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Carbon dots (CDots) of small carbon nanoparticles with oligomeric polyethylenimine for surface
functionalization, coupled with visible light exposure, were found highly effective in the inactivation of
bacterial pathogens. In this study, using a representative strain of a major foodborne pathogen - Listeria
monocytogenes, as a target, the effects of the CDots treatment at sublethal concentrations on bacterial
functions/behaviors related to the biofilm formation ability/potential, including cell attachment and
swimming motility, were assessed. On the consequence at molecular level, the expression levels of the
genes that are related to cell attachment/adhesion, motility, flagellar synthesis, quorum sensing, and
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Introduction

Listeria monocytogenes is a foodborne opportunistic Gram-
positive pathogen and is widespread in the environment.
L. monocytogenes causes listeriosis, which is the third leading
cause of death among major pathogens commonly transmitted
by food.! Particularly troubling is the fact that it can persist for
an impressively long period of time, a decade or longer in some
cases, on floors, drains and equipment within food industry
premises.>” In addition, the biofilm formation by L. monocytogenes
in food processing environments and food-contact surfaces
results in even more persistence and stress resistance, which
have long been recognized as especially problematic for food
safety, presenting major challenges for the food industry.*
Many chemical and physical antimicrobial agents/strategies
have been studied for the control of foodborne pathogens
and their biofilms’™® with some success, but the tough
challenges still call for novel strategies for more effective yet
low-cost solutions. In recent years, major achievements in the
development of nanotechnology and its successful integration
with biotechnology offer excellent opportunities to address the
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environmental stress response and virulence were found all being up-regulated.

challenges in the control of persistent foodborne pathogens. In
this regard, the strategy/methodology based on the potent
antimicrobial properties of visible/natural light-activated
carbon “quantum” dots or carbon dots (CDots)**™** has been
found highly promising for the effective and efficient inactiva-
tion of various bacterial pathogens,'®?* including multidrug-
resistant pathogens and foodborne persistent pathogens.'®2%23

CDots are generally small carbon nanoparticles with various
surface passivation schemes,"* " each with a carbon nano-
particle core (mostly <10 nm in diameter) and a thin shell of soft
materials (organic or biological molecules) serving the surface
passivation function. In our original exploration of the antimicro-
bial function of CDots, we found and demonstrated that CDots
with visible/natural light activation are highly potent antibacterial
agents against model Gram-positive and Gram-negative bacteria
such as Bacillus subtilis and Escherichia coli.?° Since then, we have
explored and validated the use of CDots in various structural
configurations for the inactivation of model bacteria and selected
bacterial pathogens,'®'®'%*"*> a5 well as their inhibitory effect on
biofilm formation.'” For example, we recently reported that CDots
are highly effective for the inactivation of several drug-resistant
Listeria strains isolated from different foodborne outbreaks,* and
also nonpathogenic L. innocua UAM003-1A which is streptomycin
and tetracycline resistant and an important reservoir for resis-
tance determinants transferable to L. monocytogenes.”* The results
from all these studies have shown consistently that light-activated
CDots represent a new class of highly effective antimicrobial
agents. Notably, unlike photosensitizers based on conventional
semiconductor nanoparticles such as colloidal TiO, that require
hazardous UV irradiation, CDots are readily activated by benign
visible/natural light, such as the light from a commonly used
household LED lamp, which afford them particularly suitable for
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applications in food processing facilities and other human
friendly environments under manmade visible light or natural
ambient light conditions.

In the pursuit of more comprehensive mechanistic under-
standing of the photoinduced antimicrobial function of CDots,
in this study, we selected L. monocytogenes as a target to
examine the biological consequences occurred in the cells at
the functional and molecular levels upon the treatment by
CDots with visible light activation. We determined the minimal
inhibitory concentration (MIC) of CDots for the inhibition of
cell growth, the minimal bactericidal concentration (MBC), and
the minimal concentration for inhibition of biofilm formation,
and evaluated the effects of the CDots treatment on cell
attachment and swimming motility, which are functions
related to the biofilm formation ability/potential. At the mole-
cular level, we examined the alterations in the expression levels
of genes that are related to the functions of cell attachment,
swimming motility, flagellar synthesis, biofilm formation,
environmental stress response and virulence.

Materials and methods
CDots

CDots with oligomeric polyethylenimine (PEI, average molecular
weight ~ 600, from Polysciences) for dot surface functionalization,
thus PEI-CDots, were prepared by using the method reported
previously.?>?* In the method, small carbon nanoparticles with
an average diameter around 5 nm were harvested from the
commercially acquired carbon nano-powders (US Research
Nanomaterials, Inc.), and the nanoparticles were surface
functionalized by PEI in the microwave-assisted thermal
reaction.”®”” The as-prepared sample was purified via dialysis
against fresh water to remove free PEI and other impurities,
followed by vigorous centrifuging to retain the supernatant as
an aqueous solution of PEI-CDots. The results from the char-
acterization by using microscopy and optical spectroscopy
techniques were in agreement with those of similarly prepared
samples reported previously.>® For the relevance to their photo-
induced activities in this study, the PEI-CDots were verified for
strong optical absorptions in the visible spectrum, with the
observed absorption spectrum essentially unchanged from that
of the small carbon nanoparticles, the same as what was found
and reported previously.”?>*® The PEI-CDots concentration
expressed in this study was the concentration of carbon in
the core carbon nanoparticles of the dots, which was measured
in solution by absorption and calculated with the use of
the separately determined absorptivity values of the carbon.
The stock aqueous solution of PEI-CDots was stored in the dark
at room temperature and used in antibacterial experiments.
Characterizations of PEI-CDots’ properties are included in ESL ¥

Bacteria culture preparation

L. monocytogenes 10403S cells were grown in 10 mL tryptic soy
broth (TSB) by inoculating with a single colony streaked on TSB
plate at 37 °C overnight with constant agitation at 225 rpm in
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an Excella E24 incubator shaker (New Brunswick Scientific).
The cells were then centrifugated at 12000 x g (Beckman
Coulter Life Sciences, Indianapolis, IN, USA) for 5 min, and
washed twice with phosphate buffer saline (PBS) buffer. The
cell pellet was re-suspended and diluted in PBS or TSB to the
desired cell concentration for further experiments.

Minimum inhibitory concentration (MIC) assay, minimum
bactericidal concentration (MBC) assay, and inhibition of
biofilm formation

MIC and MBC assays are commonly used to evaluate the
potency of an antimicrobial material in terms of the concen-
tration at which it inhibits the growth of (MIC) or completely
kills (MBC) 1 x 10° challenge microorganisms during 18-20 h
incubation period at 35 & 2 °C. In this study, the MIC assay was
performed using the standard micro dilution method.?® Briefly,
L. monocytogenes prepared as above was diluted to the concen-
tration of ~2 x 10° CFU mL ™" in TSB. The aqueous solution
of PEI-CDots was 2-fold serial diluted with deionized water
(DI-H,0), followed by mixing the resulting PEI-CDots solutions
with bacterial cells at vol:vol = 1:1. The mixtures, containing
~1 x 10° CFU mL™" cells and different concentrations of
CDots, were vortexed vigorously and then aliquoted into a 96-
well plate at the volume of 150 pL per well. The negative control
sample was the mixture of TBS and DI-H,O (vol:vol = 1:1)
without cells and PEI-CDots. All samples were triplicated. The
plate was placed on an Orbital shaker (BT Lab Systems, St.
Louis, MO) with shaking at 300 rpm, and exposed to visible
light from a commercially acquired household daylight LED
bulb by CREE (omnidirectional 815 lumens) placed at ~10 cm
above the surface of the plate for 1 h. The plate was then
incubated at 37 °C in the incubator for 20 h. The optical density
at 595 nm (OD595) values of the samples were measured before
the treatment and after the 20 h incubation using the Max M5
spectrophotometer (Molecular Devices, LLC, Sunnyvale, CA).
The changes in OD595 values were used to indicate the growths
of the cells. The MIC of CDots was the minimum concentration
that showed no bacterial growth, e.g. no change in OD595 after
20 h incubation compared to the OD measured before the
treatment.

The MBC assay was performed using the same protocol for
the CDots treatment of the cells, but examining the colony
formation on solid brain heart infusion (BHI) agar after 48 h
incubation instead of monitoring the growth of cells in liquid
medium. Briefly, aliquots of 5 pL samples treated with different
concentrations of CDots or the controls were placed on BHI
agar plates and then incubated at 37 °C for 48 h. The MBC value
was the lowest CDots concentration at which no bacterial
colonies were observed on the BHI agar plates after 48 h
incubation.

For biofilm formation assays, the same CDots treatment
conditions were used as those for the MIC test above, except
that the plates were incubated at 37 °C for 24 h. After the
incubation, the plate was processed in 3 repeats of the following
steps: immersing-in-water and dumping out, to thoroughly
remove the planktonic cells in each well. The plates were then
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dried and stained using the crystal violet staining method to
measure the formation of biofilm on the surface of the well.
Briefly, crystal violet solution (0.07%, 180 pL) was added to each
well, and the plate was incubated at room temperature for
10 min, and then the staining solution was discarded. The plate
was immersed in tap water with shaking motions for 10 s and
then water was dumped out, and the same procedure was
repeated 3 times. After pat dried on paper towels, 200 pL of
30% acetic acid was added to each well, and the plate was
incubated at room temperature for 15 min with gentle shaking.
The optical density at 550 nm (OD550) was determined using the
Max M5 spectrophotometer (Molecular Devices, LLC, Sunnyvale,
CA), and the OD550 value was used as the measure of biofilm
formation by each sample.

Swimming motility assay

Swimming motility of L. monocytogenes cells was assessed by
growing the cells on semi-solid BHI agar (0.3% agar) plates at
28 °C for 24 h, with the change in the radius of the growth ring
indicating the swimming motility alteration.*® In the experi-
ment, freshly grown L. monocytogenes cells (1 mL) were washed
twice with PBS and re-suspended in 5 mL PBS. The cells were
treated with CDots at the concentration of 0, 5, and 10 pg mL ™"
in a 96-well plate on the shaker under the visible light at room
temperature for 1 h. After the treatment, aliquots of 1.5 pL
CDots-treated cells and the controls (without CDots) were
placed on the center of the semi-solid BHI agar (0.3% agar)
in 6-well plates, and the radius of the swimming ring were
measured after 24 h incubation at 28 °C.

Bacterial cell attachment assay

For bacterial cell attachment assay, overnight grown
L. monocytogenes cells (10 mL) were washed and diluted to 1/4
in PBS. The cells were then treated with CDots at the concen-
tration of 0, 5, and 10 pg mL ™" in a 96-well plate under visible
light at room temperature for 1 or 2 h without shaking. The
blanks were those sharing the same reaction systems with
PBS replacing the cell suspension. After the treatments, the
planktonic cells in each well were removed, and the plate was
immersed in tap water with gentle shaking for 10 s. After
dumping out water, the plate was dried on a hot plate at 60 °C
for 40 min. The attached cells were measured by the crystal violet
staining method, using the same procedure as described in the
biofilm formation assay. The OD at 550 nm (OD550) was used as

the measure of attached cells in each sample.

Determination of expression levels of target genes by reverse
transcription real time PCR (qRT-PCR)

L. monocytogenes cells were treated with 0 or 10 ug mL ™" CDots
under visible light for 1 h. The samples were collected and
washed twice with PBS to remove CDots. Total RNA was
extracted using the RiboPure RNA Purification Kit for Bacteria
(Life Technologies, Carlsbad, CA). The RNA quality and concen-
tration were examined using NanoDrop Spectrophotometer
(Thermo Fisher Scientific, Wilmington, Delaware). Reverse
transcription was performed for cDNA synthesis by using the
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SuperScript™ IV VILO™ Master Mix with ezDNase™ Enzyme
(Invitrogen, Thermo Fisher Scientific, Carlsbad, CA) according
to the manufacturer’s instruction.

The target genes selected in this study were associated with
biofilm formation potential including quorum sensing genes,
motility associated genes, and flagellar synthesis genes,
environmental stress and virulence, and the genes related to
starvation response were tested for the effects of environmental
stress caused by CDots.

gRT-PCR reactions were prepared in triplicate, and each
reaction (20 pL) contained 10 pL of 2 x Power SYBR™ Green
PCR Master Mix (Applied Biosystems by Life Technologies,
Carlsbad, CA), 0.8 pL of 7 uM reverse primer, 0.8 pL of 7 pM
forward primer, 2 pL cDNA, and 6.4 pL nuclease-free water. The
primers for the evaluated genes are according to previously
published sequences,*'* and are listed in Table 1. They were
custom synthesized by Integrated DNA Technologies, Inc.
(Coralville, Iowa). The housekeeping gene 16S rRNA was used
as an endogenous control to normalize the data. The reactions
were performed in QuantStudio™ 6 Flex Real-Time PCR System
(Applied Biosystems by Life Technologies, Carlsbad, CA) with
the program as follows: an initial hold step at 95 °C for 10 min,
and then 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
The 27*A“ method was used to analyze the relative gene expres-
sion by the use of QuantStudio™ 6 and 7 Flex System Software
(Applied Biosystems by Life Technologies, Carlsbad, CA).

Results and discussion

MIC and MBC of CDots on planktonic L. monocytogenes and
CDots’ effect on inhibition of biofilm formation

The MIC of CDots with visible light treating L. monocytogenes
cells (~1 x 10° CFU mL™ ") were determined by monitoring the
growth of cells post-treatment with various concentrations of
2-fold diluted CDots ranging from 2.5 to 80 ug mL ™. Fig. 1(A)
shows the net OD changes of the CDots-treated L. monocytogenes
cells after 20 h incubation at 37 °C compared to that before the
treatment. Clearly, cell samples treated with CDots at concentra-
tions of 5 and 10 pg mL~" showed partial growth inhibition, with
the degree of inhibition increasing with the CDots concentration
used in the treatment, whereas samples treated with CDots at
concentrations >20 pg mL ' showed complete growth inhibi-
tion. The results indicate that the MIC of CDots with visible light
activation was around 20 pg mL~" for L. monocytogenes cells
under the testing condition.

The same CDots-treated samples were examined using MBC
assay on their ability of colony formation on BHI agar plate
after 48 h incubation. The prolonged incubation time gave
sufficient time for sublethally damaged cells to recover and
grow into colony. Thus, the MBC assay determines the minimal
concentration of CDots required to completely kill all the cells
in the treatment. Fig. 1(B) shows the picture of a representative
plate with colony formation by L. monocytogenes samples that
were treated with different concentrations of CDots with visible
light activation. All samples treated with CDots at concentrations
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Table 1 Target genes and primers for qRT PCR in L. monocytogenes bacteria

Target gene Function/protein product

Primer sequence (5’ to 3')

16S rRNA Used as internal control in this study ACCGTCAAGGGACAAGCA
GGGAGGCAGCAGTAGGGA
agrA Quorum sensing response regulator ATGAAGCAAGCGGAAGAAC
TACGACCTGTGACAACGATAAA
agrC A sensor for the autocrine signal GGGGTCAATCGCAGGTTTTG
CTTTAAGTTCGTTGGTTGCCGTA
agrD A putative quorum-sensing peptide AAATCAGTTGGTAAATTCCTTTCTAG
AATGGACTTTTTGGTTCGTATACA
degU A putative response regulator CAGTCCATTCACAGTTGGCATA
GCGAAGGTATCAAGCGAATTTTAG
flaA Flagellin CTGGTATGAGTCGCCTTAG
CATTTGCGGTGTTTGGTTTG
flgE Flagellar hook protein AATGCCAACACGACAGGATA
TTTGTTCCAGCGTAAAGTCC
fliG Flagellar switch protein CCGCCCTTATTATTTGGAGC
CGAGTTTAGCAATTCCTCCTG
motB Flagellar motor rotation TTCTGTTTGCCTCCAGTTC
CTCTTGTTCGTTTGCTTCTTTC
relA Regulate the starvation responses TGCGATGCCGAAGTCGAATA
GCAACCCCGTATTCAGCGAT
sigB The global regulator of the stress response TGGATTGCCGCTTACCAAGAA
TCGGGCGATGGACTCTACTA
inlA A virulence factor ACTTGGCAGTGGAGTATGGA
CTGAAGCGTCGTAACTTGGTC
hly Listeriolysin O AACCAGATGTTCTCCCTGTA
CACTGTAAGCCATTTCGTCA
gap Glyceraldehyde-3P-dehydrogenase GAACTGGAACACGTTGAGCA
TCCAAAAGGTGACTTCCGTC
plcA Phosphatidylinositol-specific phospholipase C AGCCTAGCAGCCATTTCTATC
CCGTATTCCTGCTTCTAGTTGT
murA Cell wall hydrolase AGCGCAGACGAAACAGCGCC

<10 pg mL™"' were able to form colonies, whereas samples
treated with CDots at concentrations >20 pg mL " were not,
indicating that the MBC of CDots is around 20 pug mL™" for
L. monocytogenes at the stated treatment condition, rather simi-
lar to the MIC value determined above.

Further, L. monocytogenes samples after the same treatment
with visible light activated CDots were examined for effects on
their ability to form biofilms by using the crystal violet staining
method described above. The treated cells in the 96-well
plate were incubated at 37 °C for 24 h. After removal of the
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planktonic cells, the plates were washed, dried and stained with
the crystal violet, and the OD values at 550 nm were used for the
evaluation of biofilm formation of the samples. Fig. 1(C) shows
the OD550 of the stained biofilms formed by L. monocytogenes
cells that were treated with CDots at concentrations ranging
from 2.5 to 80 ug mL~ " under visible light for 1 h. According to
the results, the biofilm formation by the CDots-treated cells was
reduced in a dose-dependent manner with increasing CDots
concentrations. Treatments with <20 pg mL™" CDots partially
prevented the formation of biofilm, while treatments with
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(A) The results of OD measurement for the growths of L. monocytogenes cells treated with 2-fold diluted CDots under visible light for the

minimum inhibitory concentration (MIC) assay; (B) the image of a representative BHI agar plate with the grown colonies of CDots with visible light-treated
L. monocytogenes cells for the minimum bactericidal concentration (MBC) assay; (C) the results of OD measurement for the biofilms formed by CDots
with visible light-treated L. monocytogenes in a 96-well plate, along with the controls. Note: CDots with visible light treatment time: 1 h.
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>20 pug mL ™" CDots completely prevented the formation of
biofilm by the treated cells. As discussed above, the MIC
and MBC for the CDots treatment were found to be around
20 ug mL ', the same dot concentration apparently required
and sufficient for the prevention of any biofilm formation.
Thus, the observed no growth, no colony formation, and no
biofilm formation by the cells post-treatment with 20 ug mL "
CDots and visible light must all be due to the complete
cell death in the treated samples. In further investigation,
L. monocytogenes cells were treated with sublethal concentrations
of CDots (5 and 10 pg mL™ ") for an evaluation on effects of the
treatment on the cellular functions/behaviors in terms of func-
tional and molecular alterations of the cells.

Effects of CDots treatment on L. monocytogenes cell
attachment and swimming motility

The cell adhesion/attachment potential has been a focus of
extensive investigations for the understanding of L. monocytogenes’
persistence and biofilm formation ability, since cell adhesion/
attachment is the first event when bacterial cells come in contact
with a solid surface and the initial step of biofilm formation.
To determine the effect of CDots treatment on cell attachment,
L. monocytogenes cells (~1 x 10° CFU mL ") were treated with
CDots at the concentrations of 5 and 10 ug mL " in a 96-well plate
with exposure to the visible light for 1 h and 2 h. The cell
attachment was measured by using the same protocol described
above. Fig. 2(A) shows the results of cell attachment of CDots-
treated L. monocytogenes samples, which was apparently dependent
on the treatment time. For 1 h, the treatment did not have
significant effects on the attachment of L monocytogenes cells
(p <0.05) to the surface of the wells (polystyrene), but for 2 h,
there was an increase of about 2-fold in the cell attachment vs the
1 h treatment (p < 0.05) at each treatment condition. The cell
attachment was also more substantial when higher CDots concen-
trations were used in the treatment, with increases for the same 2 h
treatment by 39.9% and 54.7% at CDots concentrations of 5 and
10 pg mL ™, respectively, from those of the untreated control
samples. The results show that the treatment of CDots with visible
light exposure could increase the cell attachment on the surface of
96-wells, likely a result of changes in bacterial biophysical status
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and behavior of the treated cells due to their response to the
environmental stress induced by light-activated CDots.

It is generally understood that the bacterial attachment
process is complex, influenced by many factors such as material
surface properties, hydrodynamic flow, bacterial motility, envir-
onmental stress, etc.>>*° Besides, the cell surface is dynamic,
with varying cell organelle, continuously sensing and changing
in response to environmental stress and other changes.?” In the
presence of antimicrobial reagents, cell attachment could be a
defensive response,®® triggering distinctive adaptive behavior of
bacteria biofilms.*® There have also been reports suggesting that
different strains of Listeria cells with significantly different initial
cell attachment/adhesion capacities could reach comparable
levels of cell density after 72 h incubation.”® On what were
observed in this study, the known highly reactive species gener-
ated by the light-activated CDots'® must be causing elevated
environmental stress to trigger adaptive behaviors of the cells
and stimulate cell attachment during short contact time. On the
other hand, the reduced biofilm formation after 24 h incubation
(Fig. 1(C)) was apparently a direct consequence of cell death
caused by the CDots treatment.

Swimming motility is another function of cells related to the
potential of biofilm formation. Therefore, we further examined
the effect of CDots with visible light treatment on the swimming
motility of L. monocytogenes cells. The tests were performed on
semi-solid BHI agar plates, with the change in the radius of the
swimming ring as an indication for the change in cells’ swim-
ming motility. It is known that L. monocytogenes cells are motile
via flagella at 30 °C and below, but not at 37 °C.*" In the
experiments, we tested L. monocytogenes samples that were pre-
treated with CDots at 5 and 10 pg mL ™" under visible light for
1 h, and examined their motility by subsequent growing the
treated cells on semi-solid BHI agar plates at 28 °C for 24 h. As
shown in Fig. 2(B), the radii of the swimming motility rings of
the CDots-treated samples had no visible change compared to
that of the control samples without the CDots treatment,
suggesting no visible change in swimming motility of the L.
monocytogenes cells pre-treated with CDots at sublethal con-
centrations (5 and 10 pg mL ") for a relatively short period of
time (1 h in the experiment).

5 pg/mL 10 pg/mL

A

CDots treatment, 1 h, under visible light

Fig. 2 (A) The results of OD measurement of cell attachment in a 96-well plate, after L. monocytogenes cells were treated with 5 pg mL™ and
10 ug mL™ PEI-CDots for 1 h and 2 h under visible light. (B) The swimming motility rings of L. monocytogenes formed by the cells treated with 5 ug mL™*
and 10 pg mL™! PEI-CDots for 1 h under visible light and subsequently growing the cells on the semi-solid BHI agar plates at 28 °C for 24 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Effect of CDots treatment on the expression of genes related to
cell adhesion/attachment and quorum sensing

It is well known that environmental changes/stresses induce
physicochemical alterations on bacterial behaviors. The initiation
of biofilm formation is known as a result of a defensive reaction to
the presence of antimicrobial reagents. For example, many of the
antibacterial treatments trigger distinctive adaptive behavior of
bacteria biofilms.** Hoffman, et al*® found that sub-inhibitory
concentrations of aminoglycosides induced biofilm formation as
a part of the defense response of E. coli and P. aeruginosa. Bacteria
attachment as the initial step of biofilm formation is influenced
by bacterial motility and other environmental conditions.***° The
CDots treatment could definitely cause more environmental stress
on bacteria and change bacterial biophysical status and behaviors,
such as attachment/adhesion, swimming motility, and other
functions related to biofilm formation. These behavioral/func-
tional changes should be associated with and correlated to
changes in the expression levels of related genes. In that regard,
we examined the expression levels of genes related to biofilm
formation including flagellar synthesis, the motility ability, and
the quorum sensing system of L. monocytogenes.

It is known that bacterial flagella play a role as adhesins in
surface attachment® and contribute to the adhesion and
invasion of human epithelial cells,*® with some variation from
strain to strain. The motility ability of flagella is also important
in the early stage of biofilm formation,*® and integral to bacterial
virulence.>®* The genes associated with motility and flagellar
synthesis and involved in the L. monocytogenes attachment
include flaA, flgk, fliG, motB, and degU.*** In the experiment
to probe alterations in the expression levels of these genes,
L. monocytogenes cell samples treated with 10 pg mL™' CDots
with visible light and the untreated control cell samples were
examined by reverse transcript real time PCR (qRT-PCR) using
the primers and protocols described above in the Materials and
Methods section. Fig. 3 shows the relative expression levels of
the tested genes that are related to motility and flagellar synth-
esis after the CDots treatment. These genes were all up regulated
substantially by 2.04- to 4.77-fold corresponding to the given
CDots treatments, with degU showing the highest up-regulation

4
2 4
1]
01

degU flaA flgE fliG

Relative gene expression to the untreated
controls (fold)
w
L

motB agrA agrC agrD

Attachmen-related genes Quorum sensing-related genes

Fig. 3 Alterations in the expression levels of genes associated with
L. monocytogenes cell attachment (motility and flagellar synthesis), and
quorum sensing, upon CDots treatment at 10 pg mL~* for 1 h under visible
light.
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(4.77-fold). DegU is involved in the regulation of flagellin expression
on the post-transcriptional level, a putative response regulator
involved in motility and virulence.*® The up-regulation of these
genes agrees well with the results on the increased attachment of
L. monocytogenes cells upon CDots treatments.

Quorum sensing (QS) system of L. monocytogens (agr system)
is critical in its biofilm formation. QS is an intercellular
communication system which bacteria use to coordinate their
population density and control a variety of physiological
processes.”” In L. monocytogenes, the QS is regulated by Agr
system for intraspecies communication.*®*° It is the Agr system
that regulates cell adhesion, biofilm formation,’>>"' and infection
of mammalian hosts.”* Fig. 3 also shows the alterations in the
expression levels of genes related to QS. As compared to the
untreated controls, the CDots treatment substantially increased
the expression of quorum-sensing gene agra, agrC, and agrD, with
4.06-, 2.21-, and 2.08-fold up-regulation, respectively (Fig. 3). Appar-
ently, the CDots treatment enhanced the QS in L monocytogenes
cells, triggering the cell self-defense response in the survived cells
and the initiation of biofilm formation. However, the behavioral
changes were associated with only the survived cells, whose
numbers were limited, as the CDots treatment did kill the majority
of L monocytogenes cells. Consequently, in the CDots-treated
samples there were less biofilm growth, and reduced biofilm
formation, as observed in the experiments described above.

Effects of CDots treatment on the expression of genes related to
environmental stress response and virulence

L. monocytogenes is a highly adaptable organism that can
persist in a wide range of stress conditions such as low pH,
low water activity, and low temperature. The stress tolerance of
L. monocytogenes can be attributed in part to the general stress
response of the organism by reconfiguring gene transcription
to provide homeostatic and protective functions to cope with
the stress.”® In our study, the L monocytogenes cells post-
treatment with 10 pg mL™" CDots and visible light for 1 h were
examined for the expression levels of several genes that are
related to stress response and virulence. Fig. 4 shows the
significant alterations in the expression levels of these genes.
The starvation response regulation gene relA is known as an
essential gene for adhered cells on a model surface in response
to nutrient deficiency.”>> As shown in Fig. 4, the CDots
treatment up-regulated the expression of reld gene by about
3-fold, suggesting that the treatment increased the stress
responses of L. monocytogenes cells to resist the external harsh
conditions. The CDots treatment also up-regulated the expression
of sigB gene by about 5-fold. The sigB gene is a global regulatory
gene of the stress response and closely related to virulence,
and it also plays important roles in L. monocytogenes biofilm
development.”® A deletion of sigB gene had been reported to affect
the virulence phenotype of L. monocytogenes in murine and guinea
pig models of infection.”” Other studies demonstrated that a
L. monocytogenes sigB deletion mutant was more susceptible to
environmental stresses such as acid stress,*® osmotic stress,*® and
carbon starvation.®® The up-regulated expression of sigB gene

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Alterations in the expression levels of environmental stress
response- and virulence-related genes in L. monocytogenes, upon CDots
treatment at 10 pg mL™ for 1 h under visible light.

indicated the increased stress response by L. monocytogenes cells
to the environmental stress induced by the CDots treatment.

Other virulence related genes, including inlA (encoding a
virulence factor), murA (autolysin), Aly (encoding listeriolysin O),
plcA  (phosphatidylinositol-specific phospholipase C), and gap
(encoding glyceraldehyde-3P-dehydrogenase), were also examined.
The product of murA gene is similar to N-acetylmuramidase (auto-
lysin), which is important for cell separation and autolysis of
bacteria. The absence or malfunction of MurA results in virulence
defects, e.g. diminished ability in adhesion to host cells.®* As shown
in Fig. 4, the CDots treatment up-regulated the expression of murA
by 1.51-fold, the expression of inl4 by 2.15-fold, and gap by1.53-fold.
However, the treatment slightly down-regulated %ly gene expression
by 26%, and kept the plcA expression almost the same. Gene hly
encodes a cholesterol-binding, and pore-forming toxin (Listerioly-
sin O) that is essential for the bacterial escape from phagosomes.*>
Listeriolysin O cooperates with two phospholipases C, plcA and
pleB, for the effective escape from the vacuoles. The down-regulated
expression of hly by the CDots treatment might slightly decrease
the virulence of Listeriolysin O from L. monocytogenes bacteria,
despite the almost the same plcA expression level.

Conclusions

CDots with visible light activation exhibited highly effective
and efficient antimicrobial activities against foodborne
L. monocytogenes. The MIC and MBC of PEI-CDots with 1 h
light exposure for the inactivation of L. monocytogenes cells
were found to be around 20 pg mL~'. The same dot concen-
tration of 20 pg mL~" and light exposure inhibited the treated
cells from any biofilm. When sublethal concentrations of PEI-
CDots (5 and 10 pg mL™ ") were used, the treatment induces
bacterial defensive responses, including the observed increases
in cell attachment as the first step of the triggered adaptive
behavior toward bacteria biofilms. Correspondingly at the
molecular level, the expression levels of genes that are related
to the cell attachment/adhesion, motility and flagellar synthesis,
quorum sensing, and environmental stress response and virulence,
were up-regulated. The results reported here, together with those
from previous studies on the potent antibacterial activities of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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light-activated CDots,'®>° collectively contribute to the more
comprehensive understanding of CDots as a new class of effective
antimicrobial agents and their action mechanisms, and also to
their practical applications in a variety of settings for combating
bacterial pathogens and beyond.
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