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Visible Light-Mediated Photoactivated Sulfur Quantum Dots as
Heightened Antibacterial Agents
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ABSTRACT: The need for antimicrobial or antibacterial fabric has increased
exponentially in recent past years, especially after the outbreak of the SARS-CoV-2
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pandemic. Several studies have been conducted, and the primary focus is the (<8 ;::lcirm
development of simple, automated, performance efficient and cost-efficient fabric ‘th{‘ _g> 2
for disposable and frequent-use items such as personal protective materials. In this gee
regard, we have explored the light-driven antibacterial activity of water-soluble S i

Sdots for the first time. Sdots are a new class of non-metallic quantum dots of the
nanosulfur family having a polymeric sulfur core. These Sdots exhibited excellent
antibacterial activity by generating reactive oxygen species under sunlight or visible
light. Under 6 h of sunlight irradiation, it was observed that >90% of the bacterial
growth was inhibited in the presence of Sdots. Furthermore, low toxic Sdots were
employed to develop antibacterial fabric for efficiently cleaning the bacterial
infection. The prominent zone of inhibition of up to 9 mm was observed post 12 h
incubation of Sdots treated fabric with E. coli in the presence of visible light. Furthermore, the SEM study confirmed the bactericidal
effect of these Sdots-treated fabrics. Moreover, this study might help explore the photocatalytic disinfection application of Sdots in
diverse locations of interest, Sdots-based photodynamic antimicrobial chemotherapy application, and provide an opportunity to

develop Sdots as a visible light photocatalyst for organic transformations and other promising applications.

Bl INTRODUCTION

Antimicrobial resistance is one of the prime concerns globally
in the present decade, and the situation is aggravating gradually
as bacteria can overcome the effects of antibiotics via genetic
alterations." The rapid adaptability of the hostile challenges of
antibiotics by the numerous pathogenic bacterial strains is an
impediment in subjugating the infections without developing a
novel therapeutic.” Thus, bacterial infections continue to surge
and lead to causes of death for millions of people annually.’
There is an urgent call to develop effective alternative strategies
that may lead to raise multiple pathways for combating
bacterial infections. In this regard, light-responsive nanostruc-
tures [semiconductor materials, g-C;N,, MoS,, nanosheets,
carbon dots (Cdots), etc.] are emerging as efficient and viable
alternatives to conventional antibacterial agents."”” In the
presence of light, either photogenerated electrons and holes or
photogenerated electrons from these nanostructures partic-
ipate in producing reactive oxygen species (ROS), which
effectively contribute to the oxidative stress on the cell
membrane, inhibiting the pathogenic bacteria by impairing the
cell membrane. In most cases, these nanostructures have a high
band gap, and their photo charge carriers also have a high
redox }gotential. They show UV light-activated antibacterial
effect.'”™"* However, commonly proposed light-sensitive
metallic nanostructures/semiconducting quantum dots could
not produce the expected outcomes, owing to their toxicity
and non-biocompatibility.”*~'® Hence, fabricating a potent

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

photoactivated antibacterial agent using these metallic/semi-
conducting nanostructures limits their implementation for in
vivo applications. Therefore, the visible light-activated non-
toxic (or less toxic) antibacterial agent is an excellent solution
for real-life applications.””™"? In addition, visible light-
mediated bacterial death is appropriate for diverse locations
of interest as any place can be pathogen-free by providing light-
emitting diode light or sunlight.

Non-metallic quantum dots such as Cdots are explored for
photoactivated antibacterial effects.”*” Recently, another non-
metallic quantum dot of the nanosulfur family named sulfur
quantum dots (Sdots) has emerged as a new class of non-toxic
(or less toxic) fluorescent material.”'~>* Sdots consist of a
polymeric sulfur core and exhibit exciting photophysical
properties.”* Sdots have been employed for photolumines-
cence-related versatile applications.”' ™ Nanoscale sulfur (not
Sdots) is known for antibacterial, fungicides, and pesticide
activities.”>™”’ Zhang and Rhim groups have reported the
promising antibacterial effect of Sdots in recent times.”**’
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However, Sdots have not been explored as a visible light-
activated antibacterial agent. Herein, we report the sunlight-
activated antibacterial activity of Sdots for the first time
(Scheme 1). For this purpose, we chose ampicillin-resistant E.

Scheme 1. Schematic Representation of the Visible Light-
Driven Antibacterial Activity of Low Toxic Sdots
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coli bacteria as a model system to study the antibacterial
activity of the Sdots. It would be mentioned here that prevalent
of antibiotic resistant is a major concern globally; thus, the
recombinant bacteria used for the study provide the idea of
effect of the Sdots on the resistant bacterial strains. Moreover,
to check the activity of the Sdots on both Gram positive and
Gram negative, we substantiated antibacterial experiments on
Bacillus subtilis also. Furthermore, we demonstrate the
excellent antibacterial activity of Sdots-fabricated polycotton
fabrics, which have potential applications in personal protective
masks. This approach provides the scope of use of the present
materials for real-life applications like killing of pathogenic
microorganism by light-activated Sdots, owing to the present
pandemic scenario where personal protective kit has been in
great demand. Development of Sdots fabricated polycotton
will significantly prevent any secondary infection (which may
be caused by settled bacteria on personal protective wear) and
can make it durable as well as reusable economically.

B RESULTS AND DISCUSSION

The Sdots was synthesized according to our 2previous report
(Supporting Information, Figures S1 and $2),”* and then, we
thoroughly explored the photoactivated antibacterial study of
the Sdots using ampicillin-resistant green fluorescence protein
(GFP)-expressing recombinant E. coli as a model bacterium. A
time-dependent study was performed to analyze the effect of
the different concentrations of Sdots on bacterial growth in the
presence of sunlight, dark, and standard bacterial growth
conditions (SBGC) in the incubator. The bacterial growth was
monitored by measuring the optical density (OD)/absorbance
at 595 nm. It was observed that the Sdots were highly
antibacterial in the presence of sunlight. On the other hand, to
vividly understand the effect of Sdots, control experiments
were also performed in the dark and in an incubator
simultaneously. The experiment was conducted for 6 h
duration at the temperature range of 25—38 °C in the
presence of sunlight during the daytime, at around ~25 °C in
the dark environment, and at 37 °C in the incubator at its
standard growth environment. The minimum inhibitory
concentration (MIC) of Sdots was found to be 0.16 mg/mL
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Figure 1. Normalized dose-dependent antibacterial activity measure-
ment on E. coli (Gram-negative bacteria) using Sdots under SBGC,
dark, and sunlight. The values are represented as mean + SD of
results from three individual experiments. The statistical significance

is denoted by % (p < 0.05), %% (p < 0.005), and %%k % (p < 0.001).

Figure 2. (a) SEM image of control bacterium showing that bacterial
cell surface remained intact and healthy; (b) SEM image of treated
bacterium, showing the damage in the integrity of the cell wall.

(D1), 0.56 mg/mL (D2), and 1.13 mg/mL (D3). Generally,
Sdots contain a relatively less amount of sulfur than a large
amount of the surface-stabilizing agent poly(ethylene glycol)
(PEG).>'™** Therefore, the effective MIC concentration of
Sdots based on the sulfur concentration is 0.01 mg/mL (D1),
0.034 mg/mL (D2), and 0.068 mg/mL (D3).”"** At the
abovementioned MIC concentrations, a comparative study of
bacterial growth observed after 6 h under sunlight, dark, and
SBGC along with the control (C) is given in Figure 1 (Figure
S4, Supporting Information). In the plot, the significant
inhibition of the growth in the presence of sunlight compared
to SBGC is clearly observed. The percentage inhibition of the
bacterial growth in the presence of sunlight was 61.63, 75.06,
and 90.92% for the doses D1, D2, and D3, respectively. Similar
trends were found in the B. subtilis, a Gram-positive bacteria
cells. However, growth inhibition was found comparatively
lower than the Gram-negative bacteria cells, E. coli. Herein, the
percentage inhibition of the B. subtilis bacterial growth in the
presence of sunlight was 16.56, 26.3, and 42.93% for the
similar doses D1, D2, and D3, respectively (Figure S3). This
suggests that by modifying the doses for Sdots, higher
antibacterial activity can also be achieved in Gram-positive
bacteria cells. Percentage deviation in bacterial growth under
dark and sunlight compared with the SBGC is given in Figure
SS. Comparison for the light mediated antibacterial perform-
ance in this work with previous literature reports using
different materials is given in Table S1 (Supporting
Information).>>™3®

Antibacterial activity of Sdots was further studied by
recording scanning electron microscopy (SEM) images to
evaluate the morphological changes in the bacterial cells post-
treatment of Sdots. SEM images (control bacteria group and
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Figure 3. (a) NBT reduction test to measure the ROS generation in the presence of Sdots. The values are represented as mean # SD of results
from three individual experiments. (b) Time-dependent fluorescence quenching of Sdots with p-BQ under visible light irradiation. Fluorescence
spectra were recorded at the 365 nm excitation. (c) Schematic representation of sunlight-driven ROS generation by Sdots.

Figure 4. Antibacterial activity of Sdots-fabricated polycotton fabric
for growth inhibition screening of the E. coli on the agar plate in the
absence of Sdots (Sample A) and in the presence of Sdots (Sample
B).

Sdots-treated bacteria group) indicate the strong bactericidal
activity of Sdots in the presence of sunlight (Figures 2a,b and
S6). The number of bacteria was decreased in the case of
treated cells (Figure S6). Additionally, morphological changes
can be clearly observed in the SEM images of the bacteria. The
control group of bacteria showed the presence of smooth
surfaces, while Sdots-treated bacteria group tended to collapse
the integrity of the bacterial cell wall. This implies that the
membrane integrity of the Sdots-treated bacteria was damaged
in the presence of sunlight.

It has been well reported that the chemical structure of
Sdots contains the polymeric sulfur core, that is, polysulfide
ions (8,27).”' 7% Recently, the polysulfide anion was employed
as an excellent visible light photoredox catalyst for organic

33360

transformations.””*" The polysulfide anion induces the

reactions via single-electron transfer-driven radical-mediated
processes.’’ Therefore, we anticipated that the generation of
the ROS was one of the primary reasons for the inhibition of
bacterial growth in the presence of sunlight. We carried out the
nitrobluetetrazolium (NBT) reduction test to measure the
ROS generation. Herein, the generation of ROS in the
presence of sunlight led to the formation of formazan (blue)
from the NBT (light yellow). The OD of the produced
formazan from the NBT reduction method was observed at
575 nm. As show in Figure 3a, an increased amount of OD/
absorbance for doses D1, D2, and D3 confirms the ROS
activity of the Sdots. The sunlight-driven photoexcited Sdots
transfer the electron to the cellular oxygen and produces ROS,
leading to oxidative stress in the bacteria cell. The stabilizing
agent PEG in the Sdots assists in penetrating the cell wall of
the bacteria. We performed time-dependent fluorescence
quenching of Sdots with 1,4-benzoquinone (p-BQ) to further
confirm the ROS production by Sdots under visible light
irradiation.®® p-BQ_is an excellent electron acceptor and O**~
radical scavenger and is well studied.”” As evident from Figure
3b, the emission intensity of Sdots (at 457 nm) is gradually
decreased in the presence of p-BQ with the time duration of
visible light irradiation. The fluorescence spectra were recorded
at 365 nm excitation. Time-dependent UV—visible spectra of
p-BQ_after adding Sdots under visible light irradiation were
also recorded and are presented in Figure S7 (Supporting
Information). The stability of the Sdots were characterized
from the absorbance plot of these Sdots, and no significant
changes were observed in their stability post 1 h treatment
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Figure S. SEM images showing the morphology of Sdots-fabricated polycotton fabric along with its antibacterial activity. SEM images of the Sdots-
fabricated polycotton fabric (a—d) and Sdots-fabricated polycotton fabric in the presence of bacteria (e—h). Scale: 100 ym (a,e), 10 um (b,f), and 1

pm (c,d,gh).

under sunlight (Figure S8, Supporting Information). The UV—
visible spectra indicate the diminishing of the absorption peaks
at 245 and 289 nm of p-BQ with the duration of visible light
irradiation. Both peaks are the characteristic peak of p-BQ.*”**
Hence, the study further revealed the formation of photo-
excited electrons of Sdots and the subsequent scavenging of
0?*~ radical by the p-BQ.*>** The schematic representation of
ROS §eneration by Sdots under sunlight is given in Figure
3353

The practicality of the Sdots as photoactivated antibacterial
agents was further explored for the development of

antibacterial fabric. For this purpose, we used polycotton
fabric for growth inhibition screening of the E. coli on an agar
plate in the presence and absence of Sdots. The post-
incubation results in the absence (Sample A) and presence
(Sample B) of Sdots are shown in Figure 4. The growth
differences of the bacterial colony can be clearly visualized
through the zone of inhibition in sample B. Three different
concentrations C1(10 uL), C2(20 uL), and C3(30 L) of the
Sdots (20 mg/mL) were applied to the polycotton. The Sdots
amount coated on polycotton at different doses applied is
given in Table S2 (Supporting Information). These concen-
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Figure 6. (a) DNA-binding assay: Lane 1—ladder DNA, lane 2—4—varying concentration of Sdots [L2: S1(4 mg/mL), L3: S2(8 mg/mL), and
L4: S3(12 mg/mL)], and lane S—control pDNA. The gel microgram shows no significant change in the band pattern in S1 and S2, whereas slight
lesser migration of the pDNA is shown in S3; (b) showing percentage reduction of pixel intensity of S1, S2, and S3 in comparison with control. The
values are represented as mean =+ SD of results from three individual experiments.

trations were taken based on the Sdots retention capacity (RC)
of the fabric, which is below RC (C1), at RC (C2), and above
RC (C3). Herein, the higher antibacterial activity was
confirmed by the increasing zone of inhibition sizes for Cl,
C2, and C3, which are 2 + 0.5, 4 £ 1.5, and 9 + 4 mm,
respectively. The increased concentration of the Sdots showed
more potent antibacterial activity that can be visualized in C3
of sample B, where excess Sdots spilled from the fabric
distinctively restricted the growth of the bacterial colony.

The morphology of these polycotton fabrics was further
studied by SEM. In Figure 5, SEM images of the Sdots-treated
polycotton fabric in the presence and absence of the bacteria
are given. It would be mentioned here that individual Sdots
would not be visible under SEM with this magnification that
was visible in TEM analysis. The polygonal structure (due to
aggregates of Sdots) confirms the uniform distribution of the
Sdots over the polycotton fabrics (Figure Sb,f). The average
size was 188 + 56 nm. Furthermore, SEM images of different
magnifications also demonstrate the integrity of the interwoven
threads of the polycotton as no damage to this thread can be
observed in higher magnification (Figure Sa—h). However, in
the presence of bacteria, the antibacterial activity of these Sdots
was prominent as dead/damaged bacteria were seen (Figure
Sg—h).

Furthermore, to know the interaction of the Sdots at the
molecular level, we studied the interactions of Sdots with
plasmid DNA (pDNA) isolated from GFP expressing
recombinant E. coli. Different concentrations of Sdots, such
as S1(4 mg/mL), S2(8 mg/mL), and S3(12 mg/mL), were
added to the pDNA, followed by gel agarose electrophoresis.
The results are given in Figure 6a,b, showing no significant
change in the band pattern of the pDNA. However, at higher
concentrations of Sdots, ~27% reduction in the band intensity
of pDNA was observed, possibly due to the non-covalent
interactions with the Sdots. Thus, the gel electrophoresis study
revealed a weak interaction of the pDNA with Sdots.

B CONCLUSIONS

In conclusion, we have explored the visible light-activated
antibacterial activity of water soluble Sdots for the first time.
Sdots exhibited antibacterial activity by generating ROS under
sunlight as photoexcited Sdots transfer the electron to the
cellular oxygen. Notably, the low toxicity (or cytotoxicity) of
Sdots is a significant advantage for translational applications.
Hence, the excellent photoactivated bactericidal activity of

Sdots was further employed for cleaning the bacterial infection
on the Sdots-coated polycotton fabrics, which have potential
applications in self-disinfection personal protective masks. This
work might provide a new prospect for the development of
Sdots-based photodynamic antimicrobial chemotherapy and
photocatalytic disinfection in diverse locations of interest.
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