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ABSTRACT: Silver nanoparticles (Ag-NPs) were synthesized by using the polyol
method. The structural and morphological characteristics of Ag-NPs were studied by using
X-ray diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM). The
XRD analysis revealed the formation of single-phase polycrystalline Ag-NPs with an
average crystallite size and lattice constant of ∼23 nm and 4.07 Å, respectively, while the
FE-SEM shows the formation of a uniform and spherical morphology. Energy-dispersive
X-ray spectroscopy confirmed the formation of single-phase Ag-NPs, and no extra
elements were detected. A strong absorption peak at ∼427 nm was observed in the UV−
vis spectrum, which reflects the surface plasmon resonance (SPR) behavior characteristic
of Ag-NPs with a spherical morphology. Fourier-transform infrared (FTIR) spectra also
supported the XRD and EDX results with regard to the purity of the prepared Ag-NPs.
Anti-inflammatory activity was tested using HRBCs membrane stabilization and heat-
induced hemolysis assays. The antibacterial activity of Ag-NPs was evaluated against four
different types of pathogenic bacteria by using the disc diffusion method (DDM). The Gram-negative bacterial strains used in this
study are Escherichia coli (E. coli), Klebsiella, Shigella, and Salmonella. The analysis suggested that the antibacterial activities of Ag-
NPs have an influential role in inhibiting the growth of the tested Gram-negative bacteria, and thus Ag-NPs can find a potential
application in the pharmaceutical industry.

■ INTRODUCTION
Applications of nanotechnology have practically impacted all
aspects of modern life. For a couple of decades, the synthesis of
nanostructures has attracted significant attention due to their
potential uses in various fields, including optoelectronics,1,2

catalysis,3,4 sensing,5−7 water purification,8−11 nanomedi-
cine,12−14 efficient antimicrobial agents,15,16 etc. Silver nano-
particles (Ag-NPs) have received more attention than other
noble metal nanostructures as efficient antimicrobial agents
against different Gram-positive and Gram-negative bacterial
strains. It is evident from previous research articles that in the
case of utilizing metal nanoparticles for antibacterial activities,
one of the essential factors is the control of uniform size and
morphology at the nanoscale. Several research groups have
reported novel synthetic routes for silver nanostructures. Song
et al. reported that silver nanostructures’ morphology
significantly controls the surface plasmon resonance (SPR)
effect.17 Furthermore, in the literature, various kinds of
morphologies have been reported, such as nanoprisms,18

nanodisks,19 nanorods,20 nanowires,21 nanospheres,22 nano-
flowers,23 etc., to explore the size-dependent electronic and
optical properties of silver metal. These different kinds of
morphologies of silver are tested against biological activities
using a wide range of microorganisms, including bacteria,24

fungi,25 viruses,26 etc. It was found that silver has suitable
antimicrobial activities, and more importantly, silver is not
toxic to humans or the environment. Owing to its nontoxic
nature and efficient biological activities, silver has been widely
used in some medicines, especially anti-inflammatory drugs,27

textiles,28 and food and water processing.29 The body responds
to infection or injury through a complex process known as
inflammation, characterized by reddening, swelling, and pain in
the affected area. Unregulated inflammation can result in
chronic inflammation, which can lead to mutations and DNA
damage, ultimately resulting in the growth of cancer cells.30

Anti-inflammatory drugs are administered to mitigate the
harmful effects of reactive oxygen species (ROS) and
inflammation. Steroids and nonsteroidal anti-inflammatory
drugs (NSAIDs) are usually used to treat inflammation.
NSAIDs are effective at reducing inflammation by inhibiting
enzymes. These medications some time can lead to imbalances
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in electrolyte and water levels within the body, which may also
result in damage to the cardiovascular, liver, and renal
systems.31 To ensure treatment safety, drugs with no side
effects are used to alleviate inflammation. Therefore, human
red blood cell (HRBC) membrane stabilization was used to
evaluate the in vitro anti-inflammatory activity of the Ag-NPs.
The rapid development of antibiotic resistance in micro-
organisms has increased the need for alternative antimicrobial
agents. Therefore, Ag-NPs have emerged as a promising
alternative for antibiotic resistance in microorganisms.
However, the mechanism of action of Ag-NPs against bacteria
has yet to be elucidated. Although the antibacterial activity of
Ag-NPs is explained by several hypotheses,32 one of the critical
mechanisms by which Ag-NPs exert their antimicrobial activity
is the release of silver ions (Ag+). These ions disrupt the
structure and function of the microbial cell membrane, leading
to the cell’s death.33,34 Moreover, the excellent surface-to-
volume ratio of Ag-NPs leads to their fast chemical reactivity,
followed by the formation of ROS within bacterial cells,
resulting in rapid cell death as shown in Supporting
Information Figure S1.1. The concentration, morphology,
and size of Ag-NPs highly influence their antibacterial
activities.35−38 Overall, Ag-NPs have demonstrated excellent
antimicrobial activity against a wide range of microorganisms
and have the potential to be utilized as alternatives to
traditional antimicrobial agents. Further research is needed to
fully understand their mechanisms of action and optimize their
use in various applications. Therefore, in this study, we report
the synthesis of highly monodispersed Ag-NPs via a polyol
method in which the particle size and morphology of Ag-NPs
are controlled by ethylene glycol, polyvinylpyrrolidone, and
some experimental parameters. Furthermore, results regarding
investigating the antibacterial activity of Ag-NPs with different
concentrations against Escherichia coli, Klebsiella, Shigella, and
Salmonella Gram-negative bacteria are also reported and
discussed.

■ MATERIALS AND EXPERIMENTAL DETAILS
Silver nitrate (AgNO3, purity ≥ 98.8%), polyvinylpyrrolidone
[(C6H9NO)n, Mw ∼ 1300k], and ethylene glycol (C2H6O2,
purity ≥ 99.0%) were purchased from Sigma-Aldrich and were
used without further purification for the synthesis of Ag-NPs.
Phosphate buffered saline (pH ∼ 7.4, Sigma-Aldrich), distilled
water, NaCl, human blood, and diclofenac sodium were used
in heat-induced hemolysis assay and HRBC-membrane
stabilization.
The polyol synthesis approach synthesized uniform and

homogeneously dispersed spherical-shaped Ag-NPs. Briefly, 20
mL of ethylene glycol (solvent and reducing agent) was taken
in a round-bottom flask placed in an oil bath. Then, 1 g of PVP
was added to EG and stirred vigorously for around 20 min at
120 °C. A separate solution of AgNO3 of 0.25 g in 10 mL EG
was prepared and then added dropwise to the PVP solution
and placed in an oil bath. This mixture was kept at the same
temperature in an oil bath for 90 min under stirring at 450
rpm. After reaction completion, the solution was centrifuged at
12,000 rpm and rinsed several times with deionized water (DI)
and ethanol, followed by drying in the oven overnight at 60 °C.
This whole synthesis procedure is summarized in the
schematic diagram, as shown in Figure 1.
Antibacterial Activities. The ability of Ag-NPs to interact

with the cellular membranes of different types of bacterial
strains can be harnessed to determine their antibacterial

efficiency. The robust interactions between Ag+ and proteins as
well as lipids encourage alterations in the osmotic equilibrium,
leading to a direct augmentation of membrane permeability.
Further, these ions disrupt the structure and function of the
microbial cell membrane, leading to the cell’s death. Therefore,
the antibacterial activities of Ag-NPs against four different
types of pathogenic Gram-negative bacterial strains (E. coli,
Klebsiella, Shigella, and Salmonella) and two different
antibiotics (ciprofloxacin and ceftriaxone) were determined
using the disc diffusion method (DDM). The prepared plates
were inoculated under aseptic conditions at 37 °C for 24 h,
and the growth inhibition zone’s diameter was measured after
the incubation period and compared with the effect of
antibiotics against these bacterial strains.
In Vitro Anti-inflammatory Activities. To investigate the

in vitro anti-inflammatory activity of the prepared Ag-NPs,
human RBC (HRBC) membrane stabilization and heat-
induced hemolysis assays were conducted. Lysosomal enzymes
are released during inflammation, which causes various
inflammation-associated diseases. Degeneration of the lysoso-
mal membrane is inhibited by anti-inflammatory drugs. The
compositions of lysosomes and the HRBC-membrane were the
same. Therefore, in this work, the HRBC membrane
stabilization potential of Ag-NPs was tested by preventing
the decomposition of red blood cell membranes mediated by
hypotonicity.
Suspension Preparation for HRBC Membrane Stabi-

lization. Fresh human blood, approximately 5 mL, was
collected from a healthy individual who had refrained from
using steroids for 2 weeks before the experiment. Blood
samples were obtained from humans by using EDTA tubes and
then centrifuged at 3000 rpm for ∼20 min. The resulting
supernatant was removed, and the RBC was washed with an
isotonic saline solution. The process of centrifugation and
washing was repeated five times to obtain a clear supernatant.
Steps (a), (b), and (c) were used to prepare the reaction
mixture for the control, standard, and test samples: a pellet
having HRBCs was added to make a 10% suspension in an
isotonic saline solution.
(a) Control reaction mixture: This contained 0.5 mL of a

10% suspension of HRBC in isotonic NaCl solution, 1
mL of PBS (∼0.25% w/v and NaCl solution), and 1 mL
of isotonic saline (∼0.85% w/v and NaCl solution).

(b) Standard reaction mixture: This contained 0.5 mL of the
same HRBC suspension, 1 mL of PBS, 2 mL of
hypotonic NaCl solution (∼0.25% w/v and NaCl

Figure 1. Schematic showing the polyol method used for the synthesis
of Ag-NPs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09851
ACS Omega 2024, 9, 13208−13216

13209

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09851/suppl_file/ao3c09851_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09851/suppl_file/ao3c09851_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09851?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09851?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09851?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09851?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


solution), 1 mL of isotonic NaCl solution, and 1 mL of
different concentrations of diclofenac sodium (1 mg/
mL).

(c) Test samples reaction mixture group: This contained 0.5
mL of HRBC suspension, 1 mL of different concen-
trations (20, 40, 60, and 80 μg/mL) of the prepared Ag-
NPs, 1 mL of PBS, 2 mL of hypotonic NaCl solution,
and 1 mL of isotonic NaCl.

The reaction mixtures were then incubated for ∼30 min at
37 °C. After incubation, the mixture was centrifuged at 3000
rpm for ∼20 min. The obtained supernatant from each
reaction mixture was used after centrifugation, and the
absorbance was measured at 560 nm using a spectropho-
tometer. The percentage of hemoglobin denaturation was
determined using eq 1.
The purpose of this assay is to evaluate the potential of Ag-

NPs to stabilize and lyse HRBC membranes. To do this, we
tested the ability of Ag-NPs to inhibit HRBC membrane lysis
caused by high temperatures and to detect the amount of
hemoglobin released in the samples.
Suspension Preparation for Heat-Induced Hemolysis.

The same technique was repeated for blood collection,
centrifugation, and washing for heat-induced hemolysis. To
prepare a 10% suspension in an isotonic saline solution, an
HRBC pellet was used. The reaction mixtures for the control,
standard, and test samples were prepared by using the
following steps.
(a) The reaction mixture for the negative control was

prepared using 0.1 mL of blood suspension (10%), 0.88
mL of PBS, and 0.02 mL of distilled water.

(b) The reaction mixture for the positive control was
prepared using 0.1 mL of blood suspension (10%),
0.02, 0.04, 0.06, and 0.08 μg/mL diclofenac sodium, and
0.88, 0.86, 0.84, and 0.82 mL of PBS.

(c) The reaction mixture for the test group was prepared
using 0.1 mL of blood suspension (10%), 0.02, 0.04,

0.06, and 0.08 μg/mL Ag-NPs, and 0.88, 0.86, 0.84, and
0.82 mL of PBS.

The reaction mixture was incubated at 54 °C for ∼30 min.
Following the incubation, all tubes were cooled by being
placed in a container with cool water. Then, centrifugation was
performed at 5400 rpm for 5 min, and the resultant
supernatant from each sample was collected. The absorbance
was measured using a spectrophotometer, and eq 1 was
employed to determine the percentage of inhibition of HRBC
lysis.

=

×

% inhibation
absorbance of control absorbance of sample

absorbance of control
100 (1)

Characterizations. Various characterization tools were
used to investigate the crystal structure, surface morphology,
elemental analysis, and optical spectroscopy of the prepared
Ag-NPs. An X-ray diffractometer (Thermo-Scientific instru-
ment, Model: EQUINOX-3000) with a Cu Kα1 radiation
source (λ = 1.5406 Å) was used in an ambient environment to
record the XRD pattern of the Ag-NP powder sample in the 2θ
range varying from 20 to 80°.
Morphological and elemental analyses of the as-synthesized

sample were carried out via a field emission scanning electron
microscope (TESCAN made, Model: MAIA-3) equipped with
an Octane Elite EDS detector. The UV−vis spectrum of the
sample was recorded from 200 to 750 nm wavelength via a
spectrophotometer (DS5) in a quartz cuvette. Fourier
transformed infrared (FTIR, Nicolet 6700 spectrometer) was
employed to investigate the chemical bonding in the sample.
To analyze the supernatant obtained from each reaction
mixture, a spectrophotometer (UV 5100B spectrophotometer)
was used for anti-inflammatory activities.
For studying the antibacterial activities of Ag-NPs, four

different types of pathogenic Gram-negative bacterial strains,

Figure 2. (a) XRD pattern and standard ICSD card #: 003-0931, (b) UDM, (C) UDSM, and (d) UDEDM W−H plot of Ag-NPs.
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including E. coli (E. coli), Klebsiella, Shigella, and Salmonella,
were provided by the Department of Biotechnology, and the in
vitro anti-inflammatory activity facilities were provided by the
Department of Zoology, AWKUM.

■ RESULTS AND DISCUSSIONS
The X-ray diffraction (XRD) patterns of the prepared Ag-NPs
were recorded in an ambient environment in the 2θ range from
20 to 80° and is shown in Figure 2a. The red lines show the
peak positions of standard silver XRD data in ICSD Card #
003-0931. There is an excellent match of all peaks with the
standard one. All peaks were indexed using the same standard
ICSD card. The broadness of peaks shows that the particle size
of silver particles is very small. Since there is no extra peak in
the XRD pattern of the sample, it indicates the formation of
polycrystalline single-phase Ag-NPs. The Bragg’s diffraction
peaks appeared at positions 38.28, 44.23, 64.5, and 77.4° and
were used to calculate different structural parameters. Different
relations and models can be used to calculate the average
crystallite size (d). Among these, Scherrer’s relation only
considers the effect of the average crystallite size (D) on
Bragg’s peak broadening, but it provides no information about
the lattice strain (ε). To consider the contribution of both the
crystallite size (D) and lattice strain (ε) corresponding to each
Bragg peak of Ag-NPs, as denoted by eq 2, modified
Williamson−Hall models, such as the uniform deformation
model (UDM), uniform stress deformation model (USDM),
and uniform deformation energy density model (UDEDM),
were used in this study. UDM considers the concept of a
consistent lattice strain (ε) in all crystallographic directions,
acknowledging the isotropic nature of the crystal. This implies
that the material properties remain unaffected by the
measurement direction.

= [ + ]( ) ( )hkl hkl D hkl (2)

= +K
D

cos( ) 4 sin( )hkl (3)

where D is the crystallite size, λ is the X-ray wavelength, β is
the fwhm, K is the Debye Scherer’s constant, θ is the

diffraction angle; likewise, =D nmK
cos( )hkl

and =
4tan( )

hkl

show the corresponding contribution to the broadening of
Bragg’s peaks, respectively, where it was assumed that both had
independent contributions and had a Cauchy-like profile.
Equation 3 is a straight-line equation known as the UDM
equation. Figure 2b shows the UDM plot of the Ag-NPs. The
lattice expansion or defects in the Ag-NPs were attributed to
the lattice strain development, and its value was calculated
from the positive slope of the straight line. In contrast, the
intercept gives the value of the average crystallite size (D) of
the Ag-NPs.
The UDM model works under the assumption that materials

must be homogeneous and isotropic, although this assumption
is not applicable to real crystals. The real crystals are
anisotropic. Consequently, the W−H equation indicates the
relationship between the lattice strain (ε) and Bragg’s peak
broadening, which must be adjusted to include anisotropic
terms. In response, USDM was developed by incorporating an
anisotropic strain (ε). In USDM, the lattice deformation stress
(σ) is assumed to be uniform in all directions along the lattice
planes, encompassing a minor lattice strain (ε).

Hooke’s law, which shows a linear relationship between
stress and strain mathematically, can be expressed as σ = εEhkl,
where Ehkl is the Young’s modulus, and for a cubic crystal, it is
given by eq 4

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑÄ

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

=

+ +
+ +

E
S S S S

h k l k h l
h k l

1
2 ( )

1
2

.

( )

hkl
11 11 12 44

2 2 2 2 2 2

2 2 2 2
(4)

where S11, S12, and S44 show three independent elastic
compliances and their values are −0.974 × 10−11, 2.26 × 10−11,
and 2.17 × 1−11, respectively, for Ag-NPs.39−42 It gives
information about the behavior of deformation under various
stress conditions. The elastic compliances are further
associated with three independent elastic stiffnesses as

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

= +
• +

S
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C C C C( ) ( 2 )11
11 12

11 12 11 12 (5)
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ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

=
• +

S
C

C C C C( ) ( 2 )12
12

11 12 11 12 (6)

=S
C

1
44

44 (7)

The calculated Young’s modulus (Ehkl) values corresponding
to (111), (200), (220), and (311) planes of Ag-NPs are
123.015, 127.25, 127.25, and 126.08 GPa, respectively.
Equation 8 depicts the modified W−H equation in terms of
stress (σ) known as USDM, and it considers uniform stress in
all crystallographic directions.

= +K
D

E
cos( )

4
sin( )hkl

hkl
(8)

Figure 2c shows the USDM plot of Ag-NPs where the
sloping plot gives the value of average stress (σ), while the
intercept provides the average crystallite size (D) of the Ag-
NPs.
The UDM assumes an isotropic nature of the crystals,

whereas the USDM assumes a linear relationship between the
stress (σ) and lattice strain (ε). However, in real crystals, these
assumptions are not entirely valid because of the different
defects and dislocations that introduce imperfections in almost
every crystal of the materials. Consequently, a different model
is required to study the real crystals. To address this, UDEDM
was used, which considers the presence of a uniform
anisotropic lattice strain (ε) in all crystallographic directions.
This consistent anisotropic lattice strain (ε) is attributed to the
density of the deformation energy. By incorporating these
factors, UDEDM offers a more comprehensive framework for
studying real crystals. Again, using Hook’s law approximation
in terms of energy density (μ)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
· = + • •K

D E
cos( ) 4 sin( )

2
hkl

hkl (9)

Figure 2d depicts the plot of eq 9, known as UDEDM, in

which the lattice strain is
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ= • •4

E
2

hkl
. The slope of the

plot gives the energy density value, while the intercept of the
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provides the average crystallite size (D). All the calculated
structural parameters are summarized in Table 1.

Equation 10 was used to calculate the lattice constant (a),
which is 4.07 Å, and it is consistent with the standard value of
the lattice constant for Ag-NPs.43

= + +a d hkl h k l( ) ( ) Å2 2 2
(10)

where d(hkl) is the interplanar distance and (hkl) is the
Miller indices of the plane.
Figure 3a shows the low-magnification micrograph of Ag-

NPs taken by a field emission scanning electron microscope.
The inset in Figure 3a shows a high-resolution field-emission
scanning electron microscopy (FE-SEM) image of the same
sample. It is evident from FE-SEM micrographs that Ag-NPs
are almost spherical, uniform, and less agglomerated due to the
capping agent, PVP, added to the solution during the synthesis
process. Figure 3b shows the EDS profile of Ag-NPs, which
shows only silver peaks. The low-intensity carbon peak is due
to the carbon tap used on the sample holder, or it may be due
to the presence of some carbon from precursors on the Ag-NPs
surface.
Figure 4a shows the UV−vis absorption spectrum of Ag-

NPs. The strong absorption broad peak in the visible region at
427 nm shows the SPR effect of Ag having a small particle size
and a spherical morphology. The SPR effect is caused by a
collective oscillation of the metallic surface’s conduction
electrons (plasmons). Due to this phenomenon, Ag-NPs
have higher absorption intensities than NPs of other metals of
the same size. The optical properties of Ag-NPs might be
tailored by controlling their size, morphology, and the local
refractive index close to the surface. Thus, eq 11 can be used to
calculate the refractive index (n) from the UV−vis absorption

= +n
T T
1 1

( ) (1)ra ra (11)

=
×

+
×

n 1
(10 ) 100

1
(10 ) (100 1)A A

(12)

where Tra and A are the transmittance (%) and the absorbance,
respectively. In Figure 4b, it can be observed that the refractive
index (n) value of Ag-NPs is 0.135, which is greater than that
of AgO and consistent with the actual value of Ag-NPs. It is
essential to understand the behavior of the refractive index as a
function of energy (hν) for designing various devices, for
example, optical communication devices, plasmonic sensors,
light-emitting diodes (LED), and biomedical devices. This
allows for the manipulation of light propagation, scattering,
and absorption at the mesoscale, creating opportunities for
novel optical devices. The band gap energy (Eg) was estimated
using Tauc’s plot in eq 13.

=h A h E( ) ( )2
g (13)

As can be seen from Figure 4c, the results confirm a direct
band gap with an energy value of 2.36 eV, and this indicates
that the prepared sample needs less energy to facilitate the
electron transitions within the energy bands. Further, the band
gap energy (Eg) value is lower than that of AgO and consistent
with the previously reported literature.44,45 The optical
conductivity (σopt) was calculated by employing eq 14

= nc
1

4opt (14)

where α, n, and c are the absorption coefficient, refractive
index, and speed of light in vacuum, respectively. A material’s
optical conductivity (σopt) shows the relationship between the
magnitude of the induced electric field (E) and the density of
the resultant current when exposed to a specific frequency.
Therefore, a material’s optical conductivity (σopt) is influenced
by the frequency of the electric field (E). The Drude model is
commonly employed to describe optical conductivity (σopt),
encompassing both the contribution of free electrons and the
damping effect. Figure 4d shows the optical conductivity (σopt)
response as a function of the energy of the Ag-NPs. The results
show high optical conductivity (σopt) within the range of 107
(Ω−1 cm−1) and demonstrated a more vital interaction with the
incident electromagnetic (EM) waves in the visible portion of
the EM spectrum. This strong interaction is mainly due to the
presence of conduction electrons (plasmons), which contrib-
ute to its strong optical response compared with those of other
NPs. Moreover, the remarkable correlation between the size,
morphology, and optical properties has shown that Ag-NPs are

Table 1. Structural Parameters Calculated from the XRD
Analysis

models
crystallite
size (nm)

lattice
strain
(10−3)

Young’s
modulus
(GPa)

energy
density
(μ)

stress
(MPa)

UDM 23.06 2.97 371
USDM 23.82 3.14 125 392
UDEDM 23.43 3.05 0.0057 381
Scherer’s 20

Figure 3. (a) Low- and high-magnification FE-SEM micrographs and (b) EDS spectrum of Ag-NPs.
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beneficial in various high-performance applications on the
biomedical side.
The FTIR spectrum was recorded from 500 to 4500 cm−1,

as shown in Figure 5. The FTIR spectrum also confirmed that

the prepared Ag-NPs sample is pure. The stretching vibrations
at 3328 cm−1 show the presence of hydroxyl (−OH) groups at
the surface, while the peaks that appeared at 2974 and 2888
cm−1 were assigned to the strong stretching vibration of the
C−H bond. In the double bond region at 1650 cm−1, weak
stretching vibrations of the (C�C) alkene functional group
were observed. The stretching peaks at 1380, 1087, and 1045
cm−1 represent the C−O bond stretching. Moreover, the
bending at 879 and 618 cm −1 could be assigned to the (�C−
H) and (C−H) alkyne functional groups, respectively. Since
no other vibration peaks were found, it suggests that prepared
silver is in metallic form with some functional groups attached
to the surfaces of Ag-NPs.
The left agar plate in Figure 6a shows Ag-NPs activity

against the Klebsiella bacterial strain, while the right one is for
two different antibiotics available in the market. Similarly, the
left side agar plates in Figure 6b−d show Ag-NPs activities
against Shigella, Salmonella, and E. coli bacterial strains,

respectively, while the right-hand side agar plates in Figure
6b−d show the effect of antibiotics. On the left side of the agar
plate are four wells (size around 6 mm). In each figure of
Figure 6a−d, one well (on the left side of the agar plate) is left
as the positive control well (i.e., only DI is added). In contrast,
the remaining three wells show Ag-NPs solutions in DI with
different concentrations, i.e., 25, 50, and 75 μg/mL. It is
evident from Figure 6a,b,d that Ag-NPs show efficient
inhibition against three bacterial strains such as E. coli,
Klebsiella, and Shigella, while this effect against Salmonella
as shown in Figure 6c is almost silent, which may be due to
serovars of Salmonella used in the activity. Figure 7a,b shows
the zone of inhibition and the effect of Ag-NP concentration
on bacterial growth. The size of the inhibition zone was found
to increase with increasing Ag-NPs concentration. This
indicates that higher concentrations of Ag-NPs are more
effective at inhibiting bacterial growth against E. coli and
Klebsiella. However, in the case of the Shigella bacterial strain,
a concentration of 50 μg/mL was found to be the minimum
inhibition concentration of Ag-NPs for the minimum bacterial
growth. It can be concluded that bacterial growth was slow at

Figure 4. (a) UV−visible spectrum, (b) refractive index, (c) Tauc’s plot, and (d) optical conductivity of Ag-NPs.

Figure 5. (a) FTIR spectrum of the Ag-NPs.

Figure 6. Inhibition zone of Ag-NPs against (a) Klebsiella, (b)
Shigella, (c) Salmonella, and (d) E. coli bacteria.
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low concentrations of Ag-NPs, and at higher concentrations,
the growth was completely inhibited. This indicates that the
prepared Ag-NPs are bacteriostatic at a low Ag concentration
and bactericidal at a high Ag concentration. The maximum
calculated zone of inhibition was 0.7 ± 14, 0.6 ± 16, and 0.4 ±
25% cm for E. coli, Klebsiella, and Shigella, respectively.
The in vitro anti-inflammatory activity was assessed using

HRBC membrane stabilization and heat-induced hemolysis
assays. In HRBC membrane stabilization, we measured the
released lysosomal enzymes during inflammation and their
contribution to several inflammation-associated diseases.
Inhibition of the lysosomal membrane occurs when the drug
is used for the treatment of inflammation. Ag-NPs effectively
stabilized RBC membranes, which have the same composition
as lysosomal membranes, by inhibiting RBC lysis caused by
low osmotic pressure. The amount of hemoglobin released was
used to determine the RBC membrane stabilization potential
of the Ag-NPs, and diclofenac sodium was used as a reference
drug.
Various concentrations, 20, 40, 60, and 80 μg/mL, of Ag-

NPs were tested, resulting in inhibition of 36.6, 55.5, 61.2, and
59.71%, respectively. For comparison, diclofenac sodium was
also tested at the same concentrations and showed inhibition
of 47.4, 67.1, 72.1, and 69.8%, respectively. The Ag-NPs
showed the lowest percentage inhibition at 20 μg/mL, while
the highest percentage inhibition was observed at 100 μg/mL,
as shown in Figure 8.

The heat-induced hemolysis is also based on the stabilization
and lysis of RBC membranes. HRBC membrane stabilization
potential of Ag-NPs was checked in this assay by inhibiting
RBC-membrane lysis induced by measuring the hemoglobin
content released in the samples, which showed that Ag-NPs
effectively inhibited the lysis of RBCs caused by high

temperatures, as evidenced by the increasing order of
percentage of inflammation inhibition, as shown in Figure 9.

Different concentrations of Ag-NPs were used that are 20,
40, 60, and 80 μg/mL, which showed 42.1, 65.1, 69, and 73.6%
of inhibition, respectively. The standard drug was put in the
standard group as 20, 40, 60, and 80 μg/mL, which showed
62.9, 78.9, 81.2, and 84.7% of inhibition, respectively. The
minimum percentage of inhibition was demonstrated at 20 μg/
mL, which amounted to 42.12%. On the other hand, the
maximum percentage of inhibition was observed at 80 μg/mL,
amounting to 73.6%.

■ CONCLUSIONS
A polyol approach was used for the synthesis of Ag-NPs. A
slight modification was incorporated into this technique using
a protective agent (PVP), ethylene glycol, and various
experimental parameters to obtain Ag-NPs with the desired
shape and morphology. The prepared Ag-NPs were uniform,
spherical, and less agglomerated. Various characterization
techniques have been employed to study the crystal structure,
morphology, elemental composition, and optical properties.
Different models were used to calculate the structural
parameters of the prepared Ag-NPs. The crystallite size and
lattice strain values were very close to each other, which
demonstrates the accuracy of the different mathematical
models. FESEM micrographs showed round, uniformly sized
NPs with an average diameter of approximately 200 nm.
In contrast, the EDS profile shows a strong peak at ∼3 keV,

which reflects the SPR effect of silver (Ag), and the calculated
refractive index (n) and band gap value clearly indicate the
formation of Ag-NPs. FTIR spectroscopy results also
supported the formation of Ag-NPs. The antibacterial activity
of Ag-NPs against Gram-negative pathogenic bacterial strains

Figure 7. (a) Inhibition zone. (b) Effect of Ag-NPs concentrations on the inhibition zone.

Figure 8. Effect of EGE on the HRBC membrane stabilization assay.

Figure 9. Effect of MGE on the heat-induced hemolysis assay.
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such as E. coli, Klebsiella, Shigella, and Salmonella has shown
efficient inhibition against Gram-negative E. coli, Klebsiella,
and Shigella. The in vitro, anti-inflammatory activity was tested
using HRBC membrane stabilization and heat-induced
hemolysis assays, in which the prepared Ag-NPs showed
maximum inhibition of 73.6 and 57.9%, in comparison with
diclofenac sodium, which showed inhibition of 84.8 and 72.1%,
respectively. The anti-inflammatory potential of Ag-NPs was
similar to that of diclofenac sodium. Thus, Ag-NPs are effective
antibacterial and anti-inflammatory agents that have potential
pharmaceutical applications.
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