now facing some drawbacks like their
antagonistic interaction, restricted diversity, and overuse of
antibiotics which is the major cause of resistance in microbes.11

To increase and secure the health standards of the common
man, new and efficient antibiotics are urgently needed to fight
against resistant microbes. But it takes decades for the discovery,
biosafety tests, and production of antibiotics for safe human
use.12 In this situation, enhancement of the antimicrobial
potential of available antibiotics is a better option. In this area of
research, nanotechnology is proving its strength. Silver nano-
particles (AgNPs) are economical, less toxic, and biosafe.13,14

AgNPs (even at lower concentrations) can inhibit the growth of
many pathogenic bacterial strains.15−19

The effect of nanoparticles on microorganisms varies because
it depends upon the size and shape of NPs.20,21 The antibacterial
activity of silver NPs is dependent on their shape. It is reported
that round silver NPs are less active as compared to cubic
AgNPs.22,23 The presence of vertexes and edges on the NP’s
surface facilitates the entrance of AgNPs into the microbial cell
wall. Silver NPs have a larger surface area that provides more
opportunity to cause stress to the microorganism and releasing
more reactive oxygen species. Besides, the rate of resistance
development in microorganisms toward AgNPs is much lesser.24

The method to synthesize AgNPs is very simple, economical,
facile, biocompatible, and environmentally friendly. For many
biomedical applications, green synthesized nanoparticles have
become a hot topic of research because of their ease of synthesis
and low range of toxicity. In recent research, the combined
effects of NPs (green synthesized) and forbidden antibiotics
have been studied, and it has revolutionized the world. The
antibacterial activity of antibiotics is increased against test
bacteria when they are used in combination with NPs, as
reported by many researchers, and it is supposed that
nanoconjugates have the ability to reverse bacterial resist-
ance.25−27 Nishanthi and co-workers (2019) reported that
combined formulations of streptomycin-AgNPs showed en-
hanced antibacterial activity. They observed an 87.5% increase
in the antimicrobial potential of streptomycin. They also
reported a 100%-fold increase in the antibacterial potential of
streptomycin in combination with gold nanoparticles.25,28

Conjugates of antibiotics and silver nanoparticles may be
considered an alternative to resistant bacterial strains because
combined formulations of antibiotics-NPs not only reduce the
dose of medicine but also minimize the chances of toxicity.
Moreover, nanoconjugates exhibit a considerable enhancement
in antibacterial activity in comparison to antibiotics alone. It is
assumed that metal ions increase the membrane permeability by
destabilizing the cell membrane. These metal ions also help the
antibiotics to dodge bacterial cell immunity and gain entry into
the cell. It is also reported that metal ions cause an enhancement
of their efficiency inside the bacterial cell by penetrating more
and accessing the target.29

Consequently, research work was planned in an attempt to
synthesize AgNPs by the green method using the aqueous
extract of Nigella sativa. Characterization of the synthesized
AgNPs was done by using different techniques to investigate
their purity, morphology, size, and crystallinity. Antibiotics with
different modes of action were selected for the synthesis of
conjugates with AgNPs. The antibacterial potential of prepared
AgNPs and the synergistic effect of antibiotics in conjugation
with AgNPs were assessed against MDR S. aureus and K.
pneumoniae. The present study aimed to check the effect of

antibiotics, in combination with AgNPs, against multidrug-
resistant bacteria. It gives an understanding that conjugates can
provide a ray of hope that antibiotics that are not in use today
can be revived when combined with NPs. It can be a new
horizon for treating fatal bacterial diseases in the agricultural,
healthcare, and veterinary sectors.

2. EXPERIMENTAL SECTION
2.1. Materials. Seeds of N. sativa were purchased from the

superstore, washed to remove the impurities, air-dried, and
crushed, and then the powder was prepared by using an electric
blender. To acquire uniform-sized particles, the seed powder
was sieved through a mesh. The obtained powder was stored in
an airtight jar for further analysis. The plant material collected
and used was according to the institutional guidelines.

The purchase of silver nitrate (AgNO3) and four antibiotics
(streptomycin, cefaclor, ciprofloxacin, and trimethoprim) was
made from Sigma-Aldrich. All of the purchased reagents were of
analytical grade and used as received.
2.2. Pathogenic Strains. To investigate the antibacterial

properties of AgNPs, S. aureus (Gram-positive bacteria) and K.
pneumoniae (Gram-negative bacteria) (clinical isolate, patho-
genic) were used as test organisms. Isolated microorganisms
were studied using a microscope and a Vitek-2 system. To
maintain the bacterial strains, nutrient agar with beef extract and
sodium chloride were used. Before the experiment was started,
nutrient broth was used to inoculate the bacterial strains to
promote the growth of test organisms in the exponential phase.
2.3. Preparation of the Plant Extract. For extraction of

the plant extract, plant material (50 g) was dissolved properly in
distilled water (500 mL). The prepared mixture was added to
closed vessels of a microwave-assisted extractor. Then, the
vessels were adjusted in the extractor for the microwave-assisted
extraction of plant material at 300 W of power level for 01 min.
After completion of the MAE cycle, the obtained extract was
filtered, and the filtrate was preserved at 4 °C for subsequent
experimentation.30

2.4. Phytochemical Analysis. The qualitative phytochem-
ical analysis of N. sativa was carried out as per standard
methods,31,32 which are summarized below.

2.4.1. Test for Phenolics. In 2mL of the extract, a few drops of
5% FeCl3·6H2O solution were added, and a deep blue-black
color showed the presence of phenolics.

2.4.2. Test for Flavonoids. In 2mL of the extract, the addition
of a few drops of ferric chloride hexahydrate (FeCl3·6H2O)
showed an intense green color, which indicates the presence of
flavonoids.

2.4.3. Test for Terpenoids.TwomL of chloroform was added
to 5 mL of the plant extract, and then 3 mL of H2SO4 was added
in it. At the interface of both chemicals, a reddish-brown
coloration indicates the presence of terpenoids.

2.4.4. Test for Glycosides. One mL of the plant extract was
diluted with 1 mL of water, and then 0.5 mL of lead acetate
solution was added in it. Then, it was filtered and CHCl3 was
added and allowed to rest for some time. After evaporation of
CHCl3, 4−5 drops of ferric chloride, half mL of glacial acetic
acid, and 2 mL of concentrated sulfuric acid were mixed with the
test solution. The presence of glycosides was indicated by the
appearance of two distinct layers in the test tube, a lower
reddish-brown layer that changed to bluish-green and an upper
acetic acid layer which remains the same.

2.4.5. Detection of Tannins. To detect tannins, the plant
extract (1 mL) was diluted with 1 mL of water, and then, 2 to 3
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drops of 10% ferric chloride were added in it. The appearance of
brownish-green and bluish-black precipitates indicates a positive
test for tannins.

2.4.6. Test for Saponins. For the detection of saponins, a total
volume of 10 mL was prepared by diluting 0.5 mL of the plant
extract with distilled water. The mixture was vigorously shaken
for a minimum of 2 min. The occurrence of saponins was
confirmed by the presence of creamy small bubbles like froth.

2.4.7. Test for Alkaloids. Concentrated hydrochloric acid (4
and 5 drops) was added to 1 mL of the plant extract. After
stirring the reaction mixture carefully, it was treated with
Dragendorff’s reagent. The appearance of an orange color shows
the presence of alkaloids.
2.5. Synthesis of Nanoparticles. For the green synthesis of

AgNPs, 1, 2, and 3 mM aqueous solutions of AgNO3 were
prepared. Burets were filled with different concentrations of N.
sativa extracts (10, 20, and 30 mg/mL). Silver nitrate solutions
(10 mL) of different molarities were taken in beakers, and each
concentration of the plant extract was added dropwise in all of
the beakers containing prepared AgNO3 solutions at 800 rpm by
continuous stirring using a magnetic stirrer. Nine different types
of AgNPs were prepared by adjusting the N. sativa extract ratio
to the AgNO3 solution (Table 1). The resultant mixture was

centrifuged at 13,000 rpm for 15 min. Pallets were observed in
the Eppendorfs tube, which were collected as mature AgNPs.
Synthesized AgNPs were washed thrice with deionized water,
dried in the air, and then stored carefully for further study.33

2.6. Conjugation of Antibiotics with Nanoparticles. To
prepare combined formulations of AgNPs and antibiotics,
AgNPs with the smallest size were selected. Concentrations of
antibiotics were used according to the CLSI standards.
Phosphate buffer solution (1 mL) was taken in an Eppendorfs
tube and 1 mg/mL AgNPs and antibiotics were added to it,
mixed thoroughly, and incubated for 24 h. The resultant mixture
was centrifuged at 10,000 rpm for 10 min. The supernatant was
discarded, and conjugates of antibiotics-AgNPs were collected
in the pallet form. Pallets were dried in air and then stored
carefully to examine their activity.34

2.7. Characterization of Silver Nanoparticles. Green
synthesized AgNPs were characterized by using the following
techniques.

2.7.1. UV−Vis Spectroscopy. An UV−vis spectrophotometer
(BMS, UV-2600) was used to identify the reduction of metal
ions. For this purpose, the wavelength was set from 200 to 700
nm and an aliquot of the reactant mixture was scanned between
this range and data were recorded. It is an easily available and fast

technique that provides reliable information about the synthesis
of NPs.35

2.7.2. Particle Size Analysis (PSA). For the particle size
analysis of AgNPs, a BT 90 nanolaser particle size analyzer was
used. For PSA, 1 mg/mL AgNPs were dissolved in distilled
water, sonicated properly, and subjected to a particle size
analyzer for analysis. It provides data about the average particle
sizes of NPs.36

2.7.3. Scanning Electron Microscopy (SEM). To determine
the surface morphology of green synthesized AgNPs, scanning
electron microscopy was used. For this purpose, slides were
prepared by forming a layer of AgNPs on the slides and then
coating with a platinum layer for conductivity. Prepared slides
were placed in the SEM at 20 kV voltage and model number
(ZEISS-EVO/LS10) for micrographs. Data were recorded at
different magnifications.37

2.7.4. Energy-Dispersive X-ray (EDX) Analysis. The
elemental composition of AgNPs and their qualitative and
quantitative identification were done by using an EDX
spectrometer attached with an SEM (ZEISS-EVO/LS10) at
20 kV voltage.38

2.7.5. Fourier Transform Infrared Spectroscopic (FTIR)
Analysis. FTIR data provide various modes of vibrations that are
used to determine the presence of functional groups. For FTIR
analysis, an IRT racer-100 FTIR spectrophotometer was used to
obtain the spectrum. The sample was prepared by using AgNPs
with KBr powder and the spectrum was taken in the range of
650−4000 cm−1 at a resolution of 4 cm−1.39

2.7.6. X-ray Diffraction (XRD) Analysis. For XRD analysis, a
Shimadzu XRD diffractometer (model 6000) containing a
monochromator of graphite was utilized. It provided diffraction
patterns with Cu-Ka radiation. A thin film of AgNPswas scanned
at 2θ with 0.02° per step by attaining 5 s at each step. For the
determination of crystalline phases, a standard powder
diffraction card (Joint Committee on Powder Diffraction
Standards-International Center for Diffraction Data) (JCPDS-
ICSD) was utilized. The Scherrer equation was used to estimate
the average crystallite size of AgNPs:

D K / cos=

whereD is the crystallite size (nm), K = 0.9 (Scherrer constant),
λ = 0.15406 (X-ray wavelength), β is the full width at half-
maximum (fwhm) of the diffraction peak, and θ is the peak
position.40

2.8. Evaluation of Antibacterial Activity. The agar well
diffusion method is the most commonly used method to
examine the antimicrobial activity of the NPs. In the present
study, for the growth of bacterial strains, Muller−Hinton (MH)
agar medium was used. The overnight-grown bacterial colony
was used for the preparation of the bacterial suspension. A single
colony was taken and dissolved in normal saline solution, and
then its turbidity was adjusted to 0.5 McFarland standards.
Bacterial strains were swabbed uniformly onto all of the
prepared Petri plates by using sterile cotton swabs. Wells were
prepared by using a gel puncture of 10 mm diameter on all of the
prepared agar plates. AgNPs were dissolved in distilled water to
prepare a 1 mg/mL solution. This solution was used to prepare
further dilutions (100, 50, and 25 μg/mL). Wells were loaded
with 100 uL of prepared solutions of AgNPs, AgNO3 solution,
and the N. sativa extract. The plate’s position was not disturbed
for 1 h to confirm the uniform diffusion of samples. Then,
experimental plates were incubated overnight at 37 °C,

Table 1. Components of the Reaction Mixtures of Silver
Nanoparticles with Their Abbreviations

AgNPs
conc. of AgNO3

(mM)
vol. of AgNO3

(mL)
vol. of N. sativa

ext. (mL)
N. sativa

NPs

sample A 1 10 10 AAgN1

20 AAgN2

30 AAgN3

sample B 2 10 10 BAgN1

20 BAgN2

30 BAgN3

sample C 3 10 10 CAgN1

20 CAgN2

30 CAgN3
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inhibition zones (in mm) were measured, and data were
recorded.34

2.9. Determination of the Combined Effects of
Antibiotics-AgNPs Formulations. To determine the com-
bined effects of antibiotics-AgNPs, prepared conjugates (25 μg/
mL) were loaded into the well, plates were not disturbed for a
few minutes for even diffusion, and then they were placed in an
incubator carefully at 35 °C for 24−48 h. For comparison, the
antibacterial potential of AgNPs and antibiotics (streptomycin,
cefaclor, ciprofloxacin, and trimethoprim) alone was also
checked. The inhibition zones of AgNPs, antibiotics, and the
antibiotics-AgNPs complex were measured in millimeters and
compared to determine the enhancement in the activity of
antibiotics.25

2.10. Determination of the Minimum Inhibitory
Concentration (MIC) of Antibiotics-AgNPs Formulations.
The MIC of the combined formulations (the antibiotics-AgNPs
complex) was determined by following the protocol of the
Clinical Laboratory Standards Institute (CLSI) 2006. Con-
jugates were weighed accurately to prepare a 1 mg/mL solution.
Fresh culture plates were prepared, isolated colonies (4−5) were
taken from plates and added to the broth, and its turbidity was
compared with the 0.5 MF (McFarland turbidity) standard
(approximately 1.0 × 108 CFU/mL). By using broth, further
dilutions (1:100 (106 CFU/mL)) can be made from the already
prepared suspension. Test tubes were sterilized, and MH broth
(1 mL) was poured into these tubes. The prepared experimental
sample was added in tubes 1 and 2 and then serial dilutions were
made to achieve particular concentrations of 12.5, 6.25, 3.12,
1.56, 0.78, and 0.39 μg/mL and one extra tube was taken and set
as a control. After that, tubes were inoculated with a freshly
prepared bacterial suspension. Then, at 35−37 °C temperature,
all of the prepared test tubes were incubated overnight. Growth
of bacteria was examined visually and the minimum concen-
tration of the conjugates which presented unmeasurable growth
was considered the MIC.41

2.11. Evaluation of Fold Area InhibitionMeasurement.
By calculation of the mean surface area of the inhibition zone of
each antibiotic, an increase in the fold area can be achieved. The
following equation can be utilized to calculate the percentage of
fold area inhibition for different antibiotics (streptomycin,
cefaclor, ciprofloxacin, and trimethoprim).

% fold increase
(AB NPs) AB alone

AB alone
100= + ×

where AB is the inhibition zone by the antibiotic alone, and
AB + NP is the inhibition zone by the antibiotic + green
synthesized NPs.25

2.12. Statistical Analysis. The significance of the data was
analyzed by using SPSS software at the 5% level of significance.
To compare the mean values of various parameters, one-way
analysis of variance (ANOVA) was employed. Furthermore,
Duncan’s multiple range test was used as a post hoc test and for
each measurement, three replicates were used.

3. RESULTS AND DISCUSSION
3.1. Phytochemical Analysis of N. sativa. Phytochemical

analysis was performed to find out the phytochemicals present in
the extract of N. sativa. This helps us to understand the
phytochemicals involved in the green synthesis of silver
nanoparticles. Extracts were analyzed for the presence of
alkaloids, flavonoids, glycosides, phenolics, saponins, tannins,
and terpenoids. Results showed that glycosides and terpenoids
were absent from the black cumin seed extract, whereas the
extract showed a significant amount of alkaloids and flavonoids.
Other compounds were also present (Table 2).

It was observed that the N. sativa extract contains a reservoir
of phytochemicals, and it can be linked to the results reported by
Neel et al. (2023).42 It is also reported by many researchers that
phytochemicals are the real key factors and have a reducing
potential to synthesize and shape the NPs. So, the plant extracts
with the best phytochemical profile play a significant role in the
efficient production of NPs.43

Table 2. Phytochemical Screening of Aqueous Extracts of N. sativa

secondary metabolites

N. sativa extract phenolics flavonoids terpenoids glycosides tannins saponins alkaloids

aqueous MAE extract ++ +++ − − + ++ +++

Figure 1. Schematic representation of the synthesis of metal nanoparticles.
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3.2. Green Synthesis of Silver Nanoparticles. In the
present research work, the effect of the aqueousN. sativa extract
on the reduction of the metal precursor was evaluated. When an
aqueous extract ofN. sativa (10, 20, and 30mg/mL) was poured
by drops in a prepared solution (1, 2, and 3 mM) of AgNO3, a
noticeable change in color was observed. Gradually, the color
changed from olive green to dark green and finally to intense
green, which points out the synthesis of AgNPs. By variation of
the concentration of a salt solution with 10, 20, and 30 mg/mL
N. sativa extract, a slight difference in color was observed. The

reaction mixture containing 2 mM AgNO3 solution and the N.
sativa extract (30 mg/mL) showed the maximum change in
color (Figure 2A−D).

The plant extract-mediated synthesis of AgNPs by using the
N. sativa extract as a stabilizing and reducing agent was primarily
supported by color change. The change in color may occur due
to the excitation of SPR vibrations in these NPs.44 The
phytochemicals of plants have a reducing potential that helps in
the reduction of metal ions into metal NPs18 (Figure 1). The
presence of phenolic compounds and the antioxidant activity of

Figure 2.UV−vis spectra of biosynthesized AgNPs using various strengths of AgNO3: (A) 1mM, (B) 2mM, and (C) 3mM. (D) Spectrum of the pure
plant extract.

Figure 3. DLS measurements of the average size of biosynthesized AgNPs using various strengths of AgNO3: (A) 1 mM, (B) 2 mM, and (C) 3 mM.
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N. sativa are already reported. The availability of H+ ions is
considered responsible for the reduction of silver ions into silver
NPs.44−46 Visual detection of the formation of green synthesized
nanoparticles with the metal precursor and the plant extract is
also confirmed by many researchers.47,48

3.3. UV−Visible Spectroscopy. Further, in the current
study, the synthesis of AgNPs was monitored and confirmed
through UV−visible spectroscopy, as it is one of the most
convenient tools for measuring the reduction ofmetal ions based
on optical properties. It provides us with information about the
structure, size, aggregation, and stability of synthesized NPs.
Because of the distinctive properties of AgNPs, they are
dependent on concentration, refractive index, shape, and size.
At the interface of AgNPs, surface plasmon resonance (SPR) is
produced by the resonant oscillation of conduction electrons
that were stimulated by the incident light. So, AgNPs showed
characteristic optical absorption spectra in the UV−visible
region. In our study, the UV−visible spectra of AgNPs (of
samples A, B, and C) depicted single and strong maximum
absorption peaks at 400, 420, and 430 nm, respectively,
indicating the presence of isotopic and uniform-sized AgNPs
(Figure 2A−D). Singh and Mijakovic (2022) also reported
absorption peaks for AgNPs between 400−450 nm.35

In this study, it was observed that by increasing the volume of
theN. sativa extract, absorption peaks become sharper. It may be
due to the presence of higher concentrations of metabolites in
the N. sativa extract, which may play a considerable role in the
capping and stabilization of AgNPs.47 Interpretations of Selvaraj
et al. (2019) are correlated with our findings.29 Similar results
were also presented by Amutha and Sridhar.48

3.4. Particle Size Analysis. The size of the silver NPs was
determined by using a nanolaser particle size analyzer, which is
the most practical and fast technique. It can measure the average
particle size distribution on both macro- and nanoscale. From
PSA measurements, it was observed that silver nanoparticles of

various sizes were present in all reaction mixtures, but a higher
percentage was found to be of small-sized AgNPs. The reaction
mixture containing 2 mM AgNO3 solution (10 mL) and the N.
sativa seed extract (30 mL) presented the presence of the
smallest-sized AgNPs in comparison to other treatments. It
shows that the volume of the plant extract and the metal
precursor concentration both are significant factors that can
positively affect the size of AgNPs.36,49 It was assumed that up to
a specific ratio of the metal precursor with the plant extract, a
minimum size is retained, but a further change in both may form
aggregates of the developed AgNPs due to which their size
increases. PSA results indicate that by increasing the
concentration of the metal precursor and the plant extract to a
certain extent, a single peak is formed, which showed the
uniform distribution of AgNPs, but a further increase in the
concentration of the metal precursor causes an increase in the
size of developed AgNPs due to aggregation50,51 (Figure 3A−
C). In our research work, AgNPs (BAgN3) formed by using a
prepared solution of the metal precursor (2 mM) and the N.
sativa extract in a 1:3 ratio presented a minimum size, and so for
further characterization and activity, this particular combination
was utilized.
3.5. SEM Analysis. Surface morphology of the green

synthesized AgNPs and their prepared conjugates with anti-
biotics was visualized by SEM analysis. From high-resolution
SEM micrographs of silver NPs and conjugates, important data
like size, topography, aggregation, shape, and their distribution
were studied. The SEM image of AgNPs (BAgN3) is presented
in Figure 4. Green synthesized silver NPs were studied by using a
micron marker measuring 05 μm. The SEM micrograph
depicted the presence of spherical, smooth-surfaced, and closely
arranged AgNPs. It was seen that most of the NPs were
individually arranged, but some aggregates were also observed,
which most probably formed due to capping and stabilizing

Figure 4. SEM micrograph of biosynthesized AgNPs.
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agents present in the N. sativa seed extract. The estimated
average size of silver nanoparticles was observed to be 67.46 nm.

SEM images of prepared conjugates of AgNPs with antibiotics
are presented in Figure 5A−D. Streptomycin-AgNP conjugates
were examined at a 500 nm micron marker. Their SEM images
showed minimum aggregates with independently arranged
particles. It was observed from the images that streptomycin-
AgNP conjugates were spherical, oval, and hexagonal in shape

(Figure 5A). SEM micrographs of AgNPs-cefaclor conjugates at
a 100 nm micron marker identified a spherical and hexagonal
shape. It was observed that conjugates were smooth on the
surface and arranged closely with each other (Figure 5B). SEM
images of AgNPs-Cpf at a 500 nm micron marker depicted the
presence of a smooth-surfaced, spherical, and oval shape of the
studied sample. In SEM images of AgNPs-Cpf, individually
arranged conjugates of particular shapes were seen (Figure 5C).

Figure 5. SEMmicrographs showing combined formulations of AgNPs with (A) streptomycin, (B) cefaclor, (C) ciprofloxacin, and (D) trimethoprim.

Figure 6. EDX spectrum of AgNPs (synthesized with 10 mL of AgNO3 (2 mM) and 30 mL of the N. sativa extract).
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SEM images of AgNPs in conjugation with trimethoprim were
examined at a 100 nmmicronmarker. Observations showed that
most of the conjugates were hexagonal and spherical in shape
and arranged much closer to each other (Figure 5D).

According to the literature, it is reported that the type,
concentration, and chemical composition of the plant extract
significantly influence the size and shape of synthesized AgNPs.
Nanoparticles synthesized by the green method may contain a
thin layer of organic material (capping agent) due to which NPs
attain stability. The size and shape of NPs are very important
factors to study because they directly affect the properties of
NPs. The antibacterial activity of AgNPs depends upon their size
and shape, which determines the interaction of AgNPs with the
microbe surface, which is considered responsible for their mode
of action.37

3.6. EDX Analysis. EDX analysis is used to determine the
elemental mapping of green synthesized AgNPs. Figure 6
presents the EDX spectrum of silver NPs, exhibiting peaks
corresponding to elemental silver (82.62%), as well as traces of
chlorine and oxygen. Notably, a prominent peak at 3 keV further
confirms the presence of silver. As it is reported in the literature
that in the range 2.5−3.5 keV, AgNPs showed distinctive optical
absorption peaks. EDX analysis showed that the silver peak may
originate from silver NPs, while the appearance of other peaks
showed the presence of the organic material of the plant extract.
Our findings are similar to the study of Okaiyeto et al. (2019);

they performed the EDX analysis of green synthesized silver
NPs, determined their elemental composition, and showed
related results.38

3.7. FTIR Spectroscopy. FTIR analysis was employed to
examine the functional groups that are responsible for the
capping, reduction, and stability of the green synthesized
AgNPs. Spectral peaks for the aqueous N. sativa seed extract
were detected at 3334, 2845, 1639, 1381, 1080, and 713 cm−1

(Figure 7), whereas the FTIR spectrum of synthesized AgNPs
using the N. sativa seed extract showed the presence of
vibrational frequencies at 2835, 1656, 1377, 1073, 840, and 680
cm−1 (Figure 8). The appearance of a peak at 3334 cm−1 of the
N. sativa extract depicted the existence of an −OH group, which
corresponds to phenolic compounds.52 Therefore, the hydroxyl
functional group (−OH) is believed to be responsible for the
reduction of silver ions (Ag+) into metallic silver (Ag) through
alcoholic oxidation (R−OH), leading to the formation of an
aldehyde group (R�O), as depicted in the following equation:

2AgNO 2ROH 2Ag 2RO 2HNO3 3+ + +

It shows that the presence of phenolic compounds in the N.
sativa seed extract is of considerable importance because they act
as reducing and stabilizing agents during the synthesis of
AgNPs.53 The appearance of the N. sativa extract peak at 2845
cm−1 was shifted to a low-frequency peak at 2835 cm−1 in the
AgNP spectra, which corresponded to the C−H stretch of

Figure 7. FTIR spectrum of the aqueous N. sativa seed extract.

Figure 8. FTIR spectrum of AgNPs (synthesized with 10 mL of AgNO3 (2 mM) and 30 mL of the N. sativa extract).
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alkanes. Moreover, peaks observed in the range of 2500−2000
cm−1 indicate the presence of vibrations related to C�C and
C�N functional groups. The peak of the N. sativa extract that
appears at 1635 cm−1 and the band of AgNPs noticed at 1656
cm−1 were attributed to the presence of the carbonyl functional
group C�O. The appearance of peaks between 1073 and 1377
cm−1 corresponded to C−O and CO�C−OC stretching
vibrations of alcohols and esters. Additionally, the peak detected
at 1080 cm−1 of theN. sativa extract was moved to 1073 cm−1 in
the developed silver NPs, indicating the presence of C−O
stretching vibrations, and this shift confirms the presence of
flavonoids on the surface of silver NPs.39,54 The peaks observed
at 680 and 840 cm−1 are linked to the C−H stretching vibrations
of aromatic compounds and amines. The bands of organic
compounds were mostly observed in the functional group
region, while the appearance of absorption bands in the
fingerprint region showed the presence of metals. FTIR
measurements depicted the effect of functional groups in the
capping and stabilization of NPs.
3.8. XRD Analysis. XRD (X-ray diffraction) analysis

provides information about the crystalline nature of the green
synthesized silver NPs. Figure 9 presents the XRD pattern of

green synthesized AgNPs. For XRD analysis, the dried powder
of AgNPs was subjected to an analyzer, and four diffraction
peaks were observed at 2θ of 38.50, 44.13, 64.91, and 77.89°
corresponding to (111), (200), (220), and (311) silver crystal

planes, respectively (Figure 9). The appearance of diffraction
peaks confirmed that AgNPs exhibited a face-centered cubic
(FCC) lattice structure, which is consistent with the standard
powder diffraction card (JCPDS) No. 04−0783. Our results are
in accordance with the findings of Al-Aboody (2019), who
reported the face-centered cubic (FCC) lattice structure of silver
nanoparticles with similar crystal planes.40

The measured average crystallite size of the biosynthesized
AgNPs was 3.1 nm. The XRD spectrum showed some other
peaks as well other than silver nanocrystals, which might
originate from the organic material found in the plant extract.
3.9. Antibacterial Activity of Green Synthesized

AgNPs. In the present research work, the antibacterial potential
of green synthesized NPs was determined against S. aureus and
K. pneumoniae by the agar well diffusion method. The N. sativa
seed extract, AgNO3 solution, and AgNPs were examined for
their antibacterial activity. AgNPs presented a prominent clear
inhibition zone in comparison to the N. sativa seed extract and
AgNO3 solution, which confirmed the effectiveness of AgNPs, as
seen in Figure 10.

The Gram-positive bacteria, S. aureus, exhibited a much
higher sensitivity to AgNPs in comparison to K. pneumoniae
(Gram-negative bacteria). The maximum activity measured
against S. aureus was 23 ± 0.5 mm at a concentration of 100 μg/
mL, while the inhibition zone of AgNPs recorded against K.
pneumoniae was 09 ± 0.7 mm (Figure 10A,B). Our results are
significantly better thanHussein et al. (2019); they also reported
the antibacterial activity of green synthesized AgNPs.55

The effectiveness of AgNPs was found to be higher against
Gram-positive bacteria. AgNPs have the ability to damage the
cell membrane of both Gram-positive bacteria such as S. aureus
and Gram-negative bacteria such as K. pneumoniae, but the
difference in activity of AgNPs for both organisms may appear
due to modifications in the composition of the bacterial cell wall
and the AgNP interaction with the cell wall of the bacteria.

Khorrami et al. (2018) reported that silver NPs produce Ag+,
which is attached to the cell wall and the cytoplasmic membrane
of organisms due to which the permeability of the cytoplasmic
membrane increases, leading to the disruption of the bacterial
envelope.56 Movement of Ag+ into the bacteria produces
reactive oxygen species (ROS) by deactivating respiratory
enzymes and causes an interruption in the generation of
adenosine triphosphate. ROS production initiates the cell
membrane damage and causes alteration in deoxyribonucleic
acid (DNA). When silver ions come in contact with essential
components (phosphorus and sulfur) of DNA, they interrupt
the replication process of DNA, leading to the termination of
reproduction and ultimately cell death. Moreover, silver ions can
inhibit protein synthesis by denaturing the ribosomes found in

Figure 9. XRD spectrum of AgNPs (synthesized with 10 mL of AgNO3
(2 mM) and 30 mL of the N. sativa extract).

Figure 10. Antibacterial activity of AgNPs against (A) S. aureus and (B) K. pneumoniae.
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the cytoplasm.57 Furthermore, Ag+ can modify the three-
dimensional structure of synthesized proteins by blocking their
active sites and hindering the overall functioning of the
microorganism.58,59

Apart from releasing Ag+, AgNPs themselves have the
capability to terminate the growth of microorganisms. Nano-
sized silver NPs can enter into the bacterial cell wall more
actively and cause cell membrane damage due to the instability
of two layers of lipid molecules caused by ROS (reactive oxygen
species) generation. The excess ROS production disturbs redox
homeostasis, leading to oxidative stress.60 Many reactive oxygen
species such as OH− (hydroxyl ion), O2

− (superoxide anion),
and H2O2 (hydrogen peroxide) are considered responsible for
toxic effects. Usually, H2O2 permeates into the bacterial cell wall
and then into a cell membrane, interacts with bacterial DNA,
lipids, and proteins, and causes the misconfiguration of ion
channels by damaging transporter proteins. It damages DNA
and RNA and causes their fragmentation. It inhibits the catalytic
domains of enzymes and interrupts their physiology. Denatura-
tion of proteins and damage to biomolecules ultimately cause
cell lysis.61,62

In our study, it was evaluated that AgNPs developed by using
30 mL of the N. sativa extract with 10 mL of silver nitrate
solution (2 mM) presented the highest antibacterial activity
(Figure 8A,B). From the results, it was concluded that synthesis
conditions of AgNPs have a considerable effect on their
efficiency, like the adequate amount of AgNO3 (silver nitrate)
and stabilizing agents derived from N. sativa facilitate in the
production of AgNPs with smaller particle sizes, which
ultimately affect its antibacterial potential and become the best
possible reason for the effectiveness of smaller-sized AgNPs.63

Further, it was noticed that green synthesized AgNPs depicted
a dose-dependent activity (at higher doses, the recorded
inhibitory action was higher). AgNPs showed the maximum
activity at a final dose of 100 μg/mL; by decreasing the dose
from 50 to 25 μg/mL, a prominent decrease in the activity of
AgNPs was observed (Figure 10A,B). The shape, size, and dose
of AgNPs have a considerable effect on their antibacterial
activity.56 Small NPs have a large surface-to-volume ratio that
assists AgNPs in their interaction with bacteria, leading to

enhanced biological activity. AgNPs also cause a dose-
dependent increase in oxidation and DNA damage.64

3.10. Evaluation of the Synergistic Effect of Antibiotics
with AgNPs against Pathogenic Bacteria. The synergistic
effect of antibiotics in combination with AgNPs was investigated
against S. aureus and K. pneumoniae and the question whether
combining AgNPs with antibiotics enhances the antibacterial
activity of antibiotics or not was also addressed in this study and
found true (Tables 3 and 4). Tables 3 and 4 present the
antibacterial activity of antibiotics alone and their conjugates
with biosynthesized AgNPs against S. aureus and K. pneumoniae.
Results concluded that AgNPs and antibiotics showed very
minute or no activity, while their combined treatment showed a
significantly enhanced antibacterial activity, which showed a
positive effect of their combination. Interestingly, the inactive
antibiotic also becomes active against bacteria when used in
combination with AgNPs. Figures 11B−E and 12B−E also
present the prominent inhibition zones around the well
containing the combined formulation of AgNPs and antibiotics.
S. aureus (a Gram-positive bacterium) was observed to be

sensitive to cefaclor and ciprofloxacin and showed resistance
toward streptomycin and trimethoprim (Figure 11B−E),
whereas K. pneumoniae (a Gram-negative bacterium) was
found resistant toward all of the selected antibiotics
(streptomycin, cefaclor, ciprofloxacin, and trimethoprim)
(Figure 12B−E). Against S. aureus, a maximum synergistic
effect was presented by a combined formulation of the AgNPs-
streptomycin complex, while against K. pneumoniae, AgNPs-
trimethoprim conjugates showed the highest enhanced
antibacterial activity (Figures 11B and 12E). It was observed
that all of the plates, well inoculated with conjugates, depicted
significantly higher inhibition zones in comparison to AgNPs
and antibiotics alone, which confirmed the enhancement in the
activity of antibiotics. Against S. aureus, AgNPs-Stp showed a
130%-fold increase, whereas against K. pneumoniae, AgNPs-
Tmp depicted a 240%-fold increase in antibacterial activity
(Figures 11A and 12A). Specific interactions of conjugates with
the cell membrane of bacteria due to bonding reactions between
AgNPs and antibiotics cause the enhanced antibacterial
potential of antibiotics.65 Nanoparticles ensure the slower but
increased release of antibiotics from their surface, thus ensuring

Table 3. Antibacterial Potential of Antibiotics Alone and in Synergy with Biosynthesized Silver Nanoparticles against S. aureusa

inhibition zones in mm

antibiotics antibiotics alone (a) AgNPs alone (25 μg/mL) AB + AgNPs (b) %-fold increase = ((b − a)/a) × 100

streptomycin 00 ± 0.0a 08 ± 0.7 13 ± 0.5 130
cefaclor 03 ± 0.7 08 ± 0.7 13 ± 0.2 333
ciprofloxacin 12 ± 0.5 08 ± 0.7 28 ± 0.5 133
trimethoprim 00 ± 0.0a 08 ± 0.7 12 ± 0.5 120

aIn the absence of bacterial growth inhibition zones, the disc diameter (6 mm) was used to calculate the fold increase.

Table 4. Antibacterial Potential of Antibiotics Alone and in Synergy with Biosynthesized Silver Nanoparticles against K.
pneumoniaea

inhibition zones in mm

antibiotics antibiotics alone (a) AgNPs alone (25 μg/mL) AB + AgNPs (b) %-fold increase = ((b − a)/a) × 100

streptomycin 00 ± 0.0a 5 ± 0.5 11 ± 0.4 110
cefaclor 00 ± 0.0a 5 ± 0.5 12 ± 0.2 120
ciprofloxacin 00 ± 0.0a 5 ± 0.5 15 ± 0.5 150
trimethoprim 00 ± 0.0a 5 ± 0.5 24 ± 0.2 240

aIn the absence of bacterial growth inhibition zones, the disc diameter (6 mm) was used to calculate the fold increase.
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their longer life and action time. Silver nanoparticles themselves
have a strong antibacterial activity that is dependent upon their
shape and size. Therefore, when silver nanoparticles are
combined with nanoparticles in conjugates, they have enhanced
antibacterial activity against Gram-negative as well as Gram-
positive bacteria.66

From the results, it was observed that against S. aureus, AgNPs
in combination with streptomycin and trimethoprim showed a
synergistic effect, and cefaclor and ciprofloxacin presented an
additive effect. However, AgNPs in conjugation with all of the
selected antibiotics showed a synergistic effect against K.
pneumoniae.
3.11. Minimum Inhibitory Concentration (MIC) of

Antibiotics-AgNPs Formulations against S. aureus and
K. pneumoniae. The MIC of silver NPs-antibiotics combina-
tion (AgNPs-Stp, AgNPs-Ccl, AgNPs-Cpf, and AgNPs-Tmp)
was evaluated against S. aureus and K. pneumoniae after
confirmation of their antibacterial activity. The MIC of
AgNPs-Stp, AgNPs-Ccl, AgNPs-Cpf, and AgNPs-Tmp against
both organisms is presented in the table below (Table 5). From
the results, it was observed that AgNPs-Stp showed the lowest
value of MIC (0.78) against S. aureus and AgNPs-Tmp showed

the lowest value of MIC (1.56) against K. pneumoniae (Figure
13).

There is no exact known mechanism of conjugate formation
(the NPs-antibiotics complex) but there are two assump-
tions.67,68

First, it is supposed that the greater surface-area-to-volume
ratio of the nanomaterial helps in conjugate formation by
interacting with the antibiotic molecule that leads to binding of
the antibiotic to the penicillin-binding protein (PBP) mem-
brane-associated protein receptor. It assists in the accumulation

Figure 11. Synergistic effect of antibiotics with silver NPs: (A) percent
increase in the antibacterial activity of antibiotics in combination with
silver nanoparticles (B) AgNPs-Stp, (C) AgNPs-Ccl, (D) AgNPs-Cpf,
and (E) AgNPs-Tmp against S. aureus. AB + NP: antibiotic loaded with
NPs, ABS: antibiotic streptomycin, ABC: antibiotic cefaclor, ABF:
antibiotic ciprofloxacin, ABT: antibiotic trimethoprim, AgN: silver NPs
of N. sativa, and S.a: S. aureus. AgNPs-Stp (combined formulation of
AgNPs and streptomycin), AgNPs-Ccl (combined formulation of
AgNPs and cefaclor), AgNPs-Cpf (combined formulation of AgNPs
and ciprofloxacin), and AgNPs-Tmp (combined formulation of AgNPs
and trimethoprim).

Figure 12. Synergistic effect of antibiotics with silver NPs: (A) percent
increase in the antibacterial activity of antibiotics in combiantaion with
silver nanoparticles (B) AgNPs-Stp, (C) AgNPs-Ccl, (D) AgNPs-Cpf,
and (E) AgNPs-Tmp against K. pneumoniae. AB + NP: antibiotic
loaded with NPs, ABS: antibiotic streptomycin, ABC: antibiotic
cefaclor, ABF: antibiotic ciprofloxacin, ABT: antibiotic trimethoprim,
AgN: silver NPs of N. sativa, and K.p: K. pneumoniae. AgNPs-Stp
(combined formulation of AgNPs and streptomycin), AgNPs-Ccl
(combined formulation of AgNPs and cefaclor), AgNPs-Cpf
(combined formulation of AgNPs and ciprofloxacin), and AgNPs-
Tmp (combined formulation of AgNPs and trimethoprim).

Table 5. Evaluation of the Minimum Inhibitory
Concentration (μg/mL) of Prepared Conjugates against S.
aureus and K. pneumoniaea

MIC of conjugates (μg/mL)a

s. no conjugates of AgNPs S. aureus K. pneumoniae

1 AgNPs-Stp 0.78 6.25
2 AgNPs-Ccl 1.56 3.12
3 AgNPs-Cpf 1.56 3.12
4 AgNPs-Tmp 3.12 1.56

aResults showed the mean of three different experiments. Standard
deviations did not exceed 5%. Concentration is expressed in μg/mL.
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of the antibiotic molecule on the outer surface of the
microorganism’s membrane.67 It weakens the osmotic balance
due to which the cell membrane damages and the cell wall
synthesis of bacteria is inhibited. The cytoplasmic content leaks
out, leading to bacterial cell death.69

Second, the conjugates (the antibiotic-NPs complex) not only
bind and penetrate the bacterial cell wall but also target many
other sites.70 The movement of conjugates inside the cell causes
disturbance in the regulatory functions, disrupts the formation of
bioactive proteins, disables the interaction between sulfur−
phosphorus and DNA, and totally inhibits protein synthesis.67

Most of the available antibiotics are not able to reach high
intracellular concentrations because of transport scarcity. In the
existence of resistance mechanisms, this situation becomes
worse, such as a decreased uptake of antibiotics and increased
efflux. The high surface-area-to-volume ratio of AgNPs is a
considerable factor in its effectiveness. Surface forces become
more prominent when there is an increased surface-area-to-
volume ratio, primarily due to a higher percentage of atoms at
the surface. It helps in the binding of AgNPs to the proteins of
the bacterial cell membrane, leading to increased permeability
due to which the infiltration of antibiotics into the bacterial cell
also increases. Consequently, AgNPs in combination with
antibiotics increase the concentration of antibiotics at a definite
point on the cell membrane.71,72

AgNPs can attach to the surface of the bacterial cell due to
electrostatic attraction between the positive surface charge of
AgNPs and the negatively charged cell membrane. In the
bacterial cell wall, some sulfur-containing proteins interact with
silver ions and damage the cell wall of bacteria.73 The nanosize of
AgNPs assists in the interaction with the bacterial envelope and
the cell membrane and can easily inhibit the crucial metabolic
pathways.74

Li and co-workers (2005) studied AgNPs-amoxicillin
synergistic properties. They explain that in conjugates of
amoxicillin-AgNPs, many molecules of amoxicillin surround
each silver nanoparticle, positioning themselves between the
−OH (hydroxyl) and −NH2 (amino) groups of amoxicillin.75

Duran et al. (2010) reported the binding between AgNPs and
amoxicillin by a sulfur bridge. It influences its penetration and
effectiveness inside the bacteria.76 Multiple researchers have
reported that localizing the antibiotics on the bacterial surface
enhances the drug−bacteria interaction due to which binding of
the organism and the drug leads to blockage of bacterial efflux
pumps and enhances the antibacterial effect of the con-
jugate.70,77,78

In 2015, Roshmi and co-workers studied gold nanoparticles
(AuNPs); they reported that antibiotics can attach to the surface
of AuNPs by electrostatic attraction and can be used as a carrier
for antibiotics.79 Magalhaes and Mosqueira (2010) studied that
poorly water-soluble antibiotics in combination with AuNPs
showed better solubility. The AuNPs-antibiotic complex
enhances the drug release and improves the half-life of the
drug.80,81 Kamal et al. also reported the enhanced drug loading
capacity of nanofibers when used with cephalexin against
multidrug-resistant S. aureus.82

From the results, it was concluded that AgNPs interrupt the
bacterial cell wall and allow antibiotic access into the bacterial
cell. Combined formulations of AgNPs-antibiotics, at a
particular site of the cell membrane, enhance the quantity of
antibiotics that primarily disturbed the essential metabolic
pathways that led to harm to the protein-synthesizing
machinery, which ultimately causes cell lysis. Combined
treatment of antibiotics-AgNPs facilitates the usage of those
antibiotics that are now not in use because of resistant bacteria.
It provides possibilities for the treatment of bacterial diseases in
the healthcare, agricultural, and veterinary sector. To combat
multidrug-resistant bacteria, further research is still an urgent
need in our society to developmore efficient and feasible designs
for the development of new and novel antimicrobial agents and
drugs.

4. CONCLUSIONS
The utilized green method in this investigation provides
spherical AgNPs with an average diameter of 67.46 nm with
high crystallinity. An excellent agreement between the particle
size measurements was observed using different techniques.
AgNPs in conjugation with antibiotics showed an enhanced
antibacterial potential against both Gram-positive (S. aureus)
and Gram-negative (K. pneumoniae) bacteria. Combined
treatment of AgNPs with antibiotics presented the maximum
synergistic effect against S. aureus. Both organisms S. aureus and
K. pneumoniae showed resistance to antibiotics but became
susceptible when the same antibiotic was utilized in conjugation
with AgNPs. The combined action of antibiotics with silver NPs
opens an alternative area of research aimed at combating drug
resistance and exploring medical applications. These findings
suggest that conjugates could be explored for future therapies,
serving as potent antibacterial agents against resistant bacterial
strains. However, further research is imperative to better
understand and to optimize drug design with human trials to
address pressing healthcare challenges. However, the prelimi-

Figure 13. MIC of (A) AgNPs-Stp against S. aureus and (B) AgNPs-Tmp against K. pneumoniae.
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nary findings of the present research work can assist as a baseline
for developing suitable antibacterial nanoformulations.
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