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Abstract

This study assesses the mechanism of action of plant-based silver nanoparticles (AgNPs) against antibiotic-resistant bacteria.
We compared AgNPs synthesized through Salvia moorcroftiana and Origanum vulgare extracts and their conjugates with
the antibiotic Ceftriaxone for their capacity to cause oxidative damage through reactive oxygen species (ROS). We quantified
ROS in the cells of two bacterial strains after treating them with all AgNP types and observed that AgNPs were most effec-
tive in K. pneumoniae as they resulted in the highest ChS1 count (44,675), while in P. aeruginosa, Cfx-AgNPs induced the
highest levels of ROS with ChS1 count of 56,865. DNA analysis showed that both plant-based AgNPs (O-AgNPs=0.192
and S-AgNPs=0.152) were most effective in K. pneumoniae and S-AgNPs (abs =0.174) and O-Cfx-AgNPs (abs=0.261) in
P. aeruginosa. We observed a significant increase in the levels of conjugated dienes (86.4 pM) and malondialdehyde (172.25
nM) in the bacterial strains after treatment with AgNPs, compared to the control (71.65 pM and 18.064 nM, respectively, in
K. pneumoniae and P. aeruginosa). These results indicate lipid peroxidation. AgNPs also increased the levels of protein thiols
(0.672 nM) compared to the control (0.441 nM) in K. prneumoniae, except for Chem-AgNPs (0.21 nM). These results suggest
that plant-based AgNPs are more effective in oxidizing bacterial DNA, protein, and lipids than Chem-AgNPs. Furthermore,
protein oxidation varied between AgNPs alone and AgNPs-antibiotic conjugates. The highest levels of protein thiols were
found in the samples treated with O-Cfx-AgNPs (0.672 nM and 0.525 nM in K. pneumoniae and P. aeruginosa, respectively).
The results demonstrated that AgNPs kill bacteria by altering bacterial macromolecules such as DNA, lipids, and proteins.
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Introduction

Antibiotic resistance is a global concern and a constant
threat to health and the economy. According to some studies,
antibiotic-resistant Pseudomonas aeruginosa causes serious
infection with a mortality rate ranging from 18% to 61%
(Kang et al. 2003). Antibiotic resistance is usually caused
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by mutation. However, over-prescription or overuse of anti-
biotics pushes the bacteria to evolve and develop antibiotic
resistance (Diao et al. 2022). Cephalosporin antibiotics
kill bacteria by inhibiting the synthesis of peptidoglycan, a
major component of the bacterial cell wall (Nie et al. 2022).
Cephalosporins are known for their f-lactamase stability
and their ability to easily penetrate the bacterial cell wall.
Similar to other f-lactam cephalosporins, ceftriaxone exerts
its mechanism of action by inhibiting cell wall synthesis
through covalent binding to the penicillin-binding protein
(PBP) of bacteria (Jelinkova et al. 2019). The primary factor
contributing to the antibacterial effectiveness of ceftriaxone
is its stability against f-lactamases. However, the excessive
use of ceftriaxone has resulted in the emergence of resist-
ance in various bacterial strains, including Klebsiella pneu-
moniae and Pseudomonas aeruginosa. To counteract the
B-lactamase stability of ceftriaxone, bacteria have developed
resistance by producing extended-spectrum p-lactamases
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(Bush and Bradford 2019). Modifying the existing antibi-
otics or seeking new ones are merely temporary solutions.
There is a requirement for multidimensional, cost-effective,
and highly efficient strategies to combat multi-drug-resistant
bacteria.

Nanotechnology utilizes various nanomaterials, includ-
ing organic, inorganic, metallic, and non-metallic nanoparti-
cles, to address this challenge. Nanoparticles possess unique
properties such as shape, size, and surface-to-volume ratio
(Gupta et al. 2019). Among inorganic metallic nanoparti-
cles, silver (Ag), gold (Au), zinc (Zn), copper (Cu) and iron
oxide (FeO) nanoparticles are widely used for their antimi-
crobial effects (Singh et al. 2020). Because of their better
efficacy against many strains of pathogenic bacteria, AgNPs
have proved to be more effective than gold, zinc, iron, cop-
per, and other metallic nanoparticles (Shehzad et al. 2018).
Chinnathambi et al. (2023) used AgNPs against Gram-
negative bacterial strains; Vibrio cholera and Escherichia
coli and found these effective against both strains of bac-
teria. Although, they also reported that the growth of all
the strains was either slowed down or inhibited by apply-
ing different AgNPs concentrations. Akter and Huq (2020)
suggested that AgNPs work like growth inhibitors against
pathogenic bacteria as he studied them against Escherichia
coli and Staphylococcus aureus. Tang and Zheng (2018)
studied the mechanism of AgNPs against P. aeruginosa and
E. coli. It has been discovered that these AgNPs modify the
permeability of the cell wall and cell membrane, ultimately
resulting in cell death. This demonstrates that AgNPs not
only hinder bacterial growth but also induce their demise
by compelling them to compromise the permeability of their
cell wall and cell membrane. While studying the effect of
the size of AgNPs on their effectiveness against bacteria,
Kong et al. (2020) proved that the bactericidal effects of
AgNPs increase as their sizes decrease. Biological meth-
ods, also known as green synthesis, are favored for AgNPs
synthesis because they are less toxic, environment-friendly,
less expensive, and require less energy (Roy et al. 2019).
Given these benefits, plants, plant extracts, and phenolic
compounds isolated from plants can serve as alternatives to
the hazardous chemical and physical methods employed in
synthesizing AgNPs. These natural sources are abundant in
metabolites such as flavonoids, terpenoids, carvacrol, phe-
nolic acids, and diverse essential oils. As a result, they have
been extensively utilized for the synthesis of antibacterial
AgNPs (Khafaga et al. 2020; Bano et al. 2022; Ahmed et al.
2018). Research studies suggest that AgNPs cause oxidative
stress in bacteria by altering their macromolecules, such as
lipids, proteins, and nucleic acid, causing lipid oxidation
and protein peroxidation by producing reactive oxygen spe-
cies (ROS) (Yu et al. 2020). ROS suppress the antioxidant
defense causing mechanical damage to membranes through
oxidation of the constituent biomolecules (Dumanovi¢ et al.
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2021). This damage leads to cell membrane permeability
and hence cell death. when ROS are generated, the oxygen
species can weaken the hydrogen bonds and hence denatur-
ing the double-stranded DNA (Rosli et al. 2021). Polyun-
saturated fatty acids are the usual targets for lipid peroxida-
tion because fatty acids possess multiple double bonds with
reactive hydrogen atoms and are the main elements in the
cell membrane components of bacteria (Xu et al. 2012).
AgNPs-induced protein oxidation results in the damage of
proteins either by modifying the amino side chains or result-
ing in the cleavage of peptide bonds, causing protein dam-
age. Chemically synthesized AgNPs cause growth inhibition
and oxidative stress in Gram-positive and Gram-negative
strains of bacteria because of the higher affinity of positively
charged AgNPs for the negatively charged peptidoglycan
layer (Zhang et al. 2018). However, the effects of plant-based
AgNPs on macromolecules such as DNA, lipids and pro-
teins have not been assessed. In addition, less work is done
on the antibacterial mechanism of plant-based AgNPs and
AgNPs-antibiotic. Therefore, this study aimed to assess the
effects of plant-based AgNPs induced oxidative damage to
the DNA, lipids and proteins of multi-drug resistant bacteria.
This study also aimed to investigate the mechanism of action
of green-synthesized plant-based AgNPs against antibiotic-
resistant bacteria.

Materials and methods

Biosynthesis and characterization of silver
nanoparticles

Medicinal plants S. moorcroftiana and O. vulgare were col-
lected from different areas of Swat, Khyber Pakhtunkhwa,
Pakistan. A modified protocol of (Adil et al. 2019) was used
for the biosynthesis of AgNPs. The identity of the plants
was confirmed at the Department of Botany, University of
Swat. Damaged leaves were removed, and the plants were
cleaned and shade-dried for two weeks at room temperature.
To prepare the extracts, the dried plants were ground into a
powdered form using a regular blender. For extract prepa-
ration, 10 g of powdered plants were added to 400 mL of
distilled water. The mixtures were then heated and boiled
for 10 min using a magnetic stirrer hotplate. After boiling,
the aqueous solution was allowed to cool down to room tem-
perature. Subsequently, the aqueous solutions of both plants
were filtered using 2.5 pm Whatman filter paper.

The filtrates were then mixed with a 4 mM solution of
AgNO; in sterile flasks in 1:2 (V/V mL), respectively. The
mixtures were then kept at room temperature in a place
illuminated by sunlight for 3 h. The color of the reactions
changed into reddish brown, which indicated the synthesis of
AgNPs. The solutions were centrifuged at 13,000 rpm for 10
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min in 2 mL tubes using an ultracentrifuge (model =3K30,
company = Sigma Laborzentrifugen, Germany). The super-
natants were discarded, and pelleted nanoparticles were
collected. The pellets were washed three times through
the addition of distilled water and centrifugation. The pel-
lets were then oven dried overnight and the AgNPs were
obtained and stored for further use.

To prepare nanoparticle-antibiotic combination, 1 mL of
AgNPs suspensions were mixed with 1 mL of 1mg/mL solu-
tions of Ceftriaxone (Cfx). The solutions were then properly
mixed using a vortexor followed by sonication at 20 °C for 1
h using bench-top ultrasonic cleaner (model =POWERSON
I C 405, company = Hwashin technology, Korea). All the
nanoparticles were characterized through UV-Vis spectros-
copy, transmission electron microscopy (TEM), and energy
dispersive spectroscopy (EDS) (unpublished data).

Bacterial culture

Two pathogenic Gram-negative strains of bacteria, i.e.,
K. pneumoniae (ATCC 43816) and P. aeruginosa (ATCC
25619), were obtained from the Institute of Basic Medical
Sciences, Khyber Medical University (KMU), Peshawar.
These strains were selected due to their clinical relevance
and the prevalence of antimicrobial resistance observed in
these species in previous literature and various antibacterial
activity conducted by our colleagues (unpublished data).
Both bacterial strains were cultured and sub-cultured. These
subcultures were then treated with 1 mg/mL suspensions
of AgNPs of both plants, their antibiotic conjugates and
chemically synthesized AgNPs (Chem-AgNPs) (specific
surface: 5.0 m2/g, diameter: < 100 nm, order code 576,832-
5G, Sigma—Aldrich, Steinheim, Germany) purchased from
Sigma-Aldrich (Merck), adjusting the final concentration to
40 pg/mL, and the final volume was adjusted to 100 mL.
These treated bacterial cultures were then incubated at 37
°C overnight in a shaking incubator at 100 rpm.

Confocal laser scanning microscopy for reactive
oxygen species determination

To detect and quantify ROS levels in bacteria induced by
AgNPs, the protocol of (Dwivedi et al. 2014) was followed.
The Dichloro-dihydro-fluorescein diacetate (DCFDA) assay
was performed. First, the bacterial cells were treated with
phosphate-buffered saline (PBS). Then the cells (1 mL) were
treated with 40 pg of O. vulgare-based AgNPs and incubated
for 1 h at 37 °C. The samples were then washed with PBS,
followed by co-inhibition in the dark with a 10 uyM DCFDA
for 30 min. Finally, Confocal laser scanning microscopy
(CLSM) images were recorded with green fluorescence
detectors. The excitation/emission (Ex/Em) wavelengths
were Ex/Em =488/521nm.

DNA damage analysis

For DNA extraction, a modified version of the protocol of
(Omar et al. 2014) was followed. Broth cultures were treated
with all the types of AgNPs used in this study, adjusting the
final concentration to 40pg/mL (40 pug of AgNPs into 1 mL
of broth). The broth cultures were then centrifuged at 13,000
rpm for 10 min. The pellets were suspended in 1 mL lysis
buffer and centrifugated again at 13,000 rpm for 10 min.
The pellets were resuspended in a lysis buffer and boiled for
30 min in a water bath. The samples were cooled down at
room temperature and centrifuged at 13,000 rpm for 10 min.
The supernatants were collected for DNA. The presence of
DNA was confirmed by Gel electrophoresis. For DNA dam-
age analysis, 500 pg/mL suspensions of DNA samples were
prepared in dH,O and were then subject to UV—Vis spec-
trophotometry using wavelength between 200 and 300 nm.

Lipid extraction and determination of lipid
peroxidation

For lipid extraction, the protocol of (Prabakaran and Ravin-
dran 2011) was optimized. Broth cultures were first cen-
trifuged at 6500 rpm for 15 min. The pellets were then
suspended in 1% sodium chloride (NaCl) and centrifuged
at 13,000 rpm for 10 min. The pellets were then stored at
—20 °C overnight. The next day, chloroform, methanol and
dH,O were added to the tubes in 1:2:0.8. Then the tubes
were left still for 18 h. Lipid layers were seen the next day
and collected for lipid peroxidation quantification through
the following assays.

Determination of conjugated dienes

To assess the presence of conjugated dienes, the protocol
of (Nadhman et al. 2016) was optimized for bacteria. The
isolated lipids were first dried. 500 pg of the dried lipids
were then treated with 1 mL of cyclohexane. Finally, the
absorbance of all the samples was measured at 233 nm using
a UV-Vis spectrophotometer. Cyclohexane alone was used
as blank. The concentration of conjugated dienes was cal-
culated using Beer-Lambert’s equation which is given as
C=A/(e x1) (Where C=concentration, A =absorbance
value, e =molar absorptivity, and 1=path length of the sam-
ple cell). The molar absorptivity of 2-methyl-1,3-butadiene
was taken as a standard.

Malondialdehyde quantification

Malondialdehyde (MDA) was determined using a modified
protocol of Thiobarbituric acid reactive substance (TBARS)
assay of Tsaturyan et al. (2022). First, the lipid samples were
centrifuged. The pellets were collected. For the TBARS
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assay, 200 uL of Hank buffer, 200 pL of 1 mM FeSO4, and
200 pL of 1.5 mM of ascorbic acid were added to the pel-
leted lipids. 10% Trichloroacetic acid (TCA) and 0.357%
Thiobarbituric acid (TBA) were added in 1:2 to the pellet,
adjusting the final volume to 2 mL by adding dH,0O. The
MDA samples were then incubated in boiling water for 15
min. The samples were centrifuged at 13,000 rpm for 10
min, and their absorbance was measured at 532 nm using
a UV-Vis spectrophotometer. The TBARS solution was
used as a blank. MDAs were quantified using the following
formula, TBARS (pM/g) = (Ac X V) /W (where Ac =amount
determined from the calibration curve, W=sample weight
and v=total volume taken in mL.

Fourier Transform Infrared (FTIR) spectrophotometry
of lipids

For investigating the effects of AgNPs on the functional
groups of bacterial lipids, the FTIR protocol of (Fuller et al.
2018) was optimized. Both the treated and untreated bacte-
rial lipids were dissolved in chloroform and analyzed using
“Spectrum two FT-IR spectrometer” equipped with univer-
sal Attenuated total reflection (ATR) reflectance accessory,
Potassium bromide (KBr), beam-splitter and Lithium Tan-
talate (LiTaO5/LTO) detector. The samples were scanned
at room temperature at a ratio of 1:100, and the infrared
spectrum ranged between 4000 and 500 waves cm™'. The
spectral measurements were recorded by transmittance.

Protein extraction

The extraction method of (Fuller et al. 2018) was modified
for bacterial proteins. First, the broth cultures were centri-
fuged at 5000 rpm for 15 min. The pellets were washed 2-3
times with PBS. 1 mL of lysozyme (1 mg/mL) in PBS was
added and the mixture was sonicated for 5 min to allow cell
lysis. To remove cell debris, the cells were centrifuged at
12,000 rpm for 15 min. The supernatants were collected for
further extraction. Then, 1 mL TRIzol reagent was added to
the supernatant, followed by the addition of 0.2 mL chlo-
roform. The mixtures were vortexed for one minute each
and then centrifuged at 12,000 rpm for 15 min at 4 °C. The
upper layer with RNA was removed. Then 0.3 mL of ethanol
was added for DNA precipitation and centrifuged again. The
protein-containing supernatant was collected and stored for
further use.

Quantification of protein thiols
through Dithio-bis-(2-nitrobenzoic acid) assay

An optimized protocol by (Nadhman et al. 2016) was fol-
lowed for the quantification of bacterial protein thiols.
Dithio-bis-(2-nitrobenzoic acid) (DTNB) solution was
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prepared by adding 0.1 M phosphate buffer to 0.5 M DTNB
to quantify protein thiols. 1 mL DTNB solution was then
dissolved in 0.05 mL of protein solution. The absorbance
of protein samples was then measured at 412 nm using a
UV-Vis spectrophotometer after 30 min incubation in the
dark at room temperature. DTNB dissolved in deionized
water was used as a blank. Proteins dissolved in phosphate
buffer were used as control. Protein thiols were quantified
using the formula; absorbance change = DTNB treated pro-
teins — control—blank. These values were then multiplied by
a factor of 21 to give thiol concentration in moles per litre.

Statistical analysis

The experiments were conducted using a completely ran-
domized design. Each experiment was repeated twice to
ensure reliability, and each treatment was performed three
times (triplicates). Statistical analyses were carried out
using SPSS 20 and Microsoft Excel 2019. For determin-
ing significant mean differences, linear regression analysis
was employed. A significance level of p <0.05 was used
to identify statistically significant results. All figures were
generated using Origin 8.5 software.

Results
Reactive oxygen species quantification

ROS quantification was performed to understand the oxida-
tive effect of AgNPs on bacteria. For this purpose, K. pneu-
moniae and P. aeruginosa were treated with AgNPs and Cfx-
AgNPs, and the fluorescence intensity of both samples was
measured using CLSM. The fluorescence intensity shows
that both AgNPs and Cfx-AgNPs induced high levels of ROS
in both strains, as shown in Figs. 1 and 2. Figure 1 shows the
highest fluorescence intensity in AgNPs and intermediate in
Cfx-AgNPs meaning that AgNPs induced higher levels of
ROS than Cfx-AgNPs in K. pneumoniae, while Cfx-AgNPs
were found to induce the highest levels of ROS in P. aer-
uginosa. Similarly, according to histograms a and b, AgNPs
were most effective in K. pneumoniae as they resulted in the
highest ChS1 count (44,675), while in P. aeruginosa, Cfx-
AgNPs induced the highest levels of ROS with ChS1 count
of 56,865 (Fig. 3).

DNA damage analysis

Results showed the potentials of chemically-synthesized
AgNPs (Chem-AgNPs), plant-based AgNPs, i.e., S. moor-
coftiana (S-AgNPs) and O. vulagare (O-AgNPs) alone and
in conjugation with Ceftriaxone such as S-Cfx-AgNPs (S.
moorcroftiana-cefriaxone AgNPs) and O-Cfx-AgNPs (O.
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Fig. 1 Fluorescence micros-
copy images showing increased
fluorescence intensity in Kleb-
siella pneumoniae treated with
AgNPs (b) and Cfx-AgNPs (c)
compared to control (a)

Fig.2 Fluorescence micros-

copy images showing increased
fluorescence intensity in
Pseudomonas aeruginosa when
treated with AgNPs (b) and
Cfx-AgNPs (c¢) compared to
control (a)
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Fig. 3 Increased levels of ChS1 indicating increased ROS levels in Klebsiella pneumoniae and Pseudomonas aeruginosa treated with AgNPs

and Cfx-AgNPs
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Vulgare-ceftriaxone AgNPs) to damage the DNA of K. pneu-
moniae and P. aeruginosa. The results show that all types of
AgNPs significantly reduced DNA in both bacterial strains
when compared to control (untreated DNA suspensions)
(0.211 and 0.612 at 280 nm in K. pneumoniae and P. aerugi-
nosa respectively), except O-Cfx-AgNPs (abs=0.261 at 280
nm) and Chem-AgNPs (abs =0.241), which were not effec-
tive in inducing DNA damage in K. pneumoniae. In K. pneu-
moniae, both plant-based AgNPs (O-AgNPs=0.192 and
S-AgNPs=0.152) were more effective than Chem-AgNPs
(abs=0.121) and Cfx-AgNPs (abs =0.086), as shown in
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1.6 1 . .
Klebsiella pneumoniae
— Control
1.4 —— Chem-AgNPs
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Fig. 4. While in P. aeruginosa, S-AgNPs (abs=0.174) and
O-Cfx-AgNPs (abs=0.261) were most effective, as shown
in Fig. 5. Chem-AgNPs showed the least activity in K. pneu-
moniae and intermediate in P. aeruginosa.

Analysis of lipid oxidation

Quantification of conjugated dienes

Conjugated dienes are double-bonded lipid molecules
separated by single bonds. They are formed when the ROS

(b)

Klebsiella pneumoniae
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Fig.4 The levels of DNA decreased more significantly after treating Klebsiella pneumoniae with O-AgNPs, O-Cfx-AgNPs (a), S-AgNPs, and

S-Cfx-AgNPs (b) than Chem-AgNPs
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Fig.5 The levels of DNA decreased more significantly after treating Pseudomonas aeruginosa with O-AgNPs, O-Cfx-AgNPs (a), S-AgNPs, and

S-Cfx-AgNPs (b) than Chem-AgNPs
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induced by AgNPs oxidize the lipids of bacteria. This study
determined the extent of conjugated dienes after treating
them with Chem-AgNPs, O-AgNPs, S-AgNPs, and Cfx-
AgNPs. In K. pneumoniae, the highest level of conjugated
dienes was resulted by O-AgNPs (76.7 uM), followed by
S-Cfx-AgNPs (75.45 pM) and O-Cfx-AgNPs (75.05 pM)
when compared to control (43.9 pM), while Chem-AgNPs
(15.2 pM) was the least effective as shown in Fig. 6a. Fig-
ure 6b showed that the highest levels of conjugated dienes
were resulted by S-Cfx-AgNPs (86.4 pM) followed by
O-Cfx-AgNPs (74.45 pM) and O-AgNPs (74.35 pM) in
Pseudomonas aeruginosa. The lowest levels of conjugated
dienes were induced by S-AgNPs (51.7 uM), while control
is 66.35 pM. The figures suggest that the AgNPs alone are
the most effective in K. pneumoniae and least effective in
P.aeruginosa.

Quantification of malondialdehydes

MDA is the final byproduct of the lipid peroxidation reac-
tion. It is an indicator of lipid peroxidation extent. The levels
of MDA were determined after treating them with Chem-
AgNPs, O-AgNPs, O-Cfx-AgNPs, S-AgNPs and S-Cfx-
AgNPs. The results of MDA quantification showed that all
AgNPs increased MDA content in K. pneumoniae and P.
aeruginosa compared to untreated bacterial cells (controls)
(18.06452 nM and 16.77419 nM, respectively). Figure 7a
showed that S-AgNPs (172.25806 nM) induced the high-
est levels of MDA content in K. pneumoniae, followed by
0-AgNPs and S-Cfx-AgNPs with 131.6129 nM of MDA
each. While the lowest levels of MDA were resulted by
Chem-AgNPs (19.35484 nM). In P. aeruginosa, O-AgNPs

(a) Klebsiella pneumoniae

Conjugated dienes (uM)

Type of AgNPs

with 50.32258 nM were most effective as shown in Fig. 7b.
S-AgNPs (42.58064 nM) also induced MDA more signifi-
cantly than O-Cfx-AgNPs (21.29032 nM) and S-Cfx-AgNPs
(20 nM). However, all the AgNPs samples were more effec-
tive than Chem-AgNPs (19.354839 and 17.419355 in K.
pneumoniae and P. aeruginosa, respectively).

Fourier Transform Infrared spectrometry (FTIR) of bacterial
lipids

FTIR of all the samples was done to investigate the effects
of AgNPs and their conjugates with cephalosporins on the
functional groups of bacterial lipids. For this purpose, the
lipid samples were treated with O-AgNPs, O-Cfx-AgNPs,
S-AgNPs, S-Cfx-AgNPs and Chem-AgNPs and were com-
pared to control (untreated lipid) samples for functional
group analysis. The results show that the transmittance of
all the treated lipid samples increased to 65.4% between
742-709 cm-1 when compared to the untreated bacterial
lipids with 54.7% transmittance of light. It means that only
the C-H bonds in the hydrocarbon chain of bacterial lipids
are compromised, as shown in Fig. 8.

Quantification of protein oxidation

Thiols are produced because of amino acid oxidation caused
by AgNPs-induced ROS. The levels of thiols formed when
treated with AgNPs indicate the effects of these AgNPs on
bacterial proteins. We treated the isolated bacterial proteins
with Chem-AgNPs, O-AgNPs, and S-AgNPs and their con-
jugates with ceftriaxone (O-Cfx-AgNPs and S-Cfx-AgNPs)
and compared the levels of protein thiols induced by these

(b) Pseudomonas aeruginosa
100+
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o
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Fig.6 The levels of conjugated dienes increased significantly in Klebsiella pneumoniae (a) and Pseudomonas aeruginosa (b) when treated with

Chem-AgNPs, O-AgNPs, O-Cfx-AgNPs, S-AgNPs and S-Cfx-AgNPs
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(a) Klebsiella pneumoniae
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Fig.7 The levels of MDA content increased significantly in Klebsiella pneumoniae (a) and Pseudomonas aeruginosa (b) after treating with

Chem-AgNPs, O-AgNPs, O-Cfx-AgNPs, S-AgNPs and S-Cfx-AgNPs

samples with untreated bacterial proteins (controls) (0.441
nM and 0.378 nM in K. pneumoniae and P. aeruginosa).
In K. pneumoniae, O-AgNPs (0.588 nM) and its conjugate
O-Cfx-AgNPs (0.672 nM) induced more protein thiols than
S-AgNPs (0.462 nM) and its conjugate S-Cfx-AgNPs (0.525
nM) as shown in Fig. 9a. Similarly, Fig. 9b showed that in P.
aeruginosa, O-AgNPs (0.462 nM) and its conjugate O-Cfx-
AgNPs (0.525 nM) were more effective than S-AgNPs
(0.377 nM) and its conjugate S-Cfx-AgNPs (0.392 nM).
However, Chem-AgNPs were found to be least effective in
both the strains with 0.21 nM of protein thiols induced.

Discussion

The antimicrobial applications of plant-based AgNPs have
captivated researchers. Due to their unique characteristics,
such as shape, size, and surface-to-volume ratio, AgNPs
have been a focal point of research in recent decades, aiming
to find environment-friendly, cost-effective, and less toxic
alternatives to antibiotics in combating antibiotic resistance.
The antibacterial activity of AgNPs has been extensively
documented in previous studies. In our study, we investi-
gated the antibacterial mechanisms of AgNPs synthesized
from the aqueous extracts of Origanum vulgare (O-AgNPs)
and Salvia moorcroftiana (S-AgNPs), as well as their conju-
gates with Ceftriaxone (O-Cfx-AgNPs and S-Cfx-AgNPs).

The most extensively studied mechanism of AgNPs is
likely the oxidative damage to bacterial lipid and protein
membranes, induced by AgNPs-generated ROS (Ramzan
et al. 2022), which serves as the primary hypothesis of our
study. Both AgNPs and Cfx-AgNPs induced elevated levels
of ROS in K. pneumoniae and P. aeruginosa, subsequently

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

resulting in oxidative damage to the protein and lipid mem-
branes of these bacterial strains, ultimately leading to bac-
terial cell death (Ameh et al. 2022). However, the levels of
effectiveness varied among AgNPs and Cfx-AgNPs, indi-
cating the importance of considering the resistance profiles
of bacterial strains, the role of phytochemicals in the anti-
bacterial activity of plant-based AgNPs, and the synergistic
effects of AgNPs and antibiotics in designing therapeutic
interventions. The results demonstrate that AgNPs were the
most effective against K. pneumoniae, whereas Cfx-AgNPs
exhibited higher efficacy against P. aeruginosa. This dis-
crepancy may be attributed to the inherent resistance of K.
pneumoniae to cephalosporins and the reduced oxidative
potential of AgNPs when conjugated with cephalosporin
antibiotics. This observation is also supported by the disc
diffusion antibacterial activities in our lab (unpublished
data). On the other hand, while P. aeruginosa is not as
resistant to cephalosporins as K. pneumoniae, the oxidative
effect of AgNPs is enhanced upon conjugation with cephalo-
sporin antibiotics. This suggests a potential synergistic effect
between the oxidative properties of AgNPs and the antibac-
terial activity of f-lactamases against Gram-negative strains.

We investigated the effects of oxidative stress as a poten-
tial antibacterial mechanism of AgNPs and their conjugates
on bacterial DNA. The reduced levels of DNA in both bac-
terial strains indicated the DNA-damaging effects of the
AgNPs used in our study. This conclusion was drawn based
on the observed decrease in DNA levels in both strains when
treated with all the AgNPs suspensions from our study, com-
pared to the untreated bacterial suspensions (control). These
findings are consistent with a previous study (Abbas et al.
2019), which reported significant DNA-damaging activ-
ity in Gram-negative bacterial strains. It is noteworthy that
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Fig.8 FTIR spectra of O-AgNPs, O-Cfx-AgNPs, S-AgNPs, S-Cfx-
AgNPs and Chem-AgNPs used to study the changes in the trans-
mittance of Klebsiella pneumoniae (a and b) and Pseudomonas

the efficacy of all plant-based AgNPs was highest, except
for O-AgNPs in K. pneumoniae. We hypothesize that the
increased sizes of AgNPs upon conjugation might contrib-
ute to this observation, as nanoparticle size plays a crucial
role in their antibacterial activity. These findings are consist-
ent with the results previously reported by Muenraya et al.
(2022) which indicated that the DNA degradation activ-
ity of AgNPs decreases with increasing size. However, all
green-synthesized AgNPs and their conjugates exhibited
more significant DNA-damaging activity than chemically
synthesized AgNPs. This difference may be attributed to
the presence of various phytochemicals and flavonoids with
antibacterial and antioxidant potential in O. vulgare and
S. moorcroftiana (Irfan and Qadir 2017; Saeed and Tariq
2009).

We evaluated lipid peroxidation as an indicator of oxi-
dative stress induced by AgNPs. AgNPs cause bacterial
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aeruginosa (c and d) lipids in the spectral range of 742-709 cm™!
suggesting changes in their functional groups

cell death either by apoptosis or necrosis (Devanesan et al.
2021). Lipid peroxidation is one of the most convincing
oxidative stress pathways as an antibacterial mechanism
of AgNPs. Consistent with the previous study of (Adeyemi
et al. 2020), our results showed significant lipid peroxida-
tion of bacteria by AgNPs. Specifically, the results show
that S-Cfx-AgNPs exhibited higher activity than S-AgNPs
in P. aeruginosa. This is because of the combined activity
of carvacrol-rich S. moorcroftiana and antibiotics. Carvac-
rol has been previously reported as a major constituent of
S. moorcroftiana by Zhao et al. (2019) to cause significant
lipid peroxidation in bacteria indicating that carvacrol has
the potential to alter the lipid bilayer hence compromising
the cell membrane integrity of bacteria. Similarly, S-AgNPs
were less effective than S-Cfx-AgNPs in K. prneumoniae,
while O-AgNPs and O-Cfx-AgNPs were almost equally
effective in both strains. This underscores the importance
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Fig. 9 Increased levels of protein thiols were observed in Klebsiella pneumoniae (a) and Pseudomonas aeruginosa (b) when treated with Chem-

AgNPs, O-AgNPs and O-Cfx-AgNPs, S-AgNPs and S-Cfx-AgNPs

of the synthesis methods of AgNPs. However, most of the
nanoparticles displayed greater lipid peroxidation activity
than chemically synthesized AgNPs, from which we con-
cluded the enhanced efficacy of green-synthesized AgNPs
and their conjugates, suggesting that they hold the promise
to be more effective triggering agents of lipid peroxidation
compared to chemically synthesized AgNPs. This distinction
is due to the presence of specific bioactive compounds in
plants such as S. moorcroftiana combined with the bacteri-
cidal effects of cephalosporins.

MDA quantification was done to assess the extent of
lipid peroxidation as MDA is the end byproduct of the
lipid peroxidation reaction (Effendi et al. 2022). It is
known as a lipid peroxidation marker because MDA con-
tent indicates the completion of the lipid peroxidation
reaction (Trombetti et al. 2022). In accordance with the
previously reported study of Quinteros et al. (2018), we
observed that MDA content increased when treated with
AgNPs compared to the untreated bacterial cells (con-
trol) in Gram-negative bacteria. We concluded from these
results that AgNPs significantly induce MDA accumula-
tion in bacterial cells, indicating the successful lipid per-
oxidation of Gram-negative bacteria. However, the magni-
tude of significance varied between different AgNPs types.
Specifically, O-AgNPs and S-AgNPs increased the MDA
content more significantly than their respective antibiotic
conjugates: O-Cfx-AgNPs and S-Cfx-AgNPs. This could
either be attributed to the increased bacterial lipid per-
oxidation potency of AgNPs a little, or to the increased
size of AgNPs-antibiotic conjugate limiting the cell mem-
brane disruption and penetration of AgNPs. However, both
AgNPs alone and their conjugates increased MDA content
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more than Chem-AgNPs. It can be concluded that green-
synthesized AgNPs have superior antibacterial potential
than chemically synthesized AgNPs. These findings also
highlight the importance of AgNPs synthesis methods in
modulating their effectiveness.

FTIR analysis showed a significant difference in the
transmittance of treated and untreated bacterial lipids in the
spectral range of 742-709 cm™'. Between, 742-709 cm™!,
the transmittance of the untreated bacterial lipids was 54.4%,
which increased to 65.4% when treated with AgNPs and its
conjugates shedding light on the significant alterations in the
molecular compositions of bacterial lipids. This variation
in the intensity signifies the modifications in the vibrational
modes of chemical bonds in lipids, as the difference in the
absorption and transmission of infrared light by C-H and
hydroxyl (OH) functional groups is measured by FTIR spec-
troscopy. This shift in the transmittance indicates that OH
groups replaced the C-H groups which signifies the initiation
of lipids peroxidation. The presence of OH groups is due to
the formation of oxidized groups breaking the carbon—car-
bon double bonds in the hydrocarbon chain. Also, the signif-
icant increase in the transmittance when treated with AgNPs
and conjugates is evidence of high concentrations of lipid
peroxidation products. The same results were also reported
in the study of (Gutteridge and Halliwell 1990), who con-
cluded that the substitution of C-H groups by OH serves as
the initial stage of lipid peroxidation within the hydrocarbon
chain of unsaturated fatty acids when treated with nanopar-
ticles, disrupting the integrity and functionality of bacterial
lipid membranes. This disruption may lead to bacterial cell
death due to structural instability and compromised perme-
ability. These results reveal evidence of lipid peroxidation,
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corroborating the results obtained from conjugated dienes
quantification and MDA in our study.

We also assessed protein peroxidation as a measure of the
oxidative effects of AgNPs on the proteins of Gram-negative
bacteria. Protein oxidation is another oxidative stress path-
way of AgNPs. Protein oxidation is an oxidation reaction
involving the oxidation of protein molecules by ROS, lead-
ing to the degradation of proteins (Zhou et al. 2022). Oxida-
tive stress is caused by the alteration of protein composition
by AgNPs-induced ROS, resulting in bacterial cell death
(Gruber et al. 2022). Protein thiols are organic compounds
like alcohols and phenols, however, they contain sulfur mol-
ecules in their side chains instead of oxygen. Only cysteine
amino acids have side chains with thiol groups. Protein
thiols are also the byproducts of protein oxidation reaction
and are, therefore, very unstable and further oxidize pro-
tein molecules, thereby contributing to the oxidative stress
(Demirci-Cekic et al. 2022). After treating bacterial proteins
with all AgNPs samples, we determined the levels of leaked
thiols to determine the extent of protein oxidation. Because
the increased level of thiols reflects the activation of oxida-
tive stress pathways and subsequent oxidation of proteins.
According to the results, all AgNPs increased levels of thi-
ols than those of untreated bacterial cells (control) except
Chem-AgNPs. These results demonstrate that plant-based
AgNPs are more active in oxidizing bacterial protein than
Chem-AgNPs. However, the significance varied between
AgNPs alone and AgNPs-antibiotic conjugates. The results
showed that AgNPs-antibiotic conjugates increased thiol
levels more significantly than AgNPs alone, which indicates
that the conjugation of AgNPs with antibiotics increased the
oxidative effects of AgNPs on bacterial proteins. This was
probably because of the combined bactericidal effects of
AgNPs and antibiotics in the conjugates.

Conclusion

O. vulgare and S. moorcroftiana’s extracts based silver
nanoparticles showed significant antibacterial activity
alone and in synergism with their Ceftriaxone conjugates
against Gram-negative bacterial strains. The study concludes
that the main antibacterial mechanism of AgNPs is caus-
ing oxidative damage to bacterial membranes by inducing
reactive oxygen species (ROS). The induction of ROS by
AgNPs and their conjugates leads to DNA, lipid and pro-
tein damage in bacteria, ultimately resulting in cell death.
The study also revealed that green-synthesized AgNPs have
superior antibacterial potential compared to chemically-
synthesized AgNPs. These findings highlight that plant-
based AgNPs and their conjugates with antibiotics hold the
promise to be utilized as potential nanomedicine and address
the global concern of antibiotic resistance by combating

multidrug-resistant bacteria. However, further research is
required to fully investigate and unravel the antimicrobial
mechanisms of AgNPs, their toxicity minimization and their
application in clinical settings.
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