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Abstract
The discovery of nanoparticles exhibiting antimicrobial properties has emerged as one of the most
promising therapeutic tools against an array of microbial pathogens. In this study, we investigated the
in�uence of pH, temperature and sophorolipid (SL) concentration on the synthesis of gold nanoparticles.
Synthesized sophorolipid capped gold nanoparticles (AuNPs-SL) were checked for antibacterial potential
against Vibrio cholerae, as well as we investigated the molecular mechanism(s) underlying this activity.
We found that AuNPs-SL treatment increases the reactive oxygen species (ROS) level that causes
oxidative stress to the bacterial cells. The surge in ROS level further causes membrane depolarization,
change in membrane permeability, and ATP depletion. Beside this, gene expression studies revealed
overexpression of genes employed in the mitigation of high ROS levels, maintenance of membrane
integrity and transport, DNA structure, and metal homeostasis. Furthermore, we also observed cell death
(apoptosis) occur as a consequence of AuNPs-SL treatment in V. cholerae. Also, AuNPs-SL treatment
increases membrane permeabilization that results in leakage of cellular contents such as protein and
DNA.

Introduction
The causative agent of cholera, Vibrio cholerae, is a genetically versatile, Gram negative, rod-shaped
bacterium[1], capable of crossing the acid barrier of the stomach and colonize in the small intestine. They
can multiply and secrete the choleragen toxin[2] in the small intestine causing Cholera, the second most
leading cause of mortality in children under �ve years of age and morbidity in adults[3]. Out of the 200
serotypes of V. cholerae described, so far, only two; the O1 and the O139 serotypes, are known to be the
most virulent. The treatment of cholera primarily includes rehydration therapy, often combined with the
administration of antibiotics such as tetracycline, �uoroquinolones, and azithromycin for severe cases[4].
However, in the last few decades, the extensive prescription and overuse of antibiotics has led to the
emergence of antimicrobial resistance (AMR) in bacterial pathogens posing a great threat to global
health[5]. Therefore, there is an urgent need to change the existing therapeutic strategies to combat these
pathogens.

Research outcomes in the past two decades have established the nanoparticles as an alternative drug
delivery as well as therapeutic agent to combat antibiotic resistant microorganisms. Recently, metallic
nanoparticles have been reported to exhibit antimicrobial activity against AMR bacterial strains[6] For
example, Nickel and Ni(OH)2 nanoparticles possess antimicrobial activities against multidrug-resistant K.
pneumonia and E. coli[7], copper nanoparticles against Micrococcus luteus, S. aureus, E. coli, K.
pneumoniae, P. aeruginosa, and few fungal strains [8]. Antimicrobial properties of silver nanoparticles
against bacteria, fungi, and viruses are also well-reported in literature[9]. In addition to these,
nanoparticles also play role in the textile industry, medicine, water disinfection, and food packaging[10].
Gold nanomaterials are considered to be one of the most suitable nanomaterial for biomedical
applications, owing to their inherent biological inertness, well established surface modi�cation procedure
and facile and rapid preparation[11]
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Biosurfactants produces by microbes, are amphiphilic in nature and have shown antiadhesive and
antimicrobial activity[12] [13] [14]. Sophorolipid is a class of glycolipid (biosurfactant), with potential
antifungal, antibio�lm, hyphal growth inhibition activity [15]. It has been also shown activity against
Gram-Positive bacteria but has not exhibited potent activity against gram-negative bacteria[16]. It is
biodegradable, eco-friendly in nature and therefore has been utilized in the greener synthesis of gold
nanoparticles (AuNPs-SL). We have demonstrated that sophorolipid capped gold nanoparticles (AuNPs-
SL) exhibit potent antimicrobial activity against both Gram-negative and Gram-positive bacteria, with
higher e�cacy against Gram-negative bacteria[17] However, both AuNPs (uncapped) and sophorolipid
(SL) lack antimicrobial activity towards gram negative bacteria when used individually. However, the
mechanism of action underlying the antimicrobial effect conferred by AuNPs- SL against Gram negative
bacteria remains unclear.

Here, we are reporting the plausible mechanism of action of AuNPs-SL against V. cholerae. It has been
observed that the treatment of AuNPs-SL initiates a cascade of downstream signaling resulting in over-
expression of several genes mitigating the surge in ROS level, regulating ion homeostasis, maintaining
membrane integrity, involved in the DNA damage repair inside the cell. The experimental �ndings of our
study suggested that membrane depolarization, ATP depletion, and DNA damage due to AuNPs-SL
treatment to the cells, leads to cell death. Thus, the consequent effects of AuNPs-SL may be attributable
to the loss of membrane integrity, permeabilization of the cells, and leakage of the cellular content. Thus,
our study provides a comprehensive understanding of the plausible mechanism of action of AuNPs-SL
against V. cholerae.

Materials And Methods

Chemicals and Reagents
Bacterial cultures were grown in Luria Bertini (LB) media purchased from Himedia. Gold (III) chloride
hydrate (50790) and Mohr’s salt were purchased from Sigma-Aldrich. The dyes DiBAC4 and BACLight™
bacterial membrane potential kit were procured from Invitrogen.

Growth Conditions and Viability
Gram negative V. cholerae EL Tor N16961 strain was used in this study. In all the experiments, unless
mentioned otherwise, primary inoculums were prepared in LB broth by inoculating an isolated colony of
the strain, growth conditions being 37°C, 200 rpm in an orbital shaker overnight. Further, cells in the
exponential phase of growth were treated in (OD600 0.2) 10 ml of LB media each time and incubated at
37°C for 3 h followed by PBS wash (pH 7.2) and resuspension in the same buffer. The number of cells
was kept constant for further experiments.

Measurement of Reactive Oxygen Species (ROS) generation
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To investigate the redox state of the cell, ROS generation was measured using ROS sensitive probe 2,7-
dichlorodihydro�uorescein diacetate (H2DCFDA) �uorescent dye (Sigma, Aldrich). The dye once enters
the cell, gets oxidized to form �uorescent product 2′,7′-dichloro�uorescein (DCF) [18]. Cells were subjected
to different concentrations of AuNPs-SL, washed with PBS thrice, and stained with H2DCFDA (10 µM) for
1h at 37°C. Quantitative measurement of ROS in the cells after AuNPs-SL treatment was done by �ow
cytometer (Accuri C6) using FL1 �lter taking 20000 cells in the count. The mean �uorescence intensity
(MFI) of 20000 cells was measured by Accuri C6 using a FL1 �lter. The values were normalized to MFI
and the data of three independent experiments with ± SD was plotted.

The effect of ROS quenchers were investigated by adding indicated quenchers to the cells during AuNPs-
SL-25 treatment for 3 hours. Cells were washed with PBS after centrifugation, stained with H2DCFDA (10
µM), and measured as mentioned above. Likewise, a growth assay was carried out using a honeycomb
plate by adding the indicated compounds to the medium during growth.

Log phase cells were diluted 1000 times and 100 µl of diluted culture was added to honeycomb plate
with an equal volume of different ROS quenchers dissolved in LB. The measurement of OD 600 nm was
taken at an interval of 1 hour in Bioscreener and a graph was plotted from data obtained.

Effect of DTT on AuNPs-SL stress
ROS measurement due to nanoparticles (AuNPs-SL-25) in the presence and absence of DTT (3 mM) was
done using oxidative stress sensitive �uorescent dye H2DCFDA (10 µM).

AuNPs-SL-25 treated cells were incubated for 3 hours in the presence and absence of DTT. The cells were
harvested and stained with DiOC2 for 30 minutes in dark and washed twice with PBS to probe alteration
in membrane potential. The �uorescence measurement was done using FL1 �lter in Accuri C6.

LB agar plates with different concentrations of AuNPs-SL nanoparticles (25, 50, and 100 µg/ml) and a
combination of AuNPs-SL and DTT (3 mM) were prepared. Primary culture of V. cholerae was sub-
cultured for 2–3 hours to obtain log-phase cells that were diluted to a ratio of 1:102, 1: 104, 1:106, and 10
µl of each dilution was spotted on these agar plates and incubated overnight (12–14 h) at 37°C. The
images of plates were taken and represented.

Membrane Depolarization Assay
After completion of the incubation period of untreated and AuNPs-SL treated were centrifuged at 4000
rpm and the cell pellet is washed with PBS. The cells were resuspended in 10 µM DiBAC4 (1 mM DMSO)
and incubated for 30 minutes at 37°C in dark. Further, the cells were washed and resuspended in PBS.
Flow cytometric data of 20000 cells was acquired using an FL1 laser of Accuri C6 Flow Cytometer.

Loss of membrane potential was also analyzed by using dye 3,3’-diethyloxacarbocyanine iodide (DiOC2,
BacLight™ Bacterial Membrane potential Kit, Molecular Probes/Invitrogen), a membrane potential
sensitive dye. For this, the cells were stained with 2.5 µM of dye for 20 min at 37°C in dark. Thereafter,
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cells were washed with PBS, and FACS data was acquired for 10000 cells using an FL1 laser of Accuri C6

Flow Cytometer.

Real Time Quantitative PCR (RT-qPCR)
To check the expression pro�le of the selected genes in presence of AuNPs-SL (10 µg/ml) treatment, RT-
qPCR was performed. The RNA extraction was done using Trizol reagent method and clean up was done
using Qiagen Kit. The RNA was checked for its quality and quanti�ed using Nano-Drop
Spectrophotometer. One step SYBER Green Master Mix reaction mixture (Invitrogen) was used to perform
the qPCR reaction in a Fast Real-time PCR system (Applied Biosystem) with 200 ng of RNA per reaction.
The data of triplicate experiments of biological triplicates was plotted with SD in terms of fold change in
expression level.

Measurement of different metal ion concentration upon
AuNPs-SL stress
To evaluate the change in the intracellular concentration of different metal ions, log phase cells were
grown in the presence of AuNPs-SL (10 µg/ml) for 2–3 hours, harvested, and washed twice with 1X PBS
(pH 7.2). Metal ion concentration within the cell pellets (20 mg) was determined by using an ICP-MS
machine at (Punjab Biotechnology Incubator, Mohali, India). The cell pellet was digested with 5 ml of
concentrated nitric acid and 0.5 ml hydrogen peroxide (30%). The �nal volume of the Digested sample
was adjusted to 50 ml with deionized water and the sample was analyzed by ICP-MS. The amount of ion
present was reported in mg/kg of cell pellet.

Effect of Iron supplementation using Mohr’s salt under
AuNPs-SL stress
Log phase cells were diluted 1000 fold and different combinations were prepared in LB broth (100 µl) and
different preparation was mixed to 100 µl diluted culture and added to 100 well honeycomb plates. The
growth assay was performed in Bioscreener at 37°C for 16 hours and the OD600 was measured at every
1 hour of incubation.

LB agar plate with different concentrations of AuNPs-SL (25 µg/ml), Mohr’s salt (1.5 mM), and a
combination of the two was prepared. V. cholerae cells at log phase were diluted to a ratio of 1:102, 1:
104, 1:106, and 10 µl of each was spotted on agar plates followed by overnight incubation at 37°C. The
representative images of plates are given in Fig. 5C.

Relative ATP measurement
Relative ATP estimation was done using ATP Bioluminescence Assay Kit CLS II (Roche) following the
manufacturer’s recommended protocol. Brie�y, the cells were harvested and washed with chilled PBS. To
extract ATP, the cells were incubated in ATP extraction buffer (100 mM Tris-HCl, pH 7.75 and 4 mM EDTA,
pH 8.0) at 100°C for 2 minutes, followed by separation of cell-free supernatant by centrifugation for 5



Page 6/26

minutes at 1000 g. 50 µl each of sample supernatant and luciferase reagents was added to wells in Black
96 well microplate with gentle mixing and the luminescence was measured using a luminometer. The
relative light units (RLU) were recorded and normalized, against per milligram of protein. The normalized
RLU’s were plotted with SD.

TUNEL (TdT-mediated dUTP-X nick end labeling) assay
To check if the nanoparticles are promoting apoptotic-like cell death in V. cholerae, a TUNEL assay was
performed following kit protocol. Brie�y, cells were harvested after treatment with AuNPs-SL (25 µg/ml)
and nalidixic acid (5 µg/ml) for 3 hours. Cells were then washed with PBS (pH 7.2), �xed with 2%
formaldehyde for (15 min on ice), and treated post-�xation with 70% ethanol. The �xed cells were
permeabilized with permeabilization buffer (0.1% Triton X-100 and 0.1% sodium citrate) while kept on ice
for 2 min. After washing the cells were resuspended in 50 µl of the solution containing enzyme (terminal
deoxynucleotidyl transferase, TdT) and reaction mixture in the ratio of 1:9. After one hour of incubation at
37°C, the cells were washed again and collected after �nal resuspension in PBS. The FACS data of 20000
cells were acquired using an FL1 laser of Accuri C6 FACS machine and the Mean �uorescence values of
three independent experiments have been plotted with SD.

Apoptosis Assay
To check the apoptotic like cell death in i.e., V. cholerae (prokaryotes), we performed annexin a�nity
assay. In brief, the cells were treated with AuNPs-SL (taking untreated as control) were washed twice with
PBS buffer, and stained with Annexin V allophycocyanin conjugate (5 µg/ml) for 20 min. Cells were
washed with PBS to remove the unbound form of stain and determined signal from 20000 cells using
FL4 �lter FACS.

Cell morphology analysis using TEM
To determine the change in the ultrastructure of V. cholerae cells induced by the AuNPs-SL treatment,
sample preparation, and Transmission Electron Microscopy (TEM) micrograph were taken as followed by
[19] with slight modi�cations. In brief, both treated (AuNPs-SL 25 µg/ml for 3 h) and untreated cells were
washed with PBS twice �xed with modi�ed Karnovsky’s �xative containing 2% (V/V) glutaraldehyde and
2% (V/V) paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) at 4°C for 2 h[20]. This was
followed by washing with PBS and post-�xation treatment with 0.2 M sodium cacodylate buffer and
osmium tetroxide (OsO4) (200 µl of 2% (W/V)) at 4°C for 90 minutes. The sample was washed thrice with
0.1 M sodium cacodylate buffer and resuspended in the same buffer containing 2% agarose. A thin
section was cut by microtome followed by its gradual dehydration with acetone solution (once in 30, 50,
70, and 90% and twice in 100). Finally, the sections were examined under TEM in JEOL-2100.

Measurement of cellular contents (protein, DNA) leaked due
to AuNPs-SL treatment
To determine the leakage of cellular content (protein and DNA), the cells were treated with different
concentrations of nanoparticles (AuNPs-SL; 25 and 50 µg/ml) followed by a Bradford assay and
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Nanodrop measurement to quantify the protein and DNA content of the samples, respectively.

For measurement of protein, 1 ml of cell sample (treated and untreated) was withdrawn after 2 h
incubation of AuNPs-SL treatment. The supernatant of cells was used for protein quanti�cation by the
Bradford method (Bradford, 1976a). For measurement of DNA, untreated and treated cells were harvested
and DNA was extracted from the supernatant as per manufacturer instruction (ZR Fungal/Bacterial DNA
Kit™ Catalog No. D6005). DNA quanti�cation was done by a Nanodrop spectrometer.

Statistical analysis
The data from three independent experiments are represented as the mean ± standard deviation of the
mean. Either paired or unpaired t-test analysis (mentioned in the graph) was performed using GraphPad
Prism 6 software for analysis.

Results And Discussion
AuNPs-SL induces ROS production in V. Cholerae

Nanoparticle mediated killing of bacteria is known to be associated with ROS generation, leading to
alteration of membrane structure and function, causing cellular stress and cell death[21]. Therefore, ROS
production within the AuNPs-SL treated V. cholerae cells was measured using oxidative stress sensitive
probe H2DCFDA. AuNPs-SL treated (treatment range 10–25 µg/ml) cells exhibited dose dependent
increase in ROS production ranging from 2.5 to 20 fold (Fig. 1A). However, different ROS scavengers
showed varied ROS quenching potential (Fig. 1B). The magnitude of ROS scavenging capacity was
highest with N-acetyl-L-cysteine (NAC) followed by tiron (Tr), ascorbate (all ~ 5–6 fold), thiourea (TU), and
sodium pyruvate (SP) (both ~ 3 fold). The Tr, TU, and SP scavenge •O2, H2O2, and •OH radicals,
respectively. These results strongly suggest that the treatment of AuNPs-SL leads to the generation of at
least three different ROS species. Nevertheless, the presence of different scavenging agents in the growth
medium could rescue the growth of the V. cholerae treated with AuNPs-SL (Fig. 1C). However, the effect of
ascorbate and SP was not su�cient for the rescue of growth of the cells from the effect of ROS.

NAC mediated scavenging of free radicals is mediated by increased intracellular glutathione level[22].
However, the reduction of ROS concentration by NAC is exhibited through a thiol-disulphide[23] exchange
which may be responsible for this function. Although ascorbate and SP exhibit signi�cant ROS
scavenging effect, neither of the compounds were able to rescue the growth of the dying cells. (Fig. 1B
and 1C) Similar phenomena were observed with cells treated with silver nanoparticles[24]. This result
also infers that the nanoparticles also interact with the respiratory enzymes the function of which are
rescues after NAC supplement.

Effect of DTT on AuNPs-SL treated cells
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DTT, a strong reducing agent, has been reported to rescue cells from oxidative stress and restore their
growth[25]. The effect of DTT on ROS generation in AuNPs-SL treated V. cholerae was checked by adding
the compound in the culture medium. The treatment with DTT rescued the cells from ROS mediated
oxidative stress generated in presence of AuNPs-SL (supplementary Fig. 1A). However, the presence of
DTT could not stop the alteration in membrane potential due to AuNPs-SL treatment (supplementary
Fig. 1B). In contradiction to the observation made by Wang et al., 2017.,[26], in our study, the addition of
salicylate with DTT was unable to recuperate the membrane potential of the AuNPs-SL treated cells.
However, the exact mechanism leading to this effect remains obscure. When the cells were cultured in LB
agar plate containing AuNPs-SL (25–100 µg/ml), no growth was observed. However, the growth of the
cells was rescued when treated cells were supplemented with DTT (Supplementary Fig. 1C). The
possibility of structural alteration or aggregation of AuNPs-SL in presence of DTT was ruled out by
incubating nanoparticles with DTT for a certain time interval. No signi�cant alteration in the UV spectra
was observed in nanoparticles incubated with DTT (Supplementary Fig. 1D).

Treatment of V. cholerae with AuNPs-SL leads to membrane depolarization

Oxidative stress leads to the alteration of membrane potential. The alteration of membrane potential in V.
cholerae was measured in presence of various concentrations of AuNPs-SL using two different dyes,
DiBAC4 and DiOC2. DiBAC4 is an anionic lipophilic bis-oxonol dye. During membrane depolarization, as
the membrane potential shifts from negative towards positive, the concentration of the dye entering the
cells also increases (i.e., the higher the membrane is depolarized, more is the oxonol �uorescence
intensity). In our experimental setup, when the V. cholerae cells were treated with 10 and 25 µg/ml AuNPs-
SL, membrane depolarization was increased by 13% and 16%, respectively (Fig. 2A & B). In addition, the V.
cholerae cells treated with AuNPs-SL exhibited concentration dependent change in �uorescence intensity
of DiOC2 (Fig. 2C & D), where, the change in �uorescence intensity of DiOC2 is directly proportional to loss
of membrane potential of the cells [27] .

Effect of AuNPs-SL on the stress response gene of the V. cholerae

V. cholerae treated with AuNPs-SL undergo oxidative stress due to ROS generation within the cell. ROSs,
including •O2, H2O2, and •OH are highly toxic and cause damage to the cells. Microorganisms respond to
the higher level of cellular ROS concentration by triggering the multigenic response. Therefore, the
expression pro�le of several selected genes was checked in the AuNPs-SL treated cells using qRT-PCR
(Fig. 3). The genes used in the study and their respective primers are enlisted in Table 1.
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Table 1
List of primers used in the RT-qPCR

Primers   Sequence 5 -3 Tm

(°C)

Ampli�ed product size

(bp)

dps F TGCACAGCTTTAGCGGTTAC 55.96 119

R TTGTTGGTGGAGCAGAATGC 56.11

oxyR F GCACTTATTGTTGCGCGAAG 55.95 123

R CCCACCACATAGCTCTCCAT 55.86

grx F TACCGCTTATGCAACGCAAA 55.95 110

R TTCCAGCCGATCATCAAACG 55.74

gsp F GCTCTCTCAAGCGGAGTTTG 56.06 121

R TTCCGCCAGTGAGAAGAAGT 55.98

luxO F ACTGCGGGTCACAGTGAATA 56.06 135

R GAGTCAATGGTGCGGTACAC 56.05

katE, F GGTGATTAAGGCCGCACAAA 56.19 112

R AGCCATTTGCTGCCAATCTT 55.74

ompU F CGGTGACAAAGCAGGTTCAA 56.07 120

R CGTACGCGAGAGTTGTCTTG 56.23

recA F GGGCGTGAATATCGATGAGC 56.07 102

R ATGACATCCACAGCACCAGA 56.02

sodA F GTGAACACCTTTGGCTCTGG 56.13 106

R CGGCAACCACATCCATCAAT 55.96

soxR F GAAGGTCTCAGCGTTGCATT 55.94 140

R AGGTCAGTCCGACCATTTGT 55.95

fur F ACAGCCAGAGTGCCAACATA 56.32 130

R ACGAGTCACGATACCAGCAT 55.96

luxR F GATCCAAACCGCTCAGCATT 55.98 139

R TGGCGTTACGCAAGTGATTT 55.82

The sodA being a part of the cellular defense system during oxidative stress, is involved in the conversion
of superoxide anion ( •O2) to O2 and H2O2 that ultimately gets reduced to H2O by catalase [28]. We have
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observed ~ 5 fold increase in sodA expression in AuNPs-SL treated cells. The expression of sodA is
controlled by soxSR regulon, which is also involved in the regulation of expression of more than 40 other
genes. Excess superoxide radicals trigger the activation of soxSR regulons like soxR. The oxidized form
of soxR acts as a transcription activator of sodA [29].

We have also observed ~ 4 fold upregulation in the expression of oxyR (a ROS-sensing transcriptional
regulator). The oxyR is a master regulator mediating cellular response to the higher concentration of H2O2

within the cells. The oxyR mediated regulation of katE is well studied in Gram (–ve) bacteria [30] [31].. An
increase in intracellular H2O2 level triggers the expression of oxyR regulon including catalase. Therefore,
in AuNPs-SL treated cells, the expression level of hydroxyl peroxidase (katE) was also elevated; probably,
to mitigate the oxidative damage caused by the H2O2.

The oxyR is an H2O2 scavenging LysR family protein, regulated with an N-terminal helix-turn-helix DNA
binding domain. In presence of H2O2 oxyR changes to rearrange its secondary structure by forming an
intramolecular disul�de bond resulting in the oxidized form of oxyR, which binds to its target site to
execute its regulatory function. It can alter the expression of several genes including the H2O2

detoxi�cation gene (katE), genes for FeS-centre repair, iron transport and sequestration (fur), and Mn
import.

Further, the DNA binding protein (dps) has shown an increased expression of ~ 2.5 fold due to AuNPs-SL
treatment to the cells. The expression of dps, is known to be involved in ROS resistance during the
exponential growth phase and is regulated by oxyR. Nonspeci�c DNA binding of dps protects DNA
against damage from ROS and the physical association of DNA with the toxic combination of Fe2 and
H2O2. In E. coli, dps is also involved in tolerance to acid stress Fe[32] and Cu toxicity [33] [34] The
increased expression of dps is involved with ameliorating the ROS damage in oxyR dependent
manner[30] [35]. The global regulator of iron homeostasis, ferric uptake regulator (fur), mediates the
oxidative stress defense mechanism [36] in V. cholerae. We have observed two fold upregulation in fur
expression, indicating perturbation in the iron uptake and homeostasis within the AuNPs-SL treated cells.
An overexpression of 5–6 fold of grx was also observed within the treated cells.

The ompU plays a critical role during the adhesion of V. cholerae to the host[37], which was down
regulated in the AuNPs-SL treated cells. In the case of bacteria, outer membrane proteins play an
important role in adaptation to the external environment. In Vibrio sp., the OmpU is a major porin involved
in the adhesion/colonization of the bacteria. It helps to confer resistance to the microbes against
antimicrobial peptides (AMPs) and bile toxicity in the host. Though, under iron limited condition,
downregulation of the expression of the omps’, as the receptor of siderophore complex and heme-
compound transporter have been observed in V. cholerae[38], down regulation of ompU under AuNPs-SL
treated condition suggested alteration in iron transportation within the cells. Moreover, down regulation of
ompU indicates impaired cell evasion and bio�lm formation.
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The luxO regulates multi-signal transduction system, was upregulated by seven folds indicating an
increase in colonization tendency during oxidative stress in V. cholerae upon AuNPs-SL treatment. In V.
cholerae, the gsp plays an important role in the secretion of secretory proteins, and proper outer
membrane assembly (general secretion pathway), is required for the export of several proteins like chitin,
cholera toxin, and protease [39] [40]. It also aids in the survival of V. cholerae under different stress
conditions by facilitating bio�lm formation, pathogenesis, the release of enterotoxin, bio�lm dispersal,
and membrane biogenesis[39]. AuNPs-SL treatment upregulated expression of gsp by three folds.
Likewise, two-fold upregulation of recA was observed indicating ROS mediated SOS response in bacterial
cells under stress conditions. The up regulation of the ROS responsive genes indicated AuNPs-SL
treatment leads to the perturbation of several cellular and physiological functions and leading to the
killing of V. cholerae cells.

AuNPs-SL treatment of V. cholerae alters metal ion concentration within the cells

For the maintenance of membrane potential, the cell requires the movement of ions across the
cytoplasmic membrane. Consequent to the alteration of membrane potential due to AuNPs-SL treatment
and subsequent gene expression pro�le prompted us to �nd the ion concentration within the V. cholerae
cells. Sodium and potassium are the major regulatory ions for the maintenance of the membrane
potential. Therefore, the concentration of major ions related to membrane potential and cellular stress
physiology was checked by using ICP-MS. Treatment of V. cholerae with AuNPs-SL led to the increase in
the K+, Na + and Fe2+ concentration inside the cells, whereas Ca2+ concentration remained unaltered
(Table 2). Thus, the alteration of K + and Na + concentration supported the change in membrane potential
and the alteration of Fe2+ concentration indicated disruption in iron homeostasis and related physiology
within the AuNPs-SL treated cells.

Table 2
Ion concentration measurement under

nanoparticles stress
Ions concentration

(unit: mg/kg)

Control AuNPs-SL-10

Iron 146 229

Sodium 2058 4076

Potassium 2655 4434

Calcium 1591 1583

Supplementation of Fe 2+ using Mohr’s salt rescue V. cholerae from AuNPs-SL stress

Iron is an essential micronutrient for the growth and metabolism of microorganisms, plays important role
in ROS generation via Fenton reaction [41], and works as a cofactor for various enzymes viz. [Fe–S]-
containing ferredoxins, heme-containing cytochromes, fumarases, etc[42]. In bacterial cells, iron uptake
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and storage are critically controlled and regulated by the cellular physiology and homeostatic
mechanism. Since, the iron concentration increased within the cells due to AuNPs-SL treatment, we
presumed that iron was not available for physiological functions. Therefore, the effect of external iron
supplementation was checked in the V. cholerae in presence of AuNPs-SL. Growth kinetic studies revealed
that the growth was rescued after iron supplementation to the growth medium via Mohr’s salt (Fig. 4A). In
addition to that, Mohr’s salt supplementation signi�cantly decreased the ROS production within the
treated cells (Fig. 4B). Further, the growth of V. cholerae in Mohr’s salt supplemented agar plate indicated
recovery of the cells from ROS stress. The supplementation of Mohr’s salt may have helped the cells in
repairing the impairment of Fe-S cluster assemblies, an integral part of the electron transport chain (ETC),
the impairment of which leads to the ROS generation[43]. Therefore, the cell regained their growth
potential and viability.

AuNPs-SL treatment decrease ATP production and creates DNA damage in V. cholerae

The aforementioned impairment of iron clusters related to ETC and alteration in membrane potential in
AuNPs-SL treated V. cholerae, prompted us to investigate the cellular ATP level. The process of ATP
production requires maintenance of membrane potential and membrane integrity as well as proper
function of the ETC. Using luciferase based ATP bioluminescence assay, we observed ~ 50% reduction in
ATP synthesis in AuNPs-SL treated cells. However, no dose dependent decrease in ATP synthesis was
observed in the treated range (10 and 25 µg/mL) of AuNPs-SL (Fig. 5A).

An increase in ROS level within the cells is known to damage DNA by creating lesions in bases, sugar,
DNA protein cross links within the single and double strand bases of DNA. Overexpression of dps and
recA, DNA protecting and damage repair elements, indicates considerable DNA damage within the AuNPs-
SL treated cells. The TUNEL assay used for the estimation of DNA fragmentation measures �uorescence
from the free 3′-OH of the damaged DNA, synthesized from �uorescein labeled dUTP by exogenously
supplied terminal deoxynucleotidyl transferase. The incorporation of labeled dUTP increases
�uorescence inside the cells. When the cells were treated with AuNPs-SL, we observed 20 fold increase in
the �uorescence intensity (Fig. 5B) indicating severe DNA damage and fragmentation within cells in
AuNPs-SL treated condition.

AuNPs-SL treatment leads to apoptosis in V. cholerae

DNA fragmentation is a hallmark of the initiation of programmed cell death or apoptosis. Therefore, we
checked for the initiation of cellular apoptosis within the V. cholerae treated with AuNPs-SL by using
Annexin V allophycocyanin conjugate. Figure 6A shows a signi�cant shift in a population showing
annexin a�nity upon AuNPs-SL treatment. Around 5 fold increases in the �uorescence intensity of
Annexin V have been observed within the treated cells (25 µg/mL of AuNPs-SL treatment); however, the
effect of a lesser amount of AuNPs-SL (10 µg/mL) was not signi�cant (Fig. 6B). Nevertheless, this result
indicated the presence of a signi�cant amount of apoptotic cellular population upon AuNPs-SL
treatment.
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AuNPs-SL treatment causes cell wall damage and membrane leakage in V. cholerae

The bactericidal activity of AuNPs-SL against V. cholerae suggests the interaction of the AuNPs-SL with
the cell membrane. Therefore, the effect of the AuNPs-SL was checked on the outer surface and cell
membrane of V. cholerae by TEM. Extensive damage of the outer surface with ruptured membrane was
observed in the AuNPs-SL treated cells compared to the controlled one (Fig. 7A(i) and 7A(ii)). Damaged
cell wall and membrane led to the out�ow of cellular protein and DNA in the surrounding environment;
therefore, we measured the amount of released protein and DNA from the cell. There was a signi�cantly
higher amount of release of cellular protein from the AuNPs-SL treated cells. We also observed a
concentration-dependent release of protein and DNA with an increasing dose of AuNPs-SL (Fig. 7B and
7C). Treatment with 25 and 50 µg/ml of AuNPs-SL treatment of V. cholerae, resulted in a twofold and
fourfold increase in DNA leakage respectively.

Conclusion
This study mechanistically explains the antimicrobial effect of AuNPs-SL as shown in Fig. 8. AuNPs-SL
exerts its effect by interacting with the bacterial membrane and causing physical damage to the
membrane. The perturbed membrane has other physiological consequences e.g. membrane potential
alterations, PMF disturbances, leakage of intracellular content, etc. The altered membrane potential and
PMF deplete the ATP level in the cell. The membrane perturbations also lead to the accumulation of
AuNPs-SL in the cells. Intracellular accumulation of AuNPs-SL generates ROS which further causes
oxidative stress, apoptosis, oxidative damage to the proteins, and metal ion disturbances in the cells. To
mitigate these physiological assaults, the treated cells alters the expression of the genes of respective
pathways. In summary, membrane damage and ROS formation are the primary causes of AuNPs-SL
mediated killing of V. cholerae. The killing effect to the bacterial cell is brought about at a reasonably low
concentration (MIC). Therefore, the AuNPs-SL has the potential to serve as an alternative therapy for the
removal of water-borne microbial pathogens. Nevertheless, the understanding of the molecular
mechanisms associated with the killing of V. cholera by AuNPs-SL provides us with an opportunity to
understand its feasibility as an alternate antimicrobial agent in the future.
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Figure 1

Reactive oxygen species formation in the presence of AuNPs-SL nanoparticles. A. Flow cytometry
analysis of ROS measurement in V. cholerae exposed to different concentrations of AuNPs-SL (10,15, 20
and 25),  B. ROS measurement in the presence of AuNPs-SL-25and ROS scavengers (NAC, Tiron, Sodium
pyruvate, Ascorbate, Thiourea), C. Growth assay of V. cholerae in the presence of AuNPs-SL-25 and ROS
scavengers (NAC, Tiron, Sodium pyruvate, Ascorbate, Thiourea). (n=3 ± SD). Data is analyzed through
paired t-test, *P< 0.01.
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Figure 2

Membrane potential measurement in V. cholerae treated with AuNPs-SL. (A &B) Flow cytometric analysis
of the membrane potential using DiBAC4. A concentration-dependent increase in Mean Fluorescence
Intensity (MFI) indicating plasma membrane depolarization. (C &D)  Membrane potential analysis using
DiOC2. A concentration-dependent decrease in Mean Fluorescence Intensity (MFI) indicating plasma
membrane depolarization. (n=3 ± SD). The data analyzed using paired t-test, *P-value < 0.01.
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Figure 3

Gene expression in AuNPs-SL nanoparticles treatment. RT-qPCR of selected genes in the presence of
AuNPs-SL-25.  The bar diagrams represent the fold change of genes in presence of nanoparticles as
compared to control. The data of biological duplicates has been plotted with ± SD.
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Figure 4

Supplementation of Iron (Mohr’s salt) rescues the growth inhibitory effect of AuNPs-SL nanoparticles. A.
Growth assay, B. ROS measurement, C. Spot assay in the presence AuNPs-SL-25 and Iron. *P value<0.01
calculated through paired t-test.
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Figure 5

Relative ATP measurement and TUNEL assay in the presence of AuNPs-SL. A.  Relative ATP
measurement at varying concentrations (10 and 25) of AuNPs-SL nanoparticles. The normalized RLU’s
(Relative Light Units) are plotted, B. Estimation of DNA damage using TUNEL assay upon AuNPs-SL-25
treatment, Nalidixic acid is taken as a positive control. (n=3± SD)  *P<0.01. Data analysis was performed
using paired t-test.
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Figure 6

Measurement of apoptosis upon AuNPs-SL treatment using Annexin a�nity assay. A. Graphical
representation of annexin positive cells at a varying concentration of AuNPs-SL (10 and 25), B. MFI of
annexin positive cells, (n=3 ± SD). Data analysis is done through paired t-test. *P<0.01, P=0.013 for
AuNPs-SL-10 and P= 0.0008 for AuNPs-SL-25.
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Figure 7

Illustration of membrane damage in the presence AuNPs-SL nanoparticle. A. (Ai and Aii) TEM images of
V. cholerae in the absence (i) and presence of AuNPs-SL (ii). Leakage of protein and DNA (B and C
respectively). Protein and DNA leakage at a varying concentration of AuNPs-SL (25 and 50) respectively,
(n=3± SD). The data was analyzed using Unpaired t-test *P<0.01.
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Figure 8

Schematic representation of mechanistic insight of AuNPs-SL mediated killing of V. cholerae. The
scheme depicts that intracellular accumulation of AuNPs-SL nanoparticles induces ROS formation which
further leads to oxidative damages to proteins and DNA and perturbed metal ion homeostasis. Besides
that, AuNPs-SL interacts with the membrane and causes membrane damage that further causes
alteration in membrane potential, proton motive force. The alteration in PMF and membrane potential
deplete intracellular ATP. The intracellular contents of the cell (protein and DNA) also leak-out through the
damaged membrane.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementaryInformation31032022format13.doc

https://assets.researchsquare.com/files/rs-1520875/v1/4bae56547ab077a0f368a81e.doc

