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Abstract

Several microbial pathogens are capable of forming biofilms. These microbial communities pose a serious challenge to the
healthcare sector as they are quite difficult to combat. Given the challenges associated with the antibiotic-based manage-
ment of biofilms, the research focus has now been shifted towards finding alternate treatment strategies that can replace or
complement the antibacterial properties of antibiotics. The field of nanotechnology offers several novel and revolutionary
approaches to eradicate biofilm-forming microbes. In this study, we evaluated the antibacterial and antibiofilm efficacy
of in-house synthesized, tryptone-stabilized silver nanoparticles (Ts-AgNPs) against the superbug Serratia marcescens.
The nanoparticles were of spherical morphology with an average hydrodynamic diameter of 170 nm and considerable col-
loidal stability with a Zeta potential of —24 +6.15 mV. Ts-AgNPs showed strong antibacterial activities with a minimum
inhibitory concentration (MICs,) of 2.5 pg/mL and minimum bactericidal concentration (MBC) of 12.5 ug/mL against S.
marcescens. The nanoparticles altered the cell surface hydrophobicity and inhibited biofilm formation. The Ts-AgNPs were
also effective in distorting pre-existing biofilms by degrading the extracellular DNA (eDNA) component of the extracel-
lular polymeric substance (EPS) layer. Furthermore, reduction in quorum-sensing (QS)-induced virulence factors produced
by S. marcescens indicated that Ts-AgNPs attenuated the QS pathway. Together, these findings suggest that Ts-AgNPs are
an important anti-planktonic and antibiofilm agent that can be explored for both the prevention and treatment of infections
caused by S. marcescens.
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Introduction

Infections caused by antibiotic-resistant bacterial strains are
a leading cause of mortality and have an overall detrimental
effect on public health and the health economy worldwide [1].
One of the potential mechanisms of bacteria to attain antibi-
otic resistance is through biofilm formation. By definition, a
biofilm is formed by bacterial colonies with the potential to
collectively grow and adhere to biotic or abiotic surfaces into
a 3-dimensional network [2]. This complex 3D multi-layered
network holds resting bacteria, which have the potential to
move on another surface, leading to the formation of a new
biofilm on maturing. The extracellular protective layer of bio-
films is composed of various proteins, nucleic acids, and other
biomolecules. These biomolecules’ network with entrenched
cells in the biofilm helps in adherence and protection from
harsh environments and bactericides. They also play a key role
in the manufacturing of metabolites and nutrition for the bacte-
ria [3, 4]. Biofilms play an important role in shielding bacterial
strains against antibiotics. This is achieved by slowing down
the process of antibiotic penetration, enzymatically degrading
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the antibiotics, and supporting bacterial cells to develop resist-
ance at the gene level. Targeting these biofilms can render
bacterial cells vulnerable to antibiotics and are a great target
for antimicrobial therapy [4, 5]. Laboratories across the world
have been exploring different therapeutic strategies including
bacteriophage therapy, antimicrobial peptides, surface modula-
tors, natural compounds, and metallic nanoparticles for con-
trolling these bacterial biofilms [6-9].

Among these, the definitive advantage of using metallic
nanoparticles is that they display a wide range of physico-
chemical properties, compared to their bulk analogues and are
easily tuneable. Nanoparticles of the size between 1 nm to
200 nm exert unique and novel properties in biological systems
[10-14]. These properties are attributed to their high surface
energy, minimal imperfections, large proportion of surface
atoms, and spatial confinement. Silver has been known to pos-
sess strong antimicrobial properties since ancient times [15,
16]. It has been in use for preventing and treating microbial
infections for more than 5 millennia. In recent times, silver is
also known to prevent viral infections [17]. It is also used in
the form of silver-impregnated polymer on medical devices
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and implants used for surgery. With the advent of nanotech-
nology, silver nanoparticles (AgNPs) have been investigated
extensively in several biomedical applications. Several ‘green
synthesis’ approaches utilizing the reducing power of plant
polyphenols, peptides, microbes, etc. have been explored with
varying degrees and definitions of success [18]. Specifically,
proteins and other chemicals present in these biomaterials act
as reducing-capping or stabilizing agents during the synthesis
process [19, 20]. These biological methods for metallic nano-
particle synthesis have gained credence and momentum over
the past decade [21].

For the current study, we made use of tryptone (trypsinized
casein) as the stabilizing agent for the silver nanoparticles.
Tryptone, by itself, has no toxicity to bacteria. On the contrary,
it is a vital component in several nutrient media used to grow
bacteria [22, 23]. Nevertheless, it is an excellent stabilizing
agent. As we have reported earlier, both gold and silver nano-
particles that are stabilized with tryptone have considerable
anticancer potential [11-14]. Given that tryptone by itself has
no considerable antibacterial effect, it can be used for surface
functionalization of silver. This method would enable pin-
pointing of the stand-alone mechanism of action of nanosilver
in bacterial cells, without the considerable contribution from
the stabilizing agents.

In the current study, silver nanoparticles stabilized with
tryptone (Ts-AgNPs) were tested for their antibacterial and
antibiofilm potential against respiratory tract infection-causing
bacteria S. marcescens.

Materials and methods

Synthesis and characterization of silver
nanoparticles

Ts-AgNPs were synthesized and characterized as we have
reported earlier [14]. Briefly, 1 mg/mL tryptone (pH 12)
(SRL, Bangalore, India) was mixed with 1 mM of silver
nitrate (SD fine chemicals, Mumbai, India) and the solution
was kept for heating for 20 min in the dark till the colour
changed to dark brown. The following day, the nanoparti-
cles were collected by centrifugation (26,200xg) for 30 min
and the pellets were dried using a Labconco FreeZone 2.5
lyophilizer. The formation of Ts-AgNPs was confirmed by
observing the UV—-Vis spectrum (Infinite® 200 PRO, Tecan,
Switzerland). The core size and shape of the Ts-AgNPs were
visualized using a transmission electron microscope. The
hydrodynamic diameter and the stability of the synthesized
Ts-AgNPs were checked using a Zetasizer Nano-ZS90 size
analyser (Malvern Instruments Ltd, Worcestershire, UK).
The Fourier-transform infrared (FTIR) spectral analysis
was employed to detect the presence of different functional
groups on the nanoparticles [14].

Minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC)
determination assay

To check the antibacterial potential of Ts-AgNPs against
S. marcescens, minimum inhibitory concentration was
assessed using the microdilution method as mentioned in
Clinical and Laboratory Standards Institute [23] guidelines
followed by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphe-
nyltetrazolium Bromide) assay. Briefly, 10® CFU/mL bac-
terial cells were suspended in microtiter plates containing
serially diluted Ts-AgNPs (1—10 ug/mL). The plates were
incubated at 37 °C for 24 h and bacterial cell viability was
determined using MTT as mentioned in Vishwakarma and
Vavilala 2020. To check if Ts-AgNPs have a bactericidal
effect on S. marcescens, minimum bactericidal activity was
then determined. For this 24 h, Ts-AgNPs treated bacterial
cells were taken, Ts-AgNPs were removed, and the bacterial
cells were supplied with fresh medium and allowed to grow
for another 24 h. After incubation, viable cells were deter-
mined by staining with MTT assay as mentioned above [24].

Time-kill curves and colony-forming unit (CFU)
assay

To check the potential of Ts-AgNPs to inhibit bacterial
growth over time, a time-kill curve was performed. For
this experiment, 10° CFU/mL cells were treated with dif-
ferent concentrations of Ts-AgNPs (0-10 MIC) and bac-
terial growth was monitored from O h till 48 h by taking
the optical density @595 nm using a spectrometer. Then,
growth—kill curves were plotted by plotting the optical
density vs time [25].

Colony forming unit assay was performed, by taking
10% CFU/mL culture treated with different concentrations
of Ts-AgNPs and incubated for 37 °C for 24 h. Post-incu-
bation, 100 pL of this culture was spread on fresh GM3
medium and incubated further 24 h at 37 °C. Post-incuba-
tion, the number of colonies formed were counted manu-
ally and compared with untreated control [25].

Intracellular reactive oxygen species (ROS)
determination

To check if Ts-AgNPs induce endogenous reactive oxy-
gen species production, this assay was performed. For this
experiment, overnight grown culture was further inocu-
lated in fresh GM3 medium and incubated at 37 °C for
3—4 h until the O.D. of the culture reaches to 0.5. Then,
100 pL of this culture was suspended in 96-well microtiter
plates, and then, 100 uM 2',7'-dichlorodihydrofluorescein
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diacetate (DCFDA) was added. Further, different concen-
trations of Ts-AgNPs (0-5 MIC) were added into these
wells, mixed well, and kept in dark for 3 h and 5 h. The
amount of ROS produced was monitored by measuring
the fluorescence of highly fluorescent dichlorofluorescein
(DCF) formation in presence of ROS by exciting at 485 nm
and emission at 535 nm using Tecan UV-Vis spectropho-
tometer [26, 27].

Hydrogen peroxide sensitivity assay

To validate the antibacterial ability of Ts-AgNPs by inducing
ROS, this assay was performed. Briefly, 10° CFU/mL over-
night culture was further inoculated in fresh medium and
different concentrations of Ts-AgNPs (0-5MIC) were added
and incubated further 24 h at 37 °C. Post-incubation, 100
pL of this culture was spread on GM3 agar plate. A sterile
6 mm Whatman paper disk was placed in the middle of the
plate and 10 pL of 3% hydrogen peroxide was added to the
paper disc placed at the centre. These plates were incubated
at 37 °C for 24 h. After incubation, the zone of inhibition
was measured. The experiment was repeated thrice for each
concentration of the Ts-AgNPs and untreated controls [28].

Biofilm Inhibition studies

The property of silver nanoparticles to inhibit the formation
of biofilms was assessed using biofilm inhibition assay. Bac-
terial culture (overnight grown) was sub-cultured in fresh
GM3 media and allowed to grow until an O.D. reaches to
0.5. This culture was further treated with different concen-
trations of Ts-AgNPs (0-100 pg/mL) and incubated for 24 h,
37 °C, 120 rpm. The planktonic cells and unadhered cells
were removed, washed three times using distilled water, and
dried for 10 min at room temperature. After drying, 200
pL of 1% crystal violet stain was added to each well and
placed at room temperature for 30 min. The excess stain was
washed off and 200 uL of ethanol (100%) was added to all
wells. The O.D. was measured using a spectrophotometer
at 595 nm [29].

Cell-surface-hydrophobicity assay

The effect of Ts-AgNPs on the hydrophobicity of bacte-
rial cells to inhibit biofilm formation was evaluated using
the Bacterial Adherence to Hydrocarbon (BATH) Assay.
A 10° CFU/mL cells were incubated with different con-
centrations of Ts-AgNPs (0-100 pug/mL) for 24 h at 37 °C,
120 rpm. After incubation, absorbance values were obtained
at 600 nm. The reaction mixture was then transferred to glass
tubes with equal volumes of absolute toluene in each tube.
After vigorous shaking for 30 sec, the tubes were incubated
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for 5 min at room temperature for phase separation. After
separation, the aqueous layer was collected into a 96-well
plate and the optical density was measured at 600 nm [25].

Biofilm eradication assay

This assay is carried out to examine the ability of Ts-AgNPs
to eradicate or disintegrate preformed biofilms. Approxi-
mately 10® CFU/mL of cells were treated with 15 mM
hydrogen peroxide and incubated for 24 h at 37 °C to form
a biofilm. After 24 h of incubation, planktonic cells were
removed slowly and fresh medium with varying concentra-
tions of Ts-AgNPs was added to the wells and incubated
for 24 h at 37 °C, 120 rpm. Further, unadhered cells were
washed using distilled water and biofilms in the wells were
quantified using the crystal violet assay as mentioned above.
The assay was performed thrice, and percentage eradication
was graphically represented against Ts-AgNPs’ concentra-
tion [30, 31].

Quantification of extracellular polymeric substance
(EPS)

Extracellular polysaccharide is the matrix that helps in
the protection as well as maintains the structural and
functional integrity of the biofilm. To examine the ability
of Ts-AgNPs in distorting the EPS layer, this assay was
performed. In this assay, preformed biofilms were treated
with different concentrations of Ts-AgNPs and incubated
at 37 °C for 24 h. After 24 h, equal volumes of absolute
acetone and 10% trichloroacetic acid (TCA) were added
to the EPS extract and incubated at 4 °C overnight. After
incubation, the tubes were centrifuged at 8000 rpm for
5 min at 25 °C. The supernatant was gently discarded and
the pellet was air dried. The weights of the pellets of both
untreated and Ts-AgNPs-treated samples were measured
and the results were represented as a graph of the total
weight of EPS against the concentration of Ts-AgNPs [32].

eDNA quantification

Extracellular DNA (eDNA) isolation was performed
using a modified protocol by Wang et al. [33]. Pre-
formed biofilms in microtiter plates were treated with
different concentrations of Ts-AgNPs and eDNA was
extracted from the EPS layer by incubating the biofilms
at 4 °C for 1 h, after which 1 pL of 0.5 M of EDTA was
added to each well. The contents of wells were carefully
transferred into the microfuge tubes and centrifuged.
The pellet was resuspended into 50 mM Tris HCL (pH
8). eDNA was then isolated by adding an equal volume
of phenol:chloroform:isoamyl alcohol (25:24:21 and
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centrifuged for 5 min at 10,000 rpm. To the aqueous layer,
three equal volumes of ice-cold ethanol along with 1/10th
amount of sodium acetate (pH 5.2) were added and stored
overnight at — 20 °C. After incubation, tubes were centri-
fuged at 18,000g, 4 °C for 20 min. The pellet was allowed
to dry and resuspended in Tris:EDTA buffer. The concen-
tration and purity of the eDNA extracted were calculated
spectrophotometrically by measuring the absorbance ratio
Ayg0/Asgo using nanoquant200©.

Fluorescent microscopy analysis

To validate the biofilm eradicating potential of Ts-AgNPs,
fluorescence microscopy analysis was carried out. Bio-
films were preformed on the coverslips and these pre-
existing biofilms were then treated with 2 MIC and MIC
of Ts-AgNPs for 24 h at 37 °C. Post-incubation, the bio-
films were washed with phosphate buffer saline (PBS)
twice. Then, the biofilms were stained with 10 w/mL of
propidium iodide and kept in the dark for 20 min. After
staining, the coverslips were washed with Milli Q water
and mounted on the slides. Slides were observed under
fluorescent microscopy in TRITC filters at 100 X with oil
immersion [34].

Analysis of quorum-sensing pathway-induced
virulence factors

Quorum sensing pathway is known to induce various viru-
lence factors in S. marcescens and contribute to its patho-
genicity. To check the effect of Ts-AgNPs in inhibiting these
virulence factors production, quantification of urease, pro-
tease, lipase, hemolysin, and prodigiosin pigment production
was carried out.

Urease assay

For urease assay, overnight grown culture of Ts-AgNPs
treated/untreated cells was centrifuged at 8499 x g at 25 °C
for 5 min and 0.1 mL of supernatant was treated with 0.5 mL
of 2% urea, incubated at 37 °C for 3 h. Post-incubation,
the amount of ammonia released was quantified by add-
ing 0.1 mL of Nessler’s reagent and incubated for another
5 min at room temperature. Urease activity was quantified
by measuring the O.D. at 530 nm using a UV-Visible spec-
trophotometer [35].

Protease assay
Azocasein assay was performed to determine the pro-

teolytic action of S. marcescens in the presence/absence
of Ts-AgNPs. For this experiment, 75 uL of Ts-AgNPs

treated/untreated cell-free supernatant was reacted with
125 uL of azocasein substrate (0.3% azocasein in 0.05 M
Tris—HCI+ 0.5 mM CaCl,). The mixture was then incu-
bated for 15 min at 37 °C. The reaction was then stopped
by adding 600 puL 10% trichloroacetic acid and incubated
at —20 °C for 20 min. The mixture was then centrifuged at
8000 rpm for 5 min. Then, 700 pL of NaOH was added to
the supernatant and the protease activity was measured at
534 nm [36].

Hemolysin assay

Ts-AgNPs treated and untreated bacterial cultures were cen-
trifuged at 11,000 rpm for 20 min at 4 °C. Then, 900 uL of
fresh sheep blood suspension (2% sheep blood erythrocytes
in PBS; pH 7.4) was added to 100 pL of supernatant. The
mixture was incubated at 37 °C for 1 h. Then, the suspen-
sion was centrifuged at 3000 rpm for 10 min and the amount
of hemoglobin released in the supernatant was measured at
530 nm. Erythrocytes suspended in distilled water served as
positive control and erythrocytes suspended in PBS served
as a negative control for this experiment [37]. Hemolysin
activity was determined using the formula below:

Percentage lysis = [(A530 of sample — A530 of background)
/A530 of total — A530 of background) * 100.

Lipase assay

Overnight grown Ts-AgNPs treated and untreated bacterial
cultures were centrifuged at 10,000 X g for 10 min at 4 °C.
Pellet was dissolved in 0.5 mL of Tris—EDTA buffer (pH
8.0), and the resultant suspension was sonicated to release
lipase from the cells. After sonication, the suspension was
centrifuged, and the supernatant was collected to check
lipase activity. To 0.1 mL of cell-free supernatant, 0.9 mL
of p-nitrophenyl palmitate (pNPP) substrate mixture (solu-
tion A- 3 mg of pNPP in 1 mL isopropanol and solution
B- 10 mg of gum arabic and 40 mg of Triton-X in 9 mL of
50 mM Tris—HCI buffer pH 8) was added, and incubated for
20 min at 60 °C in a shaking water bath. The lipase activity
was measured spectrophotometrically at 400 nm [38].

Prodigiosin pigment production

Overnight grown culture was further inoculated in fresh
GM3 medium, treated with different concentrations of Ts-
AgNPs, and incubated for 24 h at 37 °C. The cells were then
harvested at 10,000 rpm for 10 min. Prodigiosin pigment
from S. marcescens cell pellet was extracted using 1 mL of
acidified ethanol. The extracted pigment was quantified at
535 nm using UV-visible spectrophotometer [36].
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Effect of Ts-AgNPs on swimming and swarming
motilities of S. marcescens

The effects of Ts-AgNPs on S. marcescens swimming and
swarming motilities were assayed. For this experiment, GM3
media with 0.3% and 0.5% agar plates without and with Ts-
AgNPs (1/8 MIC, Y4 MIC, and Y2 MIC) were prepared and
5 UL of S. marcescens culture was placed at the centre of
the plate and incubated at 37 °C for 24 h in a plate incuba-
tor. After 24 h, the swimming and swarming motility of S.
marcescens was measured in millimetres (mm) and reported
in comparison to untreated controls [39].

Results
Synthesis and characterization of Ts-AgNPs

As we have reported [14], UV-Vis spectral analysis
showed the maximum peak at 408 nm confirming the for-
mation of the Ts-AgNPs. Transmission electron micros-
copy revealed ~ 18 nm core size and spherical morphol-
ogy of the particles. The hydrodynamic diameter of the
Ts-AgNPs was found to be ~ 170 nm and the zeta potential
of —24+6.15 mV confirmed the stability of the nanoparti-
cles. The presence of different functional groups like amines,
amides, aldehydes, and aromatic compounds indicated that
tryptone played a crucial role in capping and stabilization
of the Ts-AgNPs [14].

Antibacterial studies

The minimum inhibitory concentration (ICs;) of Ts-AgNPs
against S. marcescens was found to be 2.5 pg/mL. Ts-AgNPs
showed a bactericidal effect on S. marcescens, indicating
that Ts-AgNPs were very effective in killing the bacteria and
can help treat S. marcescens-associated infections.

Growth kill assay was performed to monitor the bacterial
growth with respect to varying time points and concentra-
tions of Ts-AgNPs. The graph obtained showed that there
was a significant decrease in the number of viable cells of
S. marcescens as the concentration of Ts-AgNPs increases
(Fig. 1A). Ts-AgNPs significantly affected the log phase
growth of this bacteria showing its bactericidal effect. Ini-
tially, the growth pattern was similar for all concentrations,
but as the time increases, there was a gradual decrease in
the number of viable cells. After 24 h, a steady growth pat-
tern was seen in the untreated sample, whereas for treated
samples, the number of viable cells decreased significantly
with the increased concentration of Ts-AgNPs in a dose-
dependent manner. A stark decrease in growth was observed
from MIC till 10 MIC of Ts-AgNPs for S. marcescens (1A).

Moreover, it was observed that Ts-AgNPs significantly
affected the colony-forming ability of S. marcescens cells.
It was observed that when the cells were incubated with dif-
ferent concentrations of Ts-AgNPs, there was a significant
decrease in the CFU in this bacterium (Fig. 1B). At 1/4%h
and Y2 MIC of Ts-AgNPs, there was a significant decrease
in the number of bacterial colonies formed by S. marces-
cens as compared to the untreated control sample, whereas
at MIC till 5 MIC of Ts-AgNPs treated bacteria showed no
colonies (Fig. 1C). This indicates that Ts-AgNPs has a sig-
nificant effect on colony-forming ability of S. marcescens in
a concentration-dependent manner.

Intracellular ROS quantification

To explore the probable mechanism of Ts-AgNPs-induced
bacterial death, intracellular ROS was quantified. It was
observed that Ts-AgNPs inhibited bacterial growth by induc-
ing ROS. Ts-AgNPs-treated bacteria showed a significant
increase in ROS accumulation in a dose-dependent manner
over time as compared to control. There was a maximum
of ~2.5-fold increase in ROS production after 1 h Ts-AgNPs
treatment. While at 3 h and 5 h, there was a maximum of
1.57- and 1.76-fold increase in ROS was observed in Ts-
AgNPs-treated cells as compared to untreated control
(Fig. 2A), indicating that Ts-AgNPs changing the redox
environment in S. marcescens that led to bacterial cell death.

To substantiate the ability of Ts-AgNPs to induce ROS
and kill bacteria, H,0, sensitivity assay was performed. The
results obtained clearly showed that with increased concen-
tration of Ts-AgNPs, there was a gradual increase in the bac-
terial growth inhibition as indicated by increased diameter
of the zone of inhibition (Fig. 2B). As compared to plain
H,0, disk, there was a 1.5-fold increase in the diameter of
bacterial growth inhibition at MIC of Ts-AgNPs indicating
the potential of Ts-AgNPs in inducing ROS and oxidative
damage to S. marcescens (Fig. 2C1-C4).

Biofilm-inhibition assay

Ts-AgNPs-treated cells showed decreased biofilm formation
as compared to control in a dose-dependent manner. It was
observed that Ts-AgNPs showed 29-90% of inhibition of
biofilm formation in S. marcescens at 1-100 pug/mL con-
centrations (Fig. 3A). This result indicates the potential of
Ts-AgNPs to efficiently prevent the bacteria from adhering
to the surface and initiate biofilm formation.

To determine the mechanism by which Ts-AgNPs inhibit
biofilm formation, the cell surface hydrophobicity assay was
performed. The graph obtained showed that with increased
concentration of Ts-AgNPs, there was a gradual decrease
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Biofilm eradication assay

Eradication of preformed biofilm by Ts-AgNPs was deter-
mined by performing this assay. The results showed that S.
marcescens preformed biofilms were effectively distorted
with increased concentration of Ts-AgNPs. Bacteria treated
with 5-25 pg/mL of Ts-AgNPs showed 14%, 17%, and 53%
distortion of biofilms, respectively. While, 53%, 55%, and
63% distortion were observed at 50 ug/mL, 100 ug/mL, and
250 pg/mL of Ts-AgNPs-treated cells as compared to control
(Fig. 4A).

To determine the ability of Ts-AgNPs in distorting this
outer protective covering, quantification of EPS content was
performed. It was observed that after centrifugation, the pel-
let of Ts-AgNPs-treated samples gradually decreased in a
dose-dependent manner in comparison to the untreated sam-
ple. There was approximately 78% and 82% decrease in the
weight of pellets at 50 ug/mL and 250 ug/mL of Ts-AgNPs,
respectively, as compared to the control samples (Fig. 4B).
This confirms the ability of Ts-AgNPs in disrupting the EPS
layer of preformed biofilms in S. marcescens.

In the aim to determine the mechanism by which Ts-
AgNPs distort the EPS covering in S. marcescens, quanti-
fication of eDNA of the EPS layer was carried out in both
Ts-AgNPs treated and untreated samples. It was observed
that the amount of eDNA isolated from the cell-free super-
natants of Ts-AgNPs-treated samples of S. marcescens
gradually decreased as compared to the untreated sample.

Ts-AgNPs-treated cells showed a 4.3-fold decrease in the
eDNA content of the EPS layer at 25 pg/mL. A maximum of
6.6-fold decrease in eDNA was observed at 250 ug/mL con-
centration of Ts-AgNPs, indicating their potential in degrad-
ing the eDNA component of the EPS layer and dissolving
the biofilms (Fig. 4C).

Microscopy analysis

The ability of Ts-AgNPs in distorting preformed biofilms is
further validated by fluorescence microscopy analysis. Pre-
formed biofilms were stained with propidium iodide, showed
densely packed aggregates of bacterial cells with intense
fluorescence (Suppl Fig. 1A). While, the “2MIC, MIC, and
2 MIC Ts-AgNPs-treated preformed biofilms showed dis-
torted biofilms with loosely packed small clusters of bacte-
ria (Suppl Fig. 1B-D) validating the effect of Ts-AgNPs in
eradicating matured biofilms.

Anti-quorum-sensing studies: quantification
of virulence factors

It was observed that Ts-AgNPs significantly reduced QS-
induced virulence factor production in S. marcescens. Ure-
ase activity was reduced to 48%, 82%, and 90% at 10 pg/
mL, 25 pg/mL, and 100 pg/mL of Ts-AgNPs (Fig. 5A).
ExoProtease activity was reduced to a maximum of 70-81%
at 2.5-50 pg/mL concentration of Ts-AgNPs (Fig. 5B).
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Similarly, lipase activity was significantly reduced with
increased concentrations of Ts-AgNPs. It was observed that
about 56% reduced lipase activity was observed from 2.5
to 50 pg/mL of Ts-AgNPs as compared to untreated con-
trol (Fig. 5C). Prodigiosin, an important pigment produced
by S. marcescens, was significantly decreased to about
30-77% in 25-100 pg/mL of Ts-AgNPs-treated bacterial
cells (Fig. 5D). Another important virulence factor produced
by S. marcescens in hemolysin. Ts-AgNPs-treated cells
showed ~20-60% reduced hemolysin production (Fig. SE).
These results indicate the promising potential of silver nano-
particles in attenuating the quorum-sensing pathway and its
associated pathogenicity.

Swimming and swarming motility

Ts-AgNPs significantly reduced the motility in S. marces-
cens. Swimming motility in S. marcescens was tested using
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sub-lethal concentrations of Ts-AgNPs. It was observed that
1/8 MIC Ts-AgNPs reduced the swimming motility of S.
marcescens, while ¥ MIC- and %2 MIC-treated cells showed
complete inhibition of swimming motility as compared to
control (Fig. 6a2, a3, a4) and as compared to untreated con-
trol (Fig. 6al). Ts-AgNPs showed reduced diameter of motil-
ity with increased Ts-AgNPs concentration. The diameter
of swimming motility was 30 mm in 1/8th MIC, 10 mm in
1/4th MIC, and 0 mm in %2 MIC as compared to 38 mm in
control cells (Fig. 6a5).

Similarly, even swarming motility of S. marcescens was
also decreased drastically with Ts-AgNPs treatment in a
dose-dependent manner (Fig. 6b1-b4). Control cells showed
a diameter of 40 mm of swarming motility, while 1/8 MIC
Ts-AgNPs-treated cells showed a diameter of 25 mm. Both
14 MIC and Y2 MIC Ts-AgNPs-treated cells showed complete
inhibition of swarming motility in S. marcescens (Fig. 6b5).
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Discussion

Multidrug-resistant bacteria have been causing severe infec-
tions that claim 13 lakh lives a year; of this, over 3.9 lakhs
are just in South Asia alone. The ongoing COVID-19 pan-
demic has also led to an increase in the usage of antibiot-
ics [40]. One of the major factors driving antibiotic resist-
ance is the formation of biofilms by these bacteria [41-45].
The ability of bacteria to form biofilms is one of the main
virulence factors that interfere with antibiotic activity and
immune defence response mechanisms [43, 46, 47]. Among
the biofilm-forming bacteria, S. marcescens showcases many
virulence factors that are responsible for severe life-threaten-
ing infections [48]. It is a causative agent of wound infection,
pneumonia, and urinary tract infection (UTI). The ability to
form biofilms along with virulence factors plays a key role
in providing this bacterium with resistance to antimicrobial
drugs [49, 50]. As of now, no known drugs can mitigate S.
marcescens biofilms, and it has attained a superbug status
[51].

Antimicrobial treatment strategies have been bolstered by
recently developed techniques, such as antibiotic cocktails,
bacteriophage therapy, nanoparticles-based methods, natural
compounds, and antimicrobial peptides [29, 52-56]. There
has been significant research on the antibacterial proper-
ties of silver ions. In particular, some silver ions are highly
efficient against both Gram-positive and Gram-negative bac-
teria. Such silver ions come from silver sulfadiazine and dis-
solved silver nitrate (AgNO;). On the other hand, the highly
reactive nature of silver ions drives down its antibacterial
efficacy. With the rapid growth of nanotechnology in recent
years, it is now possible to fabricate a variety of silver nano-
particles with increased antimicrobial efficacy due to their
small size [57]. In the current study, Ts-AgNPs have been
shown to be a potent antimicrobial agent for topical adminis-
tration against multidrug-resistant bacteria in preclinical set-
tings [58]. However, lack of colloidal stability, time-consum-
ing synthesis procedures, cost, etc. pose major challenges in
developing them for industrial and commercial applications
[59]. Here, using tryptone as a stabilizing agent, we sought
to mitigate the problems associated with colloidal stability,
undesired toxicity, cost, time of their synthesis, and adverse
effects on the ecosystem. Moreover, tryptone is known as
a vital component in the nutrient media used for bacterial
growth, and as such, it has no antibacterial effect. In the
current study, using a combination of biochemical, micro-
scopical, and cellular assays, highly efficacious antibacterial
and antibiofilm activity of Ts-AgNPs in S. marcescens was
demonstrated. As mentioned earlier, we took a facile syn-
thetic approach for the synthesis of Ts-AgNPs and charac-
terized them using an assortment of spectroscopic analyses
and transmission electron microscopy [14]. First, the effect

of these Ts-AgNPs on the planktonic growth of S. marces-
cens was carried out. Antibacterial activity of Ts-AgNPs was
evidenced by lower MIC values and delay in the bacterial
growth after the treatment with the nanoparticles (Fig. 1).
Compared to most of the previous reports using different
stabilizing/capping agents, the MIC values of Ts-AgNPs
are substantially lower, indicating their superior efficacy
[60-62]. It is documented earlier that the inhibitory effect
of AgNPs on Gram-negative bacteria is more pronounced
as compared to Gram-positive bacteria. One of the potential
mechanisms that lead to this enhanced antibacterial activity
in Gram-negative bacteria is the adsorption of the ionic form
of silver (Ag+) by cytoplasmic membranes which ultimately
leads to the destruction of the cell membrane, causing bacte-
rial content leakage, and death [63]. Substantiating previous
findings, the elevated levels of ROS by Ts-AgNPs observed
in the current study, probably due to their interaction with
the sulfur groups of some crucial proteins, facilitated bacte-
rial death [64].

These results prompted us to investigate the impact of the
Ts-AgNPs on the biofilm-forming ability of S. marcescens.
It was observed that Ts-AgNPs efficiently inhibited biofilm
formation in a concentration-dependent manner (Fig. 3A).
Further, as demonstrated by a cell surface hydrophobicity
assay, the Ts-AgNPs altered the hydrophobic properties of
the bacterial cell wall, contributing, at least in part, to the
inhibition of biofilm formation, demonstrating its prophy-
lactic potential (Fig. 3B). On a therapeutic perspective, Ts-
AgNPs effectively distorted preformed biofilms as evidenced
via the interruption of EPS production (Fig. 4). These find-
ing supports previous findings about the ability of AgNPs in
inhibiting bacterial biofilms but with a considerably higher
efficacy [65—73]. Concerning its mechanism of action, Ts-
AgNPs likely diffuse through the EPS layer of the biofilm,
and induced ROS production, prompting bacterial death,
and thereby reducing EPS layer formation and dissolution
of the biofilms. The antibiofilm ability of Ts-AgNPs to dif-
fuse through the EPS layer has been reported earlier [74].

It is known that an important contributor to bacterial
biofilm formation is their intercellular communication
mechanism which is the quorum-sensing pathway. The quo-
rum-sensing (QS) pathway, operated via chemical signals
production, controls the bacterial response to extracellular
signalling molecules and induces microbial virulence fac-
tors [75]. Ts-AgNPs demonstrated their ability to inhibit the
production of QS-induced virulence factors. Specifically, as
we observed, sub-MIC of the Ts-AgNPs efficiently inhib-
ited the production of these virulence factors (such as ure-
ase, protease, lipase, prodigiosin pigment, and hemolysin)
(Fig. 5) as reported earlier in other bacterial species [76].
Furthermore, Ts-AgNPs also significantly reduced the swim-
ming and swarming motility in this bacterium indicating
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their potential to inhibit both adhesion and dispersal stages
of bacterial biofilms (Fig. 6), thereby attenuating the QS
pathway and reducing bacterial biofilms [77].

Conclusion

The current study shows the effectiveness of tryptone-
stabilized silver nanoparticles in interrupting bacterial
growth and multiplication by altering the redox environ-
ment of the bacteria. Furthermore, Ts-AgNPs because of
their small size diffused into the bacterial cells and inhib-
ited biofilm formation by altering the cell surface hydro-
phobicity of this bacteria. It also effectively distorted
pre-existing biofilms by inducing ROS production, and
degrading eDNA, thereby distorting the EPS layer of bio-
films, indicating their potential for both prevention and
treatment of S. marcescens-associated diseases. Notably,
Ts-AgNPs reduced various QS-induced virulence factors
and their pathogenicity. Our study helps to understand the
mechanistic details through which Ts-AgNPs interfere
with bacterial persistence and antibiotic resistance, and
might pave the way for developing Ts-AgNPs-based anti-
biofilm therapeutics.
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