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Abstract

Background Bioinspired nanomaterials have widely been employed as suitable alternatives for controlling biofilm
and pathogens due to their distinctive physico-chemical properties.

Methodology This study explored the antibiofilm as well as photocatalytic potential of silver (Ag) nanoparticles (NPs)
synthesized using the cell-free supernatant of Lactobacillus acidophilus for the disinfection of multi-drug-resistant
(MDR) strains of enteroaggregative E. coli (EAEC), Salmonella Typhimurium, S. Enteritidis and methicillin-resistant
Staphylococcus aureus (MRSA) on exposure to LED light. In addition, the removal of toxic cationic dyes i.e, methylene
blue (MB), rhodamine B (RhB) and crystal violet (CV) was explored on exposure to sunlight, LED and UV lights.

Results Initially, the synthesis of AGNPs was verified using UV- Vis spectroscopy, X-ray diffraction and transmission
electron microscopy. The synthesized AgNPs exhibited MIC and MBC values of 7.80 and 15.625 pg/mL, respectively.
The AgNPs exhibited significant inhibition (P<0.001) in the biofilm-forming ability of all the tested MDR isolates. On
exposure to LED light, the AgNPs could effectively eliminate all the tested MDR isolates in a dose-dependent manner.
While performing photocatalytic assays, the degradation of RhB was observed to be quite slower than MB and CV
irrespective of the tested light sources. Moreover, the sunlight as well as UV light exhibited better photodegradation
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capacity than LED light. Notwithstanding the light sources, RhB followed zero-order kinetics; however, MB and CV

followed primarily second-order kinetics.

Conclusion The green synthesized AgNPs were found to be an effective photocatalytic as well as antifouling
candidate that could be applied in therapeutics and wastewater treatment.

Keywords Antibiofilm, Disinfection, Dye removal, Nanoparticle, Photocatalysis, Probiotic, Silver

Background

Environmental pollution has become an unsolved
dilemma owing to industrialization and population
explosion. Water pollution associated with industrial
wastes, agricultural runoff, human settlements, and
untreated hospital wastes laden with microbes has
received global public health attention [1]. The release
of industrial dyes and pathogenic bacteria directly to
water sources is highly warranted in human and ani-
mal settings and causes slight to moderate public health
issues [2]. Commonly, dyes such as methylene blue (MB),
crystal violet (CV), and rhodamine-B (RhB) which are
highly stable and resist biodegradation are frequently
employed in industries to produce various polymers,
cosmetics, medicines, and food [3]. In general, MB dye is
widely used in the medical, biological, and textile indus-
tries and is commonly found in agricultural wastewater,
whereas RhB is often used in biomedical applications as
a stain, coloring agent, photosensitizer, water tracer, and
fluorescent marker for microscopic structural study. The
CV, commonly used in the textile industry, paints, print-
ing ink, and as a medicinal agent, is discharged in textile
industrial effluents. Exposure to water bodies contami-
nated with these dye-laden industrial effluents can result
from slight (tiredness, nausea, skin, and respiratory dis-
tress, irritation to the eyes and gastrointestinal tract) to
severe (mutagenesis and carcinogenesis) public health
issues [4].

Bacterial pathogens such as enteroaggregative E. coli
(EAEC), non-typhoidal strains of Salmonella spp. (S.
enterica Typhimurium, S. Enteritidis), and methicillin-
resistant Staphylococcus aureus are often derived from
livestock farms, human settlements, and hospital wastes
[5]. In general, EAEC and Salmonella spp. cause mild
to moderate diarrhea, abdominal pain, and nausea [6],
while MRSA is transmitted through healthcare and com-
munity settings causing skin and soft tissue infections,
bone and joint infections, and endovascular infections
[7]. These pathogenic microbes are often responsible
for biofilm-associated infections [5-7]. Of late, the cur-
rent treatment mechanisms, including biological, chemi-
cal, or physical or their combinations are not completely
efficient in the removal of these biological and chemical
pollutants from water [8]. The bacterial pathogens and
industrial dyes could effectively be removed from waste-
water by conventional techniques including filtration,

ozonation, biodegradation, chlorination, and photoca-
talysis [9]. However, photocatalysis has received particu-
lar attention in recent times, as it breaks down industrial
dyes and organic pollutants into smaller components and
extremely efficient bacterial killing upon photon absorp-
tion [10]. Moreover, photocatalytic disinfection has
recently emerged as an eco-friendly technology, due to its
high efficiency, strong sterilizing ability, environmentally
friendly non-toxic by-product generation, and very mild
reaction conditions [11].

Of late, nanomaterials have widely been employed as
appropriate alternatives for wastewater treatment due
to their high surface area-to-volume ratio, low cost of
production, and improved efficiency, along with high
surface charge, making them sensible contestants for
photocatalytic studies [12]. Green nanotechnology is
an emerging field that provides safe nanomaterials with
wide biomedical applications and environmental sustain-
ability [13]. Broadly, silver nanoparticles (AgNPs) were
investigated for their potential photocatalysis application
owing to their oxidation capacity as well as high quantum
yield and strongly confined localized surface plasmon
resonance [14]. In our earlier study, the antibacterial and
anti-fouling properties of antioxidant silver nanopar-
ticles (AgNPs) synthesized using cell-free supernatant of
potential probiotic strain against MDR-EAEC were dem-
onstrated [15]. Nonetheless, the AgNPs may compromise
the control of pathogenic bacteria harbored in the soil
and treatment systems [16, 17], which could be tackled
by the photocatalytic disinfection process. However, the
photocatalytic properties of the green synthesized AgNPs
for bacterial disinfection and dye degradation remain
nearly unexplored and constitute an emerging area of
interest with environmental implications. In this regard,
the present study focuses on exploring the anti-biofilm
and photocatalytic potential of AgNPs [15] synthesized
using cell-free supernatant of Lactobacillus acidophilus
(potential probiotic strain) in the killing of MDR isolates
of EAEC, NTS, and MRSA on exposure to LED light and
for the degradation of MB, CV, and RhB dyes on expo-
sure to different light sources (sunlight, LED, and UV
light).
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Fig. 1 In vitro antibiofilm potential of AGNPs against MDR bacterial isolates. Images (a), (b), (c) and (d) denote the antibiofilm potential of AQNPs at MIC
(1X) against MDR strains of EAEC (E1, E2, E3), S. Enteritidis (S1, S2, S3), S. Typhimurium (ST1, ST2, ST3), MRSA (Sa1, Sa2, Sa3) when treated under LED light,
while images (e), (f), (g), and (h) denote antibiofilm potential of AgNPs at MIC (2X) against MDR strains of EAEC (E1, E2, E3); S. Enteritidis (51, S2, S3), S.
Typhimurium (ST1, ST2, ST3), MRSA (Sa1, Sa2, Sa3) when treated under LED light, respectively

Methods
Bacterial strains and chemicals
The potential probiotic strain L. acidophilus MTCC
10307 for synthesizing AgNPs and the characterized
MDR field strains of EAEC (E1; E2; E3), S. Enteritidis (S1;
S2; S3), S. Typhimurium (ST1; ST2; ST3) and MRSA (S1;
S2; S3) revalidated using PCR assay [18—20] were main-
tained in the Department of Veterinary Public Health,
College of Veterinary and Animal Sciences, Pookode.
Silver nitrate (=299% purity; Sigma Aldrich Pvt. Ltd.,
USA) as well as the cationic dyes (CV, > 88% purity; MB,
2 95% purity; and RhB, > 98% purity; Loba Chemie Pvt.
Ltd., India) were used in the study. The dehydrated cul-
ture media used in this study were procured from HiMe-
dia Laboratories Pvt. Ltd., India.

Synthesis and characterization of AgNPs

The synthesis of AgNPs was performed, as described ear-
lier in our study [21], using a cell-free supernatant of a
potential probiotic strain- L. acidophilus MTCC 10307.
The AgNPs obtained were air-dried, dispersed in nano-
pure water, and subjected to ultrasonication (Hielscher,
Germany) and were verified by UV-Vis spectrophotome-
ter (ThermoFisher Scientific, USA), powder X-ray diffrac-
tion (PXRD; Bruker D8 Advance, USA) and transmission
electron microscope (TEM; JEM 2100, Jeol, Japan).

In vitro antibacterial activity of AgNPs

The minimum inhibitory concentration (MIC) and mini-
mum bactericidal concentration (MBC) of AgNPs were
estimated to assess their in vitro antibacterial activity
against MDR strains of EAEC, S. Typhimurium, S. Enter-
itidis, and MRSA by co-incubating 50 pL of individual

test culture (1x10” CFU/mL) in cation-adjusted Muel-
ler Hinton broth (CA-MH; HiMedia) with decreasing
concentrations of AgNPs in flat bottom 96-well microti-
ter plates for 24 h [22]. Subsequently, each well received
0.015% resazurin (HiMedia) dye and was incubated at
37 °C for 30 min to estimate the dye reduction (corre-
sponding to the bacterial inhibition).

The MIC was defined as the lowest concentration of
AgNPs at which no discernible growth was observed,
while the MBC of the green synthesized AgNPs was
determined by plating 10 pL aliquots from each well
revealing no visible growth in the corresponding selec-
tive agar plates, such as Eosin Methylene Blue (EMB)
agar for E. coli, Xylose Lysine Deoxycholate (XLD) agar
for S. Typhimurium and S. Enteritidis, and Baird-Parker
(BP) agar for MRSA. The MBC of AgNPs was identified
as the concentration at which 99.90% of the test cultures
were killed.

In vitro antibiofilm-forming activity of AgNPs

Using the CV staining technique in 96-well microti-
ter plates, the in vitro antibiofilm efficacy of the AgNPs
against the tested MDR isolates of EAEC, S. Enteritidis, S.
Typhimurium and MRSA were examined at 24 and 48 h
[23].

Briefly, 100 pL of AgNPs (MIC 1X and MIC 2X) were
co-incubated with the individual strains of MDR bacte-
ria (107 CFU/mL) in sterile nutrient broth (supplemented
with 0.45% D-Glucose; HiMedia), with appropriate con-
trols. A single untreated bacterial culture (100 pL) in
nutrient broth (100 pL) served as the positive control,
while 200 pL of sterile broth served as the negative con-
trol. E. coli DH5a was utilized as a non-biofilm former in
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Fig. 2 In vitro dose- and time-dependent photocatalytic disinfection kinetics of MDR bacterial strains treated with AgNPs. Images (a, b, ¢) denote the
photocatalytic disinfection kinetics of MDR strains of EAEC (E1, E2, E3), images (d, e, f) represent photocatalytic disinfection kinetics of MDR strains of
S. Enteritidis (S1, S2, S3), images (g, h, i) denote photocatalytic disinfection kinetics of MDR strains of S. Typhimurium (ST1, ST2, ST3) and images (j, k, )
denote photocatalytic disinfection kinetics of MDR strains of MRSA (Sa1, Sa2, Sa3) when treated with different concentrations of AgNPs (MIC 1X, 1/2X,

1/5X, 1/10X) under LED light

this experiment, while E. coli ATCC 25,922 served as a
known biofilm-forming strain. Following the incubation
at 37 °C, the wells were stained for 30 min with 200 pL
of 0.10% CV, and the supernatant which included plank-
tonic cells was removed at 24 and 48 h. Later, the wells
were washed thrice with sterile PBS (200 pL), the stain
was carefully removed, and 95% ethanol was used to sol-
ubilize the stained biofilms that had grown at the bottom
of the well.

The absorbance was measured at 595 nm using a Bio-
Rad iMark Microplate reader (USA). The reduction in
biofilm biomass over 24 h and 48 h was estimated (Eq. 1)
as.

AControl - ATest

Biofilm reduction (%) = x 100 (1)

AControl

wherein A ., denotes the absorbance of untreated
control taken at 24 h and 48 h, whereas A, denotes the
absorbance of treated samples taken at 24 h and 48 h.

In vitro dose- and time-dependent photocatalytic
disinfection of MDR bacterial strains treated with AgNPs
An in vitro dose- and time-dependent extracellular
growth kinetics [23] was used to assess the photocata-
lytic antibacterial efficacy of green synthesized AgNPs
against the MDR test strains of EAEC, S. Typhimurium,
S. Enteritidis, and MRSA on exposure to LED light.
The log-phase bacterial cultures (1x10° CFU/mL) in
CA-MH broth were incubated with four different doses
of green synthesized AgNPs (1X MIC, 1/2X MIC, 1/5X
MIC, and 1/10X MIC) to assess the photocatalytic in
vitro growth kinetics of MDR isolates of EAEC (n=3),
S. Typhimurium (#=3), S. Enteritidis (n=3) and MRSA
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Fig. 3 Degradation pattern of cationic dyes when treated with AgNPs on exposure to various light sources. Images (a, b, ¢) denote degradation of MB,
CV and RhB, respectively on exposure to sunlight, UV and LED light when treated with AgNPs (0.50 mg/mL)

(n=3). An untreated control consisting of the respec-
tive test isolates in CA-MH broth was utilized as control.
The light source was kept at a distance of 15 cm from the
treatment groups in order to obtain the desired lux.

To measure the growth of MDR test isolates, aliquots
(10 pL) from all the groups were drawn at 0, 30, 60, 120,
180, and 240 min, serially diluted and plated on EMB
agar plates for MDR-EAEC, XLD agar plates for MDR-
NTS and BP agar plates for MDR-MRSA [24]. After the

Table 1 Reduction in biofilm biomass of MDR isolates when
exposed to MIC (1X and 2X) of probiosynthesized AgNPs
measured over 24 and 48 h

MDR bacterial strains  Strains  Biofilm reduction (%)
MIC (1X) MIC (2X)
24h 48 h 24h 48 h
EAEC E1 39.837 64563 46875 64.563
E2 290801 42949 36943 42949
E3 41899 46409 43429 54.128
S. Enteritidis St 21212 47399 27273 50.521
S2 27692 34899 32168 49.246
S3 34416 41270 35714 49112
S. Typhimurium ST1 30496 48993 52482 69.231
ST2 41488 41667 22024 26.882
ST3 33553 37640 33721 38579
MRSA Sal 85417 85594 87240 89.720
Sa2 80.548 82993 86.033 88.163
Sa3 75163 80.064 81.664 84.130

incubation period at 37 °C for 18 to 24 h, the individual
colonies were counted, and were expressed as log;, CFU/
mL.

Photocatalytic dye degradation ability of AgNPs
The synthesized AgNPs were treated with MB, CV, and
RhB dyes (Loba Chemie, India) on exposure to different
light sources viz., sunlight, LED, and UV light [25]. The
initial concentration of the photocatalyst and dyes were
optimized. Briefly, the aqueous solution of individual dyes
(5 ppm for MB and RhB, and 50 ppm for CV) was mixed
with individual NPs (final concentration of 0.50 mg/mL);
untreated dyes served as a control. The dye-NP mix-
tures were then agitated in a magnetic stirrer (Neuation
Technologies Pvt. Ltd, India) and kept at 300 rpm for
15 min in the dark to obtain an adsorption-resorption
isotherm. Later, the mixtures were exposed separately
to sunlight (11.5408348°, 76.0209177° 52100 lx), LED
light (63400 lx, 460 nm, 50 W [Opple, India]), and UV
light (260 nm, 16 W [Violight, India]). The LED and UV
light were kept at a distance of 15 ¢cm from the sample
to obtain the desired lux. The reactions were performed
at ambient conditions (pH 7.0; room temperature 25 °C).
The samples drawn at specific intervals (0, 15, 30, 45,
60, 75, 90, and 105 min) were then centrifuged for 15 min
at 5000 rpm. The absorbance was recorded at 670, 592,
and 550 nm for MB, CV, and RhB, respectively [12, 26]
using a UV-Vis spectrophotometer (ThermoFisher
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Scientific Pvt. Ltd., USA). Further, the concentration of
the dyes was estimated from their absorbance using Beer-
Lemberts law [27]. The degradation of dye in solution (%)
was estimated [28, 29; Eq. 2] by

Co—Ci 5o Ao~ 4

Degradation (%) =
g =g, A,

x 100 (2)

where C; denotes the concentration of the control, C, is
the concentration of the sample at a specific time point,
A, is the amplitude of the control at its peak absorbance
wavelength, and A, is the peak absorbance of the dye at a
specific time point. The photodegradation of the dyes was
estimated as a function of exposure time over AgNPs.

Determination of degradation kinetics

To quantify the photocatalytic reaction, different orders
of kinetics were analyzed viz., zero-order (Eq. 3), first-
order (Eq. 4), pseudo-first-order (Eq. 5), and second order
(Eq. 6), with its rate constants:

C,=—-kt+C, (3)
l’l’LCl = —kt+ l'flC() (4)
C

In=t = —kt
ey (5)

1 1

— =kt + —
c. e, (©)

where the rate constant is k is expressed as molL ™ 'min~!

for zero-order, min~! for first order, and pseudo-first-
order and Lmol 'min~! for second-order reactions [29,
30].

Statistical analysis

Each experiment was performed three times in tripli-
cate and the results were analyzed using GraphPad Prism
8.2.1 (GraphPad Software Inc., San Diego, CA, USA). The
photocatalytic in vitro dose- and time-dependent extra-
cellular growth kinetics of the tested MDR isolates and
the photocatalytic dye degradation experiments were
analyzed using a two-way (repeated measurements)
ANOVA with a Bonferroni multiple comparison post-
test. P-values<0.05 were regarded as statistically signifi-
cant, while P<0.01 was highly significant.

Results and discussion

Synthesis and characterization of AgNPs

The decline phase cell-free extract of potential probi-
otic L. acidophilus strain and aqueous solution of silver
nitrate (0.10 M) in the ratio of 1:4 was used for the green
synthesis of AgNPs. The formation of the AgNPs was
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visualized by the change in the color of the solution to
brownish white from an initial colorless solution. Earlier,
the green synthesis of AgNPs was achieved using a vari-
ety of botanicals [31-38] bacteria [39], fungi [40], sea-
weeds [41] and cyanobacterium [42] for wide biological
and clinical applications.

UV-Vis spectroscopy was performed to detect the sur-
face plasmon resonance of the AgNPs [43] which exhib-
ited a characteristic peak at 430 nm (Supplementary
Fig. 1a). In addition, PXRD analysis carried out for the
confirmation of crystallinity, presence, size and phase
variety of the AgNPs revealed diffraction peaks (20) at
27.7°, 32.1°, 33.4°, 46.1°, 54.6°, 57.3°, and 76.4° (Supple-
mentary Fig. 1b). It is possible to attribute the peaks to
the planes (98), (101), (200), and (311), which show face-
centered cubic structure in nano silver structure corre-
lated with the JCPDS card: number 00-004-0783 [44].
Further, the average size of the AgNPs was estimated by
using Debye—Scherrer’s equation and was found to be
46 nm. The morphological study conducted using TEM
imaging revealed spherical-shaped monodisperse AgNPs
with sizes extending from 10 to 20 nm (Supplementary
Fig. 1c). This could be attributed to the capping of organic
molecules during the synthesis [45]. SAED pattern exhib-
ited concentric rings (Supplementary Fig. 1d) suggestive
of crystallinity [46].

In vitro antibacterial activity

For all the tested MDR isolates (EAEC, S. Typhimurium,
S. Enteritidis, and MRSA), the MIC values were deter-
mined to be 7.80 pg/mL, while the MBC values were
determined to be 15.625 pg/mL. The comparatively lower
MIC values of AgNPs against all the tested bacterial
strains could be attributed to the mode of synthesis, the
presence of functional groups from the bioactive mole-
cules used in the synthesis, the surface nature of the NPs,
ionic strength, and the pH of the resulting nanoparticle
[47]. The ability of AgNPs to generate reactive oxygen
species (ROS) forms an integral part of their antibacterial
ability [48].

In vitro antibiofilm activity

In general, biofilms provide bacteria with a sheltered anti-
biotic-resistant environment [49]. In order to infiltrate
host cells and facilitate the development of infection,
pathogenic bacteria use the creation of biofilm com-
munities as a crucial tactic [50]. The biofilms originated
over the industries pose a major public health threat.
The condition would be aggravated when the biofilms
are recovered in the food and medical industry resulting
in food-borne illnesses as well as healthcare-associated
threats. Consequently, it is imperative to explore diverse
approaches to mitigate bacterial adhesion and biofilm
formation [51].
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Given their ability as a potential antibacterial agent,
AgNPs could be utilized for treating bacterial bio-
films. By using the CV staining technique, we examined
whether green synthesized AgNPs could inhibit the abil-
ity of the MDR isolates to form biofilms both at 24 and
48 h. The AgNPs (1X MIC and 2X MIC) were found to
inhibit the biofilm-forming ability of the tested MDR
strains in a highly significant (P<0.001) manner after
24 h, since all the tested isolates exhibited a reduction in
the biofilm biomass when compared to their respective
controls (untreated bacterial cultures) (Fig. 1). Further-
more, during a 48 h period, all the MDR isolates treated
with the AgNPs exhibited a significant (P<0.001) reduc-
tion in their ability to form biofilms (Fig. 1). It was also
observed that in comparison to 24 h, the AgNPs inhibited
the ability of the MDR test isolates to form biofilms more
at 48 h (Table 1). An overall reduction in the biofilm bio-
mass was observed to be higher in MDR-MRSA strains
as compared to the MDR strains of EAEC and Salmo-
nella spp. (Table 1). This difference in biomass reduction
(Table 1) could be due to the changes in the composition
of the cell wall of Gram-positive (MRSA) when compared
to the Gram-negative (EAEC and Salmonella spp.) bacte-
ria [52]. It was reported that the AgNPs work against bac-
terial biofilms either by disruption in the intermolecular
force or attachment of bacterial cells with the surfaces.
Besides, AgNPs have been able to block quorum sensing
[53]. Since the MDR isolates were susceptible to AgNPs,
it could be considered an excellent candidate to prevent
and inhibit the formation of biofilm produced by bacte-
rial pathogens.

In vitro dose- and time-dependent photocatalytic killing
kinetics of MDR bacterial strains treated with AgNPs

The time-kill kinetic assay of individual MDR-EAEC,
S. Typhimurium, S. Enteritidis, and MRSA strains
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co-cultured with the four different concentrations (1X
MIC, 1/2X MIC, 1/5X MIC, and 1/10X MIC) of green
synthesized AgNPs along with their respective controls
on exposure to LED light was estimated (Fig. 2). Sunlight
and UV light were not used in these experiments because
they have proven bactericidal activity [54, 55].

In this study, all the MDR isolates (EAEC, S.
Typhimurium, S. Enteritidis, and MRSA), exhibited a
progressively increasing growth pattern at 30, 60, 120,
180, and 240 min of incubation (Fig. 2). The MDR strains
of EAEC, S. Typhimurium and S. Enteritidis isolates did
not exhibit discernible growth after 30 min of incubation
(P<0.001) when treated with AgNPs at 1X MIC and 1/2X
MIC (Fig. 2a and i). Interestingly, two strains of MDR-
MRSA (Sal and Sa2) when treated with MIC and well as
sub-MIC levels (1X MIC, 1/2X MIC, and 1/5X MIC) did
not exhibit visible growth patterns after 30 min of incuba-
tion. Moreover, when treated with 1/10X MIC of AgNPs,
no growth could be visualized in the MDR-MRSA strains
(Sal and Sa2) after 120 min of co-incubation (P<0.001)
(Fig. 2j and k). Nevertheless, the Sa3 strain when co-incu-
bated with AgNPs (1X MIC and 1/2X MIC) exhibited no
visible bacterial growth after 30 min and 180 min with
1/5X MIC. No elimination of the Sa3 strain of MDR-
MRSA could be observed when treated with 1/10X MIC
of AgNPs (Fig. 21). The photoexcitation abilities of AgNPs
which in turn resulted in an enhanced ROS production
could be effectively utilized for their photocatalytic disin-
fection as well as dye degradation abilities [56].

Earlier researchers have reported>95% photo-inac-
tivation potential of S. epidermis and S. aureus [57, 58].
In our earlier study, the time taken for complete bacte-
rial elimination was observed to be 240 min for the non-
photocatalytic time-dependent antibacterial activity
of AgNPs [21] at their MIC doses. This enhanced anti-
bacterial activity of the AgNPs observed in the present

Table 2 Determination of photocatalytic dye degradation potential and order of reaction on treatment AgNPs under different light

sources

Sunlight LED light UV light

MB cv RhB MB cv RhB MB cv RhB
Time (min) Degradation (%)
15 34.24 36.59 2.53 61.24 20.83 2.03 42.36 80.19 445
30 49.87 5241 6.38 63.88 49.18 3.01 79.02 82.12 6.63
45 62.10 56.83 961 69.63 5040 373 83.40 84.13 10.66
60 72.68 69.78 13.83 70.52 56.90 554 83.97 87.14 23.30
75 85.99 76.68 20.58 83.63 61.95 7.51 86.74 89.94 35.85
90 90.37 88.16 2835 86.50 64.30 7.88 87.59 9340 46.89
105 96.80 95.53 40.06 87.03 66.80 11.04 93.20 96.49 49.11
Kinetics
Order Second First Zero Second Second Zero Second Second Zero
Rvalue 0.944 0.932 0.937 0.922 0.902 0974 0913 0.909 0.924
Intercept 0.001 -0.026 -0.004 0.059 0.008 -0.001 0.073 0.082 -0006
Slope 0.939 0.086 1.268 0.823 0.626 1.139 1.675 0.394 1.208
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photocatalytic experiment could be due to the higher
quantum of ROS generated, which actively participates
in bacterial killing, upon photoexcitation from a light
source. Nonetheless, the complete elimination of MDR-
MRSA as well as EAEC strains could be due to the extra-
cellular nature of the bacterial pathogens when compared
to the Salmonella strains which are capable of dwelling in
distinct niches with varying rates of replication [59]. The
photocatalytic disinfection studies of the AgNPs revealed
the fact that bacterial elimination could be achieved in a
dose- and time-dependent manner.

Photocatalytic dye degradation abilities of AgNPs

The green synthesized AgNPs exhibited a drastic increase
(20-80%) in the photodegradation pattern for MB and
CV dyes (Fig. 3) from the initial timepoint, regardless
of the light source. Nonetheless, the degradation of RhB
when treated with AgNPs was gradual throughout the
entire duration. Surprisingly, on exposure to LED, degra-
dation of RhB was found to be minimal (11%) (Table 2;
Fig. 3c). Nonetheless, the dye degradation activity of the
AgNPs in dark was non-significant as compared to that
of photocatalytic dye degradation experiments. Sun-
light was chosen as one of the light sources, because it
is naturally available in a wide area with a diverse spec-
trum of colors, and wavelengths in nearly equal amounts,
whereas UV light was chosen for its short frequency and
high energy photon production. The LEDs were selected
because of their low energy usage, availability, and
extended shelf life.

Sunlight consists of approximately 45% visible spectra
and 5% UV irradiation [60]. Furthermore, UV light was
considered as it consists of high-frequency, non-ionizing
radiations with short wavelengths ranging from 100 to
300 nm, thus producing high-energy photons owing to its
high photoexcitation abilities on photocatalyst surfaces
[61]. Moreover, AgNPs exert their photocatalytic prop-
erties owing to the ability of surface plasmon resonance
(SPR) which maximizes at 450 nm [62]. The stability of
RhB towards degradation could be attributed to its high
stability and solubility in water [63]. The proposed mech-
anisms for photocatalytic degradation of the dyes include
dye sensitization by charge induction, dye degradation by
indirect oxidation/reduction, and direct dye photolysis
[64].

Determination of degradation kinetics

According to the reaction parameters obtained, RhB fit-
ted in zero-order kinetics, whereas MB followed second-
order kinetics in all the cases irrespective of the light
source (Table 2). Similarly, CV followed second-order
kinetics throughout the experiment except on exposure
to sunlight, wherein first-order kinetics was exhibited
(Table 2). A zero-order reaction is a chemical reaction in
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which the rate remains constant when the reactant con-
centration increases or decreases, whereas a chemical
reaction that has a reaction rate that is linearly dependent
on the concentration of just one component is referred
to as a first-order reaction [65]. Moreover, a reaction that
depends on the square of one reactant’s concentration
or the product of two reactant concentrations is consid-
ered second-order [66]. Nonetheless, a bimolecular or
second-order reaction that is made to behave like a first-
order reaction is known as a pseudo-first-order reaction.
This reaction takes place when one responding material
is present in significant excess or is kept at a steady con-
centration concerning the other substance [67], The dif-
ference in the reaction order of the dye degradation by
AgNPs upon exposure to different light sources could be
associated with the generation of hot-charge carriers, ele-
vated temperatures, and focused electromagnetic fields
upon absorption and scattering of light from different
sources of light [68].

It is well known that electrons from the filled valence
band (VB) are promoted to the conduction band (CB)
when AgNPs are photo-induced by irradiation from
light sources with photonic energy (hv) either equal to or
greater than the excitation energy (Eg), which would pro-
duce electron-hole (e/h+) pairs. The electron-hole pairs
formed migrate to the surface of NPs and participate in
redox processes, in which H ions combine with water
and hydroxide ions (OH™) to form hydroxyl radicals
(OH’), and the electrons react with oxygen to produce
anionic superoxide radicals (O,"”) and hydrogen peroxide
(H,0,). The subsequent reaction between H,0, and O,"~
will produce OH’, which is a strong oxidizing agent [69—
71]. These ROS generated will attack the dyes adsorbed
(MB, RhB, and CV) on the surface of the AgNPs to pro-
duce intermediate compounds, which would ultimately
result in the formation of relatively non-toxic molecules
such as CO,, H,0O, and mineral acids [72]. Similarly, the
ROS will attack the bacterial cell wall which would result
in bacterial killing and reduction in biofilm biomass for-
mation. Besides, the pH of the solution plays an impor-
tant role in determining the photodegradation capacity.
It was documented that a better photocatalytic ability
exhibited in the basic solution than acidic could due to
the dominating surface reaction and was favored in alka-
line conditions [73, 74], which needs more investigation.

In addition, a molecular mechanism of dye degradation
has also been postulated wherein the functional genes
related to the electron transport, oxidoreductase activ-
ity, and superoxide metabolism of organic matter were
upregulated which could accelerate in photodegradation
potential of nanoparticles [75]. Several key genes includ-
ing glutathione S-transferase enrichment were reported
to be involved in degrading azo dyes and electron trans-
port, and undecaprenyl-diphosphatase, carbon storage
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regulator, and DNA ligase enrichment were associated in
response to dyes and photocatalysts [75]. The functional
role of such genes along with the electronic mechanism
would contribute to a better understanding of photodeg-
radation of cationic dyes in wastewater.

Conclusion

In short, this study evaluated the antibiofilm as well as
photocatalytic disinfection capabilities of green syn-
thesized AgNPs on exposure to LED light against MDR
strains of EAEC, S. Typhimurium, S. Enteritidis and
MRSA along with photocatalytic dye degradation poten-
tial against MB, CV, and RhB on exposure to sunlight,
LED and UV lights. The MIC value obtained for the
AgNPs was determined to be 7.80 pg/mL against all the
tested MDR isolates of EAEC, NTS, and MRSA. The
AgNPs exhibited significant antibiofilm potential both
at 1X and 2X MIC levels. The photocatalytic disinfection
assays demonstrated that the time required for bacte-
rial elimination at MIC levels was relatively lower than
in the non-photocatalytic experiments. In addition, the
dye degradation experiments exhibited that on exposure
to different light sources, the AgNPs could degrade MB,
CV, and RhB. Notwithstanding the light sources, RhB fol-
lowed zero-order kinetics; however, MB and CV followed
primarily second-order kinetics. However, the degrada-
tion of RhB was quite slower than MB and CV irrespec-
tive of different light sources. The sunlight as well as UV
light exhibited better photodegradation capacity than
LED light. Further, the photocatalytic potential of AgNPs
could be enhanced by doping or conjugating them with
other nanomaterials. This would potentiate their scien-
tific utility in the field of therapeutics and wastewater
treatment mediated by way of potential photocatalytic,
antimicrobial, and antibiofilm ability.
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