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Efficient green silver nanoparticles-antibiotic 2
combinations against antibiotic-resistant
bacteria
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Tariq Khan'”

Abstract

Antibiotic-resistant bacterial strains and the consequent surge in infections caused by them have become major
public health concerns. Silver nanoparticles (AgNPs) exhibit antibacterial properties and have wide applications

in biomedical sciences. In this study, AgNPs were synthesized in the presence of antibiotics: Ceftazidime (Cft),
Cefotaxime (Cef), Ceftriaxone (Cfx), and Cefepime (Cpm), along with the extract of Mentha longifolia. Mentha
longifolia-based AgNPs were kept as the control for all experiments. The associated metabolites, structural
properties, surface charges, and antibacterial activity of the AgNPs were also evaluated. Overall, a blue-shift of
SPR peaks was observed for control AgNPs (Amax=421 nm, 422 nm, 426 nm, and 406 nm for Cft-AgNPs, Cef-
AgNPs, Cfx-AgNPs, and Cpom-AgNPs, respectively), compared to the control (Amax=438 nm). Fourier-transform
infrared spectroscopy showed that antibiotic-based AgNPs had distinct peaks that corresponded to the respective
antibiotics, which were not observed in the control. XRD analysis showed that there were observed changes in
crystallinity in antibiotic-based AgNPs compared to the control. TEM images revealed that all samples had spherical
nanoparticles with different sizes and distributions compared to the control. The Zeta potential for extract-

based AgNPs was —33.6 mV, compared to -19.6 mV for Cft-AgNPs, -2 mV for Cef-AgNPs, -21.1 mV for Cfx-AgNPs,
and —24.2 mV for Com-AgNPs. The increase in the PDI value for antibiotic-based AgNPs also showed a highly
polydisperse distribution. However, the antibiotic-AgNPs conjugates showed significantly higher activity against
pathogenic bacteria. The addition of antibiotics to AgNPs brought significant changes in structural properties and
antibacterial activities.
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Introduction

The World Health Organization (WHO) and United
Nations have recognized antimicrobial resistance as a
global public health crisis (Temkin et al. 2018). One of
the public health concerns is the production of extended-
spectrum B-lactamase (ESBL) enzymes in bacteria. These
enzymes make the bacteria resistant to most B-lactam
and cephalosporin antibiotics (Eftekhar et al. 2012).
ESBLs are more frequently found in Klebsiella pneu-
moniae, an opportunistic bacteria known for causing
infections in hospitalized patients, specifically those
with a compromised immune system and other underly-
ing diseases (Parveen et al. 2011). K. pneumoniae causes
various human diseases, including pneumonia, bacterae-
mia, urinary tract infections, meningitis, pyogenic liver
abscesses and sepsis. One of the looming problems has
been the spread of K. pneumoniae strains resistant to
cephalosporins due to less hospital hygiene and improper
use of antibiotics (Wiener et al. 1999). ESBL-producing
K. pneumoniae is associated with more than 55% mortal-
ity in case of such infections (Starzyk-Luszcz et al. 2017).
It has been estimated that K. pneumoniae strains have
shown 49.02% resistance to Ceftazidime and variable
resistance to other antibiotics along with Cephalosporins
(Eftekhar et al. 2012). Similarly, other pathogens such as
Pseudomonas aeruginosa are also known for their intrin-
sically advanced antibiotic resistance mechanisms. Stud-
ies have reported the presence of antibiotic-degrading
enzymes such as extended-spectrum [-lactamases like
AmpC cephalosporinases in bacteria including Pseudo-
monas aeruginosa, methicillin-resistant Staphylococ-
cus aureus, and Enterococcus faecalis (Munita and Arias
2016).

These pathogens have been marked as priority patho-
gens for research and development of antibiotics against
them (Temkin et al. 2018). However, owing to the over
and improper use of antibiotics, the advanced mecha-
nisms of antibiotic resistance in these pathogens require
an alternative strategy to tackle them. Nanomaterials
engineered to work against these bacterial strains are a
workable alternative (Vazquez-Muiioz et al. 2019). For
instance, silver nanoparticles (AgNPs) have been used
as nano-antibiotics against Gram-positive and Gram-
negative resistant bacterial strains (Panacek et al. 2009).
Specific attributes of AgNPs, such as their generalized
mode of action, antibacterial properties regardless of
microbial susceptibility, and cost-effectiveness, promises
benefit over conventional antibiotics (Vazquez-Mufoz
et al. 2019). When synthesized via plant extracts, these
AgNPs carry additional properties of being greener, envi-
ronment-friendly, safer and biocompatible (Aromal and
Philip 2012). Plant-based AgNPs have been used exten-
sively against pathogenic bacteria. We have attempted to
use extract from a potent antibacterial plant i.e. Mentha
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longifolia with low doses of existing cephalosporins for
synthesizing AgNPs, which could possess properties of
both extracts based AgNPs and antibiotics. M. longifolia,
or wild mint, is one such plant from the family Lamia-
ceae valued for containing terpenoid oils which assist
in reducing Ag into Ag® during AgNPs synthesis (Far-
zaei et al. 2017). This strategy is intended to decrease
the requirement to provide a high dose of antibiot-
ics and minimize nanoparticle cytotoxicity. Synthesiz-
ing nanoparticles in the presence of antibiotics not only
enhances the antimicrobial activity of AgNPs, but also
results in restoring the antibacterial efficacy against those
resistant strains which had developed resistance against
it. We, therefore, aimed to assess the combined effect of
low doses of cephalosporins with the extract of M. longi-
folia on the synthesis, structural properties and antibac-
terial efficacy of AgNPs (Hassan et al. 2016).

Methods

Synthesis of silver nanoparticles

Plant material and extraction

The plant material was washed with the tap water, shade
dried and ground into a fine powder. To extract metabo-
lites, the plant powder was mixed with the distilled water
at 1:40, respectively. The mixture was allowed to boil for
10 min on a hotplate at 100 °C. After cooling and precipi-
tation of the residual plant material, the supernatant was
collected and filtered using Whatman 2.5 pum filter paper
to remove residues and debris. The filtrate was further
cleaned from any residual particles through centrifuga-
tion (Javed et al. 2020).

Synthesis of antibiotic-supplemented silver nanoparticles
Silver nitrate solution (4 mM) and aqueous extract of
M. longifolia were mixed in 1:2, respectively. Addition-
ally, each of the antibiotics [Ceftazidime (Cft), Cefotax-
ime (Cef), Ceftriaxone (Cfx) and Cefepime (Cpm)] was
added to separate reaction tubes along with an aqueous
extract of M. longifolia and silver nitrate. The ratio of
extract to AgNOj; to antibiotics in the reaction tube was
kept at 1:2:1, respectively. The concentration of the stock
solution for each antibiotic was 1 mg/mL. The reaction
mixtures were kept under the shade on a normal sunny
day for 3 h. The daylight intensity was measured to be
approximately 20,000 Ix. The apparent change in the
colour of the reaction mixture from yellow to dark brown
confirmed the reduction of the Ag+into Ag®. The reac-
tion mixtures were subject to UV-Vis analysis for con-
firmation after three hours (Adil et al. 2019; Javed et al.
2020).
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Characterization of bio-synthesized silver nanoparticles
UV-Visible spectroscopy based confirmation of silver
nanopatrticles

To confirm the synthesis of AgNPs, the absorption bands
of all the reaction mixtures were observed with a UV-vis-
ible spectrophotometer (Biobase BK-S360). The reaction
mixture was diluted five fold in distilled water to obtain
absorption peaks. Aqueous plant extract and antibiotic
solutions were used as a control. An aliquot of 4 mL from
each solution was taken in a crystalline Quartz cuvette
and analyzed in a UV-visible spectrophotometer at 300—
600 nm. After confirmation of AgNPs synthesis, the reac-
tion mixtures were subject to Centrifugation two times at
13,000 rpm for 10 min to extract the AgNPs from the col-
loidal mixture. The obtained pellet was dried and kept for
further analysis (Adil et al. 2019).

Transmission Electron Microscopy for size and morphology
analysis

The size and distribution of AgNPs were compared to
antibiotic-supplemented AgNPs through the analysis
of the samples via Transmission Electron Microscope
(TEM) (JEOL, JEM-2100, Japan). The sample images
were taken at magnification up to 20 nanometres (nm). A
single drop with a volume of 8 pL of the various nanopar-
ticle suspensions was dried onto 200 mesh TEM grids
with a carbon support film. Transmitted electron images
were collected in bright field mode at an accelerating
voltage of 30 kV with the specimen set at an 8 mm work-
ing distance. All the images were analyzed through Image
] software for size variation in plant and antibiotic sup-
plemented AgNPs. Similarly, the images were also ana-
lyzed for changes in the structure of AgNPs synthesized
through supplementation with antibiotics.

X-Ray diffraction analysis

For analysis of the effect of antibiotics on crystal struc-
ture, X-ray diffraction (XRD) studies were carried out
(X-ray diffractometer; JDX-3532, JEOL, Japan). The high-
resolution XRD patterns were measured at 3 kW with
a Cu target using a scintillation counter (A=1.5418 °A)
at 40 kV and 40 mA and were recorded in the range of
20=5°-80".

Fourier transform infrared spectroscopy analysis

The presence of possible functional groups and biomol-
ecules responsible for participating in the synthesis of
AgNPs was confirmed using Fourier transform infra-
red (FTIR) spectroscopy. The AgNPs were resuspended
in distilled water and were subjected to analysis in the
range of 4000—400 waves cm™! via FTIR Spectrometer
(Spectrum Two, Universal ATR, L1600235). The FTIR
spectra of antibiotic-supplemented AgNPs were carefully
analyzed for variations in absorption peaks compared to
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the controls, i.e., Extract of M. longifolia, extract-based
AgNPs and antibiotic solutions.

Dynamic light scattering and Zeta potential measurement
The Dynamic light scattering (DLS) and Zeta potential
analysis of AgNPs and antibiotic supplemented AgNPs
were performed to measure their size and stability in sus-
pension, respectively. The polydispersity index (PDI) was
determined for nanoparticles to indicate their uniformity
of formation and stability. A 3-gm dried extract based-
AgNPs and antibiotic-supplemented-AgNPs were taken
in 5 mL distilled water. The samples were then subjected
to sonication (Power-Sonic 405) for 30 min. The hydro-
dynamic diameter and zeta potential of the samples were
analyzed using Zeta-Sizer Nano (Nano-ZS ZEN 3600,
Malvern) at 25°C at a neutral pH.

Activity of silver nanoparticles against pathogenic strains
The antibacterial activity of the synthesized AgNPs was
assessed by performing the Kirby—Bauer Disk Diffusion
Susceptibility Test method (Bauer et al. 1966) against the
four resistant pathogenic bacterial strains: Pseudomo-
nas aeruginosa (ATCC 25,619), Klebsiella pneumoniae
(ATCC 43,816), Methicillin-resistant Staphylococcus
aureus, and Enterococcus faecalis (ATCC 29,212). The
strains were spread using sterile cotton swabs on nutri-
ent agar after overnight growth in liquid broth. Extract
mediated AgNPs, and antibiotic-mediated AgNPs (Cft-,
Cef-, Cfx- and Cpm-AgNPs), were applied to sterile disks
in the same amount (5 puL each). The zones of inhibition
were measured and represented in millimetres after incu-
bating the plates at 37 °C for 24 h.

Haemolytic assays

To evaluate the cytotoxic effects of AgNPs, an in vitro
haemolytic test was performed on blood collected from
a healthy volunteer. A 3 mL volume of blood was added
to anticoagulant citric acid tubes. Centrifugation was
performed at 1500 x g for 5 min. The supernatant was
discarded, and the pellet was washed three times using
normal saline. The RBC pellet was suspended in a phos-
phate buffer reagent (pH 7.4). Various concentrations of
the AgNPs i.e. (1.25, 2.5, 5, 10, 20 pg/mL) were applied to
the suspended RBC. 1% Triton X-100 was used as a posi-
tive control, while phosphate buffer was kept as a nega-
tive control. The tubes were incubated at 37 °C for 2 h.
After incubation, the samples were centrifuged again at
1500 x g for 10 min. After successful centrifugation, 100
uL of the supernatant was carefully added to a 96 well
plate (Nelsonjoseph et al. 2022). Finally, the optical den-
sity was recorded at 490 nm using a microplate reader
(TSx800 Absorbance Reader, BioTek Inc., USA). The per-
centage of hemolysis was calculated as:
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% hemolysis= (SA — NA) / (PA — NA) x100

* SA=Absorbance of the sample.
* NA=Absorbance of the negative control.
* PA = Absorbance of the positive control.

Results

Characteristic comparison of antibiotic-supplemented
silver nanoparticles

UV-Visible spectroscopy

AgNPs are synthesized because of the reduction of sil-
ver salt in the reaction mixtures by plant compounds. An
apparent change in colour of the solution towards dark
brown indicated the synthesis of AgNPs. The reduction of
silver ions (Ag+) to AgNPs was confirmed by measuring
the UV-Vis absorption of the reaction mixtures. Before
performing UV-vis analysis, the sample was diluted five
folds in distilled water while keeping distilled water as a
baseline for reference. The AgNPs absorbed radiation
between the range of 300—600 nm. In the case of plant
extract based AgNPs, the maximum absorption (A,,)
was recorded at 438 nm (Fig. 1a). Compared to extract-
based AgNPs, the A ,, was 421 nm, 422 nm, 426 nm, and
406 nm for Cft-, Cef-, Cfx- and Cpm-AgNPs, respectively
(Fig. 1a and b). Similarly, the absorbance of light in this
range was higher in the case of AgNPs, while adding
antibiotics reduced the absorption bands in this range
(Fig. 1b).

Identtification of functional groups involved in silver
nanopatrticles synthesis

FTIR analysis was performed to confirm the presence of
potential surface functional groups responsible for differ-
ences in AgNPs and antibiotic supplemented AgNPs. The
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FTIR spectra of M. longifolia extract showed major peaks
at 3264 cm™, 2985 cm™, 1587 cm™,1386 cm™, 1252 cm’,
1051 cm™, and 1033 cm™ (Fig. 2). The broad peak from
3500 cm™ to 3000 cm™ corresponds to stretching vibra-
tions due to -OH and -NH, groups found in terpenoids,
and flavonoids present in the extract of M. longifolia. The
peak from 2800 cm ™™ ! to 3000 cm™ indicates the involve-
ment of strong C-H bonds. The peak at 1386 cm-1 indi-
cates the O—H bending vibrations of phenols, while the
peaks at 1252 cm™}, 1051 cm™}, and 1033 cm™! present the
C-O stretching vibration of alcohols and ether present
in the aqueous extract of M. longifolia. The FTIR spec-
tra of plant extract based AgNPs showed distinct peaks at
2971 cm’, 2333 cm, 1061 cm-1, 465 cm™. The peak at
2971 cm-1 corresponds to the stretching vibrations of the
C-H bonds of aldehydes. The peak at 2333 cm™ could be
assigned to the C=C and C-N functional groups. These
functional groups are due to carbonyl groups, aromatic
rings, and primary and secondary amides of proteins
found in the plant extract. These functional groups might
also be linked with the terpenoids and phenols of plant
extract. The peaks at 1061 cm™ and 465 cm™ correspond
to -C-O vibrations of alcohols and C-H vibrations of aro-
matic rings (Fig. 2).

The major peaks observed for Ceftazidime alone were
1765 cm’, 1616 cm™, 1534 cm™, 1396 cm™, 1157 cm™
and 686 cm™ (Fig. 3). The peak at 1765 cm™ corresponds
to the C=0 stretching of carboxylic acid groups of the
B-lactam ring. The peaks from 1300 to 1700 cm™ could
be attributed to the C=0O carbonyl group and C-N of
amides. The peaks at 1157 cm™ and 686 cm™ corre-
spond to the stretching of C-O-C and -C=C-H, respec-
tively. The major peaks recorded for Cft-AgNPs were
3682 cm’, 2973 cm’, 2924 cm’’, 2846 cm’!, 2325 cm’,
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Fig. 1 Comparative UV-VIS spectrums of Mentha longifolia extract based AgNPs, Cft-AgNPs and Cef-AgNPs (a) and. Cfx-AgNPs and Cpm-AgNPs (b). Plant

extract and the respective antibiotics were used as control
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Fig. 3 FTIR spectra of Cephalosporin mediated green synthesized AgNPs. The peaks correspond to functional groups possibly involved in the AgNPs

capping and synthesis

2084 cm’, 1561 cm™, 1034 cm™, and 460 cm™. After the
synthesis of AgNPs, a significant reduction of bands was
observed in almost all the corresponding peaks, which
revealed the involvement of phenols and terpenoids in
the synthesis and stabilization process. The band reduc-
tion at 1765 cm-1 (C=0), 1616 cm™ (carbonyl group),
1396 cm™ (C-N), 1157 cm™ (C-O-C), and 686 cm’
(-C=C-H) confirmed the conjugation of Ceftazidime
with AgNPs (Fig. 3).

For Cefotaxime alone, the FTIR spectra presented
distinct peaks at 3328 cm, 1392 cm™, 1350 cm,
1288 cm’, 1239 cm™, 1180 cm™, and 1048 cm™. The
peaks at 3328 cm™ indicate the O—H stretching vibra-
tions of phenols and alcohols. The peak at 1392 cm
indicates the symmetric bending of C—H. The peaks at
1350 cm™ and 1288 cm™ indicate the C-N stretching
of aromatic amines, and the peak at 1239 cm™ indicates
aryl -O stretch of Aromatic ethers. The peak at 1180 cm™

indicates the C—N stretch of the amine group, while the
peak at 1048 cm™ indicates the strong C-O stretch of
alcohols and carboxylic acid. For Cef-AgNPs, the FTIR
spectra revealed major peaks at 2988 cm, 2930 cm™,
2165 cml, 1060 cm, and 1032 cm™. The peaks at
2988 cm™ and 2930 cm! indicate the methyl group’s
C-H stretching vibration. The peak at 2165 cm™ indi-
cates the C=C stretching vibrations of terminal alkynes.
Peaks at 1060 cm™ indicate strong C—O stretch of alco-
hols, while the peak at 1032 cm™ indicates Cyclohexane
ring vibrations of the methylene group. The obtained
FTIR spectra of Cef-AgNPs showed a reduction in C-H,
C-N, and C-O bands compared to the spectra of pure
Cefotaxime. These results suggest the efficient loading of
Cefotaxime to AgNPs (Fig. 3).

The FTIR spectra of Ceftriaxone alone presented sharp
peaks at 1738 cm™, 1648 cm, 1607 cm’, 1367 cm,
1032 cm™, 805 cm!, 483 cm’, and a small peak at
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3254 cm’l. The peak at 1738 cm™ corresponds to the
stretching vibration of C=0 carbonyl of B-lactam, while
the peak at 1648 cm™! corresponds to the stretching
vibration of C=0 of carbonyl of amide. The absorp-
tion peak at 1607 cm—-1 and 1367 cm™! correspond to
the stretching vibration of the carbonyl group and C-N,
respectively. The peaks at 1032 cm™ and 805 cm™ could
be assigned to C-O and C-H vibrations. The absorption
band at 3254 cm™ corresponds to the stretching vibra-
tion of the —OH group. After the synthesis of AgNPs,
significant reduction of bands at 3264 cm™, 1051 cm™,
1032 cm™, and 1033 cm™ were recorded, which indi-
cates the possible involvement of the C-O groups
of alcohols in the synthesis and stabilization of Cfx-
AgNPs. The band reduction at C=0 1738 cm™}, C=0
1648 cm™!, carbonyl group 1607 cm™!, C-N 1367 cm™,
and C-O 1033 cm™! confirms the conjugation of Cef-
triaxone with AgNPs (Fig. 3). For Cefepime and Cpm-
AgNPs, the three major common peaks were observed at
3700-3640 cm™?, the second medium absorption peak at
3000—-2890 cm™!, and the third intense absorption peak
observed at 1100-1000 c¢cm™', 1080-1000 cm™', and
1090-1000 cm™ respectively. These peaks correspond
to the strong O-H stretching vibrations of alcohol and
C-O stretching vibrations of ester (Fig. 3). Finally, the
FTIR spectra of Cefepime showed an additional peak at
2150-1880 cm™" which is also observed in Cpm-AgNPs
with a slight shift at 2150—1995 cm™ corresponding to
C=C of terminal alkynes. After the synthesis of AgNPs,
significant reduction of bands at 3264 cm™, 1051 cm™,
1032 cm™, and 1033 cm™ were recorded, which indi-
cates the possible involvement of the C-O groups of
alcohols in the synthesis and stabilization of AgNDPs.
Compared to the antibiotics alone, the distinguishing
peaks altered (Reduction, broadening, disappearance,
and/or frequency shifts) in antibiotic supplemented
AgNPs could be linked with the conjugation of respective
antibiotics with the nanoparticles. The corresponding IR
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spectra of all samples analyzed have been shown in Fig. 2
and Fig. 3.

Determination of the Zeta potential of antibiotic
supplemented silver nanoparticles

The zeta potential of AgNPs and antibiotic supplemented
AgNPs was measured to evaluate their suspension stabil-
ity. The results revealed information regarding the sta-
bility and surface charge of the synthesized AgNPs. For
extract based AgNPs, the average zeta potential value
was —33.6 mV. The results showed that zeta potential
values for all antibiotic-supplemented AgNPs were lesser
than plant-based AgNPs. The average zeta potential val-
ues were recorded as; -19.6 mV for Cft-AgNPs, -2 mV for
Cef-AgNPs, -21.1 mV for Cfx-AgNPs, and —24.2 mV for
Cpm-AgNPs (Fig. 4a and b).

Determination of size of nanopatrticles

The hydrodynamic diameter of both extract-based AgNPs
and antibiotic-supplemented AgNPs was observed using
dynamic light scattering (DLS). The hydrodynamic diam-
eter recorded for extract-based AgNPs was 58.66 d.nm
while 124.4 d.nm for Cft-AgNPs, 91.75 d.nm for Cef-
AgNPs, 165 d.nm for Cfx-AgNPs, and 119.3 d.nm for
Cpm-AgNPs. Similarly, the polydispersity index (PDI)
was calculated as 0.333 for extract-based AgNPs and
0.430, 0.435, 0.727, 1.000, respectively for Cft-AgNPs,
Cef-AgNPs, Cfx-AgNPs, and Cpm-AgNPs. The aver-
age zeta size was 18.2 nm for Cft-AgNPs, 15.7 nm for
Cef-AgNPs, 13.5 nm for Cfx-AgNPs and 105.7 nm for
Cpm-AgNDPs.

Transmission Electron Microscopy of silver nanopatrticles

in comparison with antibiotic-supplemented silver
nanopatrticles

The shape and size of the nanoparticles were studied
using TEM. Antibiotic-supplemented AgNPs were found
to be more dispersed in sizes compared to AgNPs. The
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Fig. 4 Comparison of zeta potential of extract-based AgNPs, Cft-AgNPs and Cef-AgNPs (a) and Cfx-AgNPs and Cpm-AgNPs (b)
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Fig. 5 TEM images of (a) AgNPs, (b) Cft-AgNPs, (c) Cef-AgNPs, (d) Cfx-AgNPs and (e) Com-AgNPs

images showed that extract-based AgNPs were numer-
ous and much smaller in size compared to the antibi-
otic-supplemented nanoparticles (Fig. 5). Among the
extract based AgNPs, most of the nanoparticles were in
the range of 4 to 23 nm averaging around 15 nm. The
general shape of all the nanoparticles was spherical. For
Cft-AgNPs, most nanoparticles were in the range of 9 to
48 nm in diameter with an average size of about 24 nm.
The average size for Cef-AgNPs was 24 nm, with particles
ranging from 8 to 50 nm.

Similarly, TEM images of Cfx-AgNPs revealed the aver-
age size to be 20 nm, with the smallest particle around
7 nm and the largest around 31 nm. Finally, the average
particle size in the case of Cpm-AgNPs was recorded
as 18 nm, with a size ranging from 7 to 28 nm. A closer
high-resolution analysis of TEM images of all the anti-
biotic supplemented AgNPs showed structural changes
around each particle, representing the accumulation of
chemical groups around the particles (Fig. 5).

X-Ray diffraction analysis -based comparison of silver
nanopatrticles and antibiotic-supplemented silver
nanoparticles

XRD was performed to determine the effect of antibiotics
on the crystallinity of AgNPs. The XRD graph of extract

mediated AgNPs indicated distinctive peaks at 26 values
of 38.4, 44.8, and 64.9 degrees which can be indexed to
the (111), (200), and (220) reflection planes (Fig. 6). These
values hint toward the typical pattern of AgNPs, which
are found to have a face-centred cubic (fcc) structure
related to the JCPDS standard 04-0783 (Kohan Baghkhei-
rati et al. 2016). Furthermore, the Bragg peaks character-
istic of Ag nanocrystals were also detected.

The XRD graph of Cft-AgNPs showed distinct peaks at
20 values of 38.15, 44.85, and 64.85. For Cef-AgNDPs, the
diffractogram presented distinct peaks at Bragg’s angles
20 values of 38.35, 44.65, and 64.8 degrees. In the case
of Cfx-AgNPs, the XRD graph indicated distinctive dif-
fraction peaks at 20 values of 27.7, 32.1, and 38.1 degrees.
For Cpm-AgNPs, the XRD graph showed distinct diffrac-
tion peaks at 20 values of 38.35, 44.7, and 64.8. All these
diffraction peaks in antibiotic supplemented AgNPs can
be related to the (111), (200), and (220) reflection planes
of the fcc structure of nanosilver (Fig. 7). The sharp and
narrow diffraction peaks revealed the nanoparticles’
extremely crystalline structure. The interaction between
antibiotics and AgNPs could explain the small shift in
the characteristic planes compared to the standard. The
appearance of no additional peaks indicates the high
purity of the nanoparticles.
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Fig. 6 X-ray diffraction analysis of silver nanoparticles synthesized via extracts of Mentha longifolia

Antibacterial activity

The antibacterial activity of extract- and antibiotic-sup-
plemented AgNPs was tested against four resistant patho-
genic bacterial strains: P aeruginosa, K. pneumoniae,
Methicillin-resistant S. aureus, and E. faecalis. Com-
pared to control, i.e., zones in AgNPs only (8.57 mm),
the inhibition zones recorded against P aeruginosa
were 14.52, 10.90, 12.75, and 10.47 mm for Cft-AgNPs,
Cef-AgNPs, Cfx-AgNPs and Cpm-AgNPs, respec-
tively. Similarly, when applied against K. pneumoniae,
Cft-AgNPs produced 11.75 mm zones, while a zone of
12.75 mm was recorded for Cef-AgNPs, 10.63 mm for
Cfx-AgNPs and 10.88 mm for Cpm-AgNPs as compared
to control (9.61 mm). The zones of inhibition recorded
against MRSA were 12.37 mm, 12.40 mm, 14.05 mm and
12.88 mm for Cft-AgNPs, Cef-AgNPs, Cfx-AgNPs and
Cpm-AgNPs, respectively, as compared to 9.33 mm in
AgNPs. Finally, against E. faecalis the zones of inhibition
measured 9.79 mm, 11.25 mm, 10.33 mm and 9.910 mm
for Cft-AgNPs, Cef-AgNPs, Cfx-AgNPs and Cpm-
AgNPs, respectively compared to 8.29 mm in control.
Most of these zones were recorded to be significantly

different from AgNPs alone (P<0.05). The differences in
the antimicrobial properties might have been due to the
synergism of antibiotics and AgNPs. The conjugates of
AgNPs and antibiotics produced enhanced antimicrobial
potential as compared to AgNPs and antibiotics alone.
Because, in conjugated form, the AgNPs core is sur-
rounded by the supplemented antibiotics which provides
increased concentration at the desired site and resulting
in enhanced antimicrobial activities. The star represents
significant values for Tukey’s multiple comparison test
(Fig. 8).

Haemolytic assays for assessing the cytotoxicity of antibiotic-
supplemented nanoparticles

The haemolytic effect of the plant extract mediated
AgNPs and antibiotic-supplemented AgNPs was inves-
tigated against human erythrocytes. The results showed
that the haemolytic action on the red blood cells for all
types of nanoparticles was less than 5%. The highest hae-
molysis recorded was 3.09% in the case of Cef-AgNPs
when administered against RBCs at a concentration of
20 pg/mL. The other antibiotic-supplemented AgNPs i.e.,
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Fig. 7 X-ray diffraction analysis of antibiotic mediated silver nanoparticles, including Cft-AgNPs, Cef-AgNPs, Cfx-AgNPs, and Cpm-AgNPs

Cft-AgNPs, Cfx-AgNPs and Cpm-AgNPs showed 2.93%,
2.43%, and 2.22% haemolysis when applied in concentra-
tion of 20 pg/mL (Table 1). Compared to antibiotic-sup-
plemented AgNPs, plant extract-based AgNPs showed
2.60% haemolysis while the positive control, i.e., Triton
X-100, exhibited 100%, and the negative control, i.e., PBS
buffer, exhibited 0.002% haemolysis. At lower concentra-
tions, all types of AgNPs showed lesser haemolytic prop-
erties. The observed haemolytic profile of these AgNPs
could be attributed to their surface chemistry, size, and
physiochemical properties.

Discussion

Medicinal plants have been utilized to synthesize nano-
materials in the last few years. Mentha longifolia is also
one of the medicinal plants from the family Lamiaceae.
Many of these oil-producing plants are from the same
family (Mashwani et al. 2016). The plant is known to con-
tain the biomolecules in essential oils that are considered
crucial agents in AgNPs synthesis (Song and Kim 2009).
This study used the extracellular approach of synthesiz-
ing nanoparticles from M. longifolia aqueous extract. The

apparent change in the colour of the reaction mixture
was an indication of AgNPs synthesis, which was further
confirmed by UV-Visible spectroscopy. A peak present
in the range between 400 and 500 is generally attrib-
uted to AgNPs and is well documented for nanoparticles
with a size ranging from 1 to 100 nm (Henglein 1993).
This study recorded the maximum wavelength (A,,) at
438 nm for plant extract-based AgNPs. The essential oils
found in the plant extract, such as terpenoid (monoter-
penes and sesquiterpenes), are commonly observed to
reduce the metallic silver to silver nanoparticles (Javed
and Nadhman 2020). Compared with antibiotic-supple-
mented AgNPs, a blue shift was observed towards, i.e.,
421 nm, 422 nm, 426 nm, and 406 nm for Cft-AgNPs,
Cef-AgNPs, Cfx-AgNPs and Cpm-AgNPs, respectively.
The blue shift might have occurred due to the involve-
ment of various functional groups from antibiotics in the
reduction and capping process, as confirmed by the FTIR
results. The characteristics and patterns of functional
groups involved in the capping of nanoparticles were
revealed via FTIR analysis. Comparing the Infrared spec-
trum of concerned antibiotics and M. longifolia with that
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Fig. 8 Results of antibacterial activity of plant based AgNPs, Cft-AgNPs, Cef-AgNPs, Cfx-AgNPs and Cpm-AgNPs against various resistant pathogens

through disc diffusion method
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Table 1 Percent inhibition of human erythrocytes to determine
the hemolytic potential of plant vs. antibiotic mediated AgNPs.
Nanoparticle type

Percent hemolysis (%) at different con-
centrations of nanoparticles (ug/mL)

20 10 5 2.5 1.25
AgNPs 2.609 1436 0.928 0.175 0.501
Cft-AgNPs 2.931 1.851 1.515 1.021 0.671
Cef-AgNPs 3.093 1.903 1.797 1.092 0.921
Cfx-AgNPs 2433 0.752 0.351 0.526 0.512
Cpm-AgNPs 2224 1427 1412 1.397 0.767

of extract-based AgNPs and antibiotic-supplemented
AgNPs showed that functional groups such as phenols
and alcohol, and terpenes are present in all samples sug-
gests that these functional groups might be responsible
for metal ion bio-reduction and nanoparticles synthesis.

Rapid aggregation of nanoparticles, along with their
conjugating functional groups, may also be the reason
behind the blue shift in wavelengths (Perveen et al. 2018).
Another reason for the shift in the peaks might be the
polarity difference between the excited and ground state.
This difference corresponds to the increase or decrease
in the energy gap between the ground and excited states.
As explained by Mie’s theory, spherical metal nanopar-
ticles should have only one SPR band in their absorption
spectra, while anisotropic nanoparticles could have two
or more SPR bands, depending on their form (He et al.
2002). A single SPR peak was seen in our study for all
the synthesized nanoparticles, i.e., plant extract-based
AgNPs, and antibiotic-supplemented AgNPs, indicating
that our AgNPs were spherical, which correlates with the
TEM results.

TEM analysis was carried out for both plant extract-
based AgNPs, and antibiotic-supplemented AgNPs.
From TEM images, it can be observed that extract-based
AgNPs were in the range of 4-23 nm. While antibiotic-
supplemented AgNPs were in the range of 7-50 nm. The
nanoparticles were found to be polydisperse and spheri-
cal. The TEM images (Fig. 5) clearly show the existence
of nanoparticles surrounded by layers of coating materi-
als compared to images from extract-based AgNPs (Raut
Rajesh et al. 2009). As confirmed by FTIR, the capping
could be assigned to the conjugation of antibiotic func-
tional groups to AgNPs.

Studies have reported that the difference in size
between the NPs size analysis by TEM and DLS measure-
ments is because DLS calculates the hydrodynamic diam-
eter of the NPs. In contrast, TEM measures the metallic
core of the NPs (Poda et al. 2011). The zeta potential
value in the range of 0 to £10, £10 to 20, and 30 mV indi-
cates highly unstable, stable and highly stable nanopar-
ticles, respectively (Ardani et al. 2017). The zeta potential
analysis revealed the negative charge of both extracts-
based AgNPs and antibiotic-supplemented AgNPs. The
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average zeta potential decreased from —33.6 mV to -19.6
mV in Cft-AgNPs, -2 mV in Cef-AgNPs, -21.1 mV in Cfx-
AgNPs, and —24.2 mV in Cpm-AgNPs which indicates
the formation of moderately stable AgNPs upon conju-
gation of antibiotics with the AgNPs. The surface charge
shifted towards positive in the case of antibiotic-supple-
mented AgNPs. Aggregation between AgNPs and antibi-
otics might have occurred due to the attraction of these
positive-negative charges. However, the negative value
of zeta potential supports long-term stability, better col-
loidal nature, and high dispersity of the nanoparticles. A
lower PDI value indicates evenly sized particles, while a
higher PDI value shows a broader range of particle sizes.
The PDI for extract based AgNPs was calculated as 0.333,
while 0.430, 0.435, 0.727, and 1.000 for Cft-AgNPs, Cef-
AgNPs, Cfx-AgNPs, and Cpm-AgNDPs, respectively. The
increase in PDI value indicates that the nanosystem has
highly polydisperse distribution and that antibiotics have
played a significant role in their fabrication. From the
results of DLS and zeta potential, it can be concluded
that while conferring a significant effect on the struc-
ture and chemistry of the nanoparticles, antibiotics have
decreased their colloidal stability. Further engineering of
these nanomaterials will be needed to increase their sta-
bility in liquid systems.

The crystal structure of these nanoparticles was ana-
lyzed using XRD results. Figure 6 & 7 shows the XRD
patterns of extract-mediated AgNPs and antibiotic-sup-
plemented AgNPs. Extract-mediated AgNPs and antibi-
otic-supplemented AgNPs both crystallized to form the
face-centred cubic structures. This result correlated well
with the previous studies reporting plant extracts-based
synthesis of AgNPs (Jeyaraj et al. 2013). In neither of
the diffractograms, there was no evidence of any of the
impurity or oxide phases. All the diffractograms include
diffraction peak positions that are quite like the conven-
tional diffraction patterns of Ag (JCPDS 04-0783). Dif-
fractograms with broad peaks suggest that nanoparticle
crystallite sizes are small (Khurana et al. 2016).

The development of rapid antimicrobial resistance
is a serious threat towards human life. Once an indi-
vidual is infected by a multi drug resistant pathogen,
the infected person will need to be treated with broad
spectrum antibiotics that are toxic as well as less effec-
tive (Webb et al. 2005). The researchers are trying to uti-
lize metal nanoparticles especially AgNPs to overcome
drug resistance (Gemmell et al. 2006). AgNPs itself are
strong antimicrobials but they are toxic and not environ-
ment friendly as compared to green synthesized AgNPs.
Green synthesized AgNPs possess lower cellular toxic-
ity and are environment friendly. The green synthesized
AgNPs when conjugated with low doses of antibiotics
possesses higher antimicrobial potential as compared
to AgNPs alone and antibiotics alone. The conjugated
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form of AgNPs have larger surface area which favours
the enhanced antimicrobial activity (Thomas et al. 2020).
Higher doses of AgNPs alone and antibiotics alone are
required to achieve the same results as conjugates of
AgNPs and antibiotics which contain smaller quantity of
AgNPs and antibiotics. Briefly, the antibiotic-AgNPs con-
jugates reduces the antibiotic dose required to achieve
similar results which makes it safe and much effective
(Fayaz et al. 2010). It has been reported that when the
nanoparticles are conjugated with antibiotics, the quan-
tity of drug required is lower, which ultimately lowers its
toxicity and minimizes the risk of resistance development
(Zhou et al. 2016).

In this study, we analyzed the combined effects of
plant extract and antibiotics while synthesizing AgNPs
against pathogenic strains of bacteria, i.e., P aeruginosa,
K. pneumoniae, S. aureus, and E. faecalis using disc diffu-
sion antibacterial assay. The reason behind the selection
of these pathogens is their resistance to Cephalosporins.
The inhibition zones in each type of AgNPs confirmed
that the conjugates of AgNPs and antibiotics except
Cpm-AgNPs possess higher antimicrobial potential than
AgNPs and antibiotics alone while working synergisti-
cally. According to Dunnett’s multiple comparison test,
the results in the case of Cft-AgNPs, Cef-AgNPs, and
Cfx-AgNPs were significantly different from control, i.e.,
plant extract based AgNPs (p<0.05). The enhanced effect
of AgNPs with antibiotics for all the conjugates except
Cpm-AgNPs was notably seen against all the tested
pathogens. Although the results showed significant dif-
ferences among zones of inhibition, the lack of drastic
differences between them points toward one possibility.
As can be seen with all antibiotic supplemented AgNPs,
the lower zeta potential indicates their lesser stability
once they get functional groups from antibiotics during
synthesis. This means that AgNPs might form agglomer-
ates and thus cannot travel farther in the gelled medium
for disc diffusion compared to their potential against bac-
teria (Kourmouli et al. 2018).

The exact mechanism is still under investigation; how-
ever, studies have proposed that the conjugates of AgNPs
and antibiotic complex will release Ag* at a higher rate
than AgNPs alone. Moreover, it has also been reported
that the conjugation of AgNPs and antibiotics will effec-
tively increase antibiotic concentration at the desired
site (Allahverdiyev et al. 2011). Another study reported
that bacteria’s cell wall is ruptured by Ag* ions released
from AgNDPs, ultimately leading to cell death (Yu-sen et
al. 1998). Another mechanism includes the combina-
tion of oxygen and silver and its reaction with sulfhydryl
groups present on the cell wall, resulting in R-S-S—-R
bonds, thus inhibiting respiration and ultimately lead-
ing to cell death (Kumar et al. 2004). The tested bacte-
ria, usually Cephalosporins resistant, were much more
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susceptible to AgNPs, especially Cft-AgNPs, Cef-AgNDPs,
and Cfx-AgNPs. Hence, the application of antibiotic-
supplemented AgNPs is suggested as an alternative solu-
tion to the resistance developed by the pathogens against
Cephalosporins (Harshiny et al. 2015). In addition, we
also studied the cellular toxicity of AgNPs. We performed
the haemolytic assay of both extract-based AgNPs and
antibiotic-supplemented AgNPs, and the results corre-
lated with the previous studies (Balaji et al. 2009). The
results showed that the extract-based AgNPs and anti-
biotic-supplemented AgNPs did not cause any harm to
RBCs in lower concentrations. This validates the utiliza-
tion of biologically synthesized NPs compared to the NPs
synthesized through physical and chemical methods that
are more toxic.

AgNPs can be utilized with various antibiotics as a
novel therapy for multidrug-resistant clinical isolates
(Swami et al. 2019). By supplementing antibiotics during
the synthesis of nanoparticles, the toxicity of both AgNPs
and drugs towards human cells decreases, while their
bactericidal efficacy against resistant bacteria increases
(Hassan et al. 2016). AgNPs are selective toward cell
membranes, allowing them to act as drug carriers by
delivering antibiotics to the cell surface. AgNPs bind to
the sulphur-containing proteins and increase the cell
membrane’s permeability. As a result, antibiotic penetra-
tion into the cell is made easier. Combination approaches
for preventing antibiotic resistance are receiving a lot of
attention, and they’re used to administer low doses of
antibiotics. As a result, pathogens’ chances of develop-
ing resistance are reduced (Adil et al. 2019). The results
revealed the synergistic effect of AgNPs on all the tested
pathogens in conjugation with Ceftazidime, Cefotaxime,
and Ceftriaxone. The antibiotic-supplemented AgNPs
showed increased antimicrobial efficacy as compared to
AgNPs and antibiotics alone. Both AgNPs and antibi-
otic-supplemented AgNPs possess lower cellular toxic-
ity to RBCs in lower concentrations. Thus, the prepared
antibiotic-supplemented AgNPs would pave the way for
effective treatment and could serve as alternative medi-
cine against Cephalosporin-resistant pathogens. Fur-
ther experimental studies are required to investigate the
mechanism of synergism of antibiotic-supplemented
AgNPs.

Acknowledgements

The authors acknowledge the role of the International Foundation for
Science, Sweden, and the University of Malakand administration in
providing a conducive environment for research activities. The authors
thank MPhil students Ms Reema Igbal and Ms Maham Khan for their help
with antibacterial activities. Muhammad Adil acknowledges the support
provided by the National Key R&D Program of China (2021YFA1200900) and
the Strategic Priority Research Program of the Chinese Academy of Sciences
(XDB36000000).



Adil et al. AMB Express (2023) 13:115

Authors’ contributions

MA, SA, UA and IU completed the initial experiments. MA, and TK drafted the
manuscript. MM, MU and AR performed analysis of the material. TK conceived
the idea, supervised the work and completed drafting the manuscript.

Funding
The work was funded through the international foundation for science’s grant
IFS-6455-1.

Data and code availability
Not Applicable.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Conflict of interest or competing interests
The authors declare no conflicts of interest.

Received: 24 January 2023 / Accepted: 3 October 2023
Published online: 17 October 2023

References

Adil M, Khan T, Aasim M, Khan AA, Ashraf M (2019) Evaluation of the antibacterial
potential of silver nanoparticles synthesized through the interaction of anti-
biotic and aqueous callus extract of Fagonia indica. AMB Express 9(1):1-12

Allahverdiyev AM, Kon KV, Abamor ES, Bagirova M, Rafailovich M (2011) Coping
with antibiotic resistance: combining nanoparticles with antibiotics and
other antimicrobial agents. Expert Rev anti-infective Therapy 9(11):1035-1052

Ardani H, Imawan C, Handayani W, Djuhana D, Harmoko A (2017) Fauzia V
Enhancement of the stability of silver nanoparticles synthesized using
aqueous extract of Diospyros discolor Willd. leaves using polyvinyl alcohol.
In: IOP Conference Series: Materials Science and Engineering, vol 188.10P
Publishing, p 012056

Aromal SA, Philip D (2012) Green synthesis of gold nanoparticles using Trigonella
foenum-graecum and its size-dependent catalytic activity. Spectrochimica
acta Part A: Molecular Biomolecular Spectroscopy 97:1-5

Balaji D, Basavaraja S, Deshpande R, Mahesh DB, Prabhakar B, Venkataraman A
(2009) Extracellular biosynthesis of functionalized silver nanoparticles by
strains of Cladosporium cladosporioides fungus. Colloids Surf B: Biointerfaces
68(1):88-92

Bauer AW, Kirby WM, Sherris JC, Turck M (1966) Antibiotic susceptibility testing by a
standardized single disk method. Am J Clin Pathol 45(4):493-496

Eftekhar F, Rastegar M, Golalipoor M, Mansoursamaei N (2012) Detection of
extended spectrum B-Lactamases in urinary Isolates of Klebsiella pneumoniae
in relation to blaSHY, blaTEM and blaCTX-M gene carriage. Iran J Public
Health 41(3):127

Farzaei MH, Bahramsoltani R, Ghobadi A, Farzaei F, Najafi F (2017) Pharmacologi-
cal activity of Mentha longifolia and its phytoconstituents. J Tradit Chin Med
37(5):710-720

Fayaz AM, Balaji K, Girilal M, Yadav R, Kalaichelvan PT, Venketesan R (2010) Biogenic
synthesis of silver nanoparticles and their synergistic effect with antibiotics:
a study against gram-positive and gram-negative bacteria. Nanomed Nano-
technol Biol Med 6(1):103-109. https://doi.org/10.1016/j.nan0.2009.04.006

Gemmell CG, Edwards D, Fraise AP, Gould FK, Ridgway GL, Warren RE (2006)
Guidelines for the prophylaxis and treatment of methicillin-resistant
Staphylococcus aureus (MRSA) infections in the UK. J Antimicrob Chemother
57(4):589-608. https://doi.org/10.1093/jac/dkl017

Harshiny M, Matheswaran M, Arthanareeswaran G, Kumaran S, Rajasree SJE (2015)
safety e Enhancement of antibacterial properties of silver nanoparticles—cef-
triaxone conjugate through Mukia maderaspatana leaf extract mediated
synthesis. 121:135-141

Hassan M, Ismail M, Moharram A, Shoreit AJAJMR (2016) Synergistic effect of
Biogenic Silver-nanoparticles with 3 lactam Cefotaxime against Resistant

Page 13 of 14

Staphylococcus arlettae AUMC b-163 isolated from T3A Pharmaceutical Clean-
room, Assiut, Egypt. Am J Microbiol Res 4:132-137

He R, Qian X, Yin J, Zhu Z (2002) Preparation of polychrome silver nanoparticles in
different solvents. J Mater Chem 12(12):3783-3786

Henglein A (1993) Physicochemical properties of small metal particles in solution:
microelectrode reactions, chemisorption, composite metal particles, and the
atom-to-metal transition. J Phys Chem 97(21):5457-5471

Javed B, Nadhman A (2020) Optimization, characterization and antimicrobial
activity of silver nanoparticles against plant bacterial pathogens phyto-
synthesized by Mentha longifolia. Mater Res Express 7(8):085406

Javed B, Nadhman A, Mashwani Z-u-R (2020) Phytosynthesis of Ag nanoparticles
from Mentha longifolia: their structural evaluation and therapeutic potential
against HCT116 colon cancer, Leishmanial and bacterial cells. Appl Nanosci
10:3503-3515

Jeyaraj M, Sathishkumar G, Sivanandhan G, MubarakAli D, Rajesh M, Arun R,
Kapildev G, Manickavasagam M, Thajuddin N, Premkumar K (2013) Biogenic
silver nanoparticles for cancer treatment: an experimental report. Colloids
Surf B: Biointerfaces 106:86-92

Khurana C, Sharma P, Pandey O, Chudasama B (2016) Synergistic effect of metal
nanoparticles on the antimicrobial activities of antibiotics against biorecy-
cling microbes. J Mater Sci Technol 32(6):524-532

Kohan Baghkheirati E, Bagherieh-Najjar MB, Khandan Fadafan H, Abdolzadeh A
(2016) Synthesis and antibacterial activity of stable bio-conjugated nanopar-
ticles mediated by walnut (Juglans regia) green husk extract. J Exp Nanosci
11(7):512-517

Kourmouli A, Valenti M, van Rijn E, Beaumont HJE, Kalantzi O, Schmidt-Ott A,
Biskos G (2018) Can disc diffusion susceptibility tests assess the antimicrobial
activity of engineered nanoparticles? J Nanotparticle Res 20(3):62. https://doi.
0rg/10.1007/511051-018-4152-3

Kumar VS, Nagaraja B, Shashikala V, Padmasri A, Madhavendra SS, Raju BD, Rao KR
(2004) Highly efficient Ag/C catalyst prepared by electro-chemical deposi-
tion method in controlling microorganisms in water. J Mol Catal A: Chem
223(1-2):313-319

Mashwani Z-u-R, Khan MA, Khan T, Nadhman A (2016) Applications of plant terpe-
noids in the synthesis of colloidal silver nanoparticles. Adv Colloid Interface
Sci 234:132-141. https://doi.org/10.1016/j.cis.2016.04.008

Munita JM, Arias CA (2016) Mechanisms of Antibiotic Resistance. Microbiol Spectr
4(2). https://doi.org/10.1128/microbiolspecVMBF-0016-2015

Nelsonjoseph L, Vishnupriya B, Amsaveni R, Bharathi D, Thangabalu S, Rehna P
(2022) Synthesis and characterization of silver nanoparticles using Acremo-
nium borodinense and their anti-bacterial and hemolytic activity. Biocatal
Agric Biotechnol 39:102222

Panacek A, Kolar M, Vecefovd R, Prucek R, Soukupova J, Krystof V, Hamal P, Zbofil R,
Kvitek L (2009) Antifungal activity of silver nanoparticles against Candida spp.
Biomaterials 30(31):6333-6340

Parveen R, Khan MA, Menezes GA, Harish BN, Parija SC, Hays J (2011) Extended-
spectrum B-lactamase producing Klebsiella pneumoniae from blood cultures
in Puducherry, India. Indian J Med Res 134(3):392

Perveen S, Safdar N, Yasmin A (2018) Antibacterial evaluation of silver nanopar-
ticles synthesized from lychee peel: individual versus antibiotic conjugated
effects. World J Microbiol Biotechnol 34(8):1-12. https://doi.org/10.1007/
$11274-018-2500-1

Poda AR, Bednar AJ, Kennedy AJ, Harmon A, Hull M, Mitrano D, Ranville JF,
Steevens J (2011) Characterization of silver nanoparticles using flow-field
flow fractionation interfaced to inductively coupled plasma mass spectrom-
etry.J Chromatogr A 1218(27):4219-4225

Raut Rajesh W, Lakkakula Jaya R, Kolekar Niranjan S, Mendhulkar Vijay D, Kashid
Sahebrao B (2009) Phytosynthesis of silver nanoparticle using Gliricidia
sepium (Jacq). Curr Nanosci 5(1):117-122

Song JY, Kim BS (2009) Rapid biological synthesis of silver nanoparticles using
plant leaf extracts. Bioprocess Biosyst Eng 32(1):79-84

Starzyk-tuszcz K, Zielonka TM, Jakubik J, Zycinska K (2017) Mortality due to noso-
comial infection with Klebsiella pneumoniae ESBL + clinical management of
Pulmonary Disorders and Diseases. Springer, pp 19-26

Swami A, Mirlekar K, Baveja S (2019) Individual and combined efficacy of silver
nanoparticles and different antibiotics against multidrug-resistant clinical
isolates. IOSR J Dent Med Sci 18:75-79

Temkin E, Fallach N, Aimagor J, Gladstone B, Tacconelli E, Carmeli Y (2018) Estimat-
ing the number of infections caused by antibiotic-resistant Escherichia coli
and Klebsiella pneumoniae in 2014: a modelling study. Lancet Global Health
6(9):¢969-€979


https://doi.org/10.1016/j.nano.2009.04.006
https://doi.org/10.1093/jac/dkl017
https://doi.org/10.1007/s11051-018-4152-3
https://doi.org/10.1007/s11051-018-4152-3
https://doi.org/10.1016/j.cis.2016.04.008
https://doi.org/10.1128/microbiolspec.VMBF-0016-2015
https://doi.org/10.1007/s11274-018-2500-1
https://doi.org/10.1007/s11274-018-2500-1

Adil et al. AMB Express (2023) 13:115

Thomas R, Jishma P, Snigdha S, Soumya KR, Mathew J, Radhakrishnan EK (2020)
Enhanced antimicrobial efficacy of biosynthesized silver nanoparticle
based antibiotic conjugates. Inorg Chem Commun 117:107978. https://doi.
0rg/10.1016/j.inoche.2020.107978

Vazquez-Munoz R, Meza-Villezcas A, Fournier P, Soria-Castro E, Juarez-Moreno K,
Gallego-Hernandez A, Bogdanchikova N, Vazquez-Duhalt R, Huerta-Saquero
A (2019) Enhancement of antibiotics antimicrobial activity due to the silver
nanoparticles impact on the cell membrane. PLoS ONE 14(11):e0224904

Webb GF, D'Agata EMC, Magal P, Ruan S (2005) A model of antibiotic-resistant bac-
terial epidemics in hospitals. Proc Natl Acad Sci 102(37):13343-13348. https://
doi.org/10.1073/pnas.0504053102

Wiener J, Quinn JP, Bradford PA, Goering RV, Nathan C, Bush K, Weinstein RA
(1999) Multiple antibiotic-resistant Klebsiella and Escherichia coli in nursing

Page 14 of 14

Homes. J Americal Med Association 281(6):517-523. https://doi.org/10.1001/
jama.281.6.517

Yu-sen EL, Vidic RD, Stout JE, McCartney CA, Victor LY (1998) Inactivation of Myco-
bacterium avium by copper and silver ions. Water Res 32(7):1997-2000

Zhou X-H, Wei D-X, Ye H-M, Zhang X, Meng X, Zhou Q (2016) Development of
poly(vinyl alcohol) porous scaffold with high strength and well ciprofloxa-
cin release efficiency. Mater Sci Engineering: C 67:326-335. https://doi.
0rg/10.1016/j.msec.2016.05.030

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/j.inoche.2020.107978
https://doi.org/10.1016/j.inoche.2020.107978
https://doi.org/10.1073/pnas.0504053102
https://doi.org/10.1073/pnas.0504053102
https://doi.org/10.1001/jama.281.6.517
https://doi.org/10.1001/jama.281.6.517
https://doi.org/10.1016/j.msec.2016.05.030
https://doi.org/10.1016/j.msec.2016.05.030

	﻿Efficient green silver nanoparticles-antibiotic combinations against antibiotic-resistant bacteria
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Synthesis of silver nanoparticles
	﻿Plant material and extraction
	﻿Synthesis of antibiotic-supplemented silver nanoparticles


	﻿Characterization of bio-synthesized silver nanoparticles
	﻿UV-Visible spectroscopy based confirmation of silver nanoparticles
	﻿Transmission Electron Microscopy for size and morphology analysis
	﻿X-Ray diffraction analysis
	﻿Fourier transform infrared spectroscopy analysis
	﻿Dynamic light scattering and Zeta potential measurement
	﻿Activity of silver nanoparticles against pathogenic strains
	﻿Haemolytic assays

	﻿Results
	﻿Characteristic comparison of antibiotic-supplemented silver nanoparticles
	﻿UV-Visible spectroscopy
	﻿Identification of functional groups involved in silver nanoparticles synthesis
	﻿Determination of the Zeta potential of antibiotic supplemented silver nanoparticles
	﻿Determination of size of nanoparticles
	﻿Transmission Electron Microscopy of silver nanoparticles in comparison with antibiotic-supplemented silver nanoparticles
	﻿X-Ray diffraction analysis -based comparison of silver nanoparticles and antibiotic-supplemented silver nanoparticles


	﻿Antibacterial activity
	﻿Haemolytic assays for assessing the cytotoxicity of antibiotic-supplemented nanoparticles

	﻿Discussion
	﻿References


