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The antiviral function of carbon dots (CDots) with visible light exposure was evaluated, for which the model

bacteriophages MS2 as a surrogate of small RNA viruses were used. The results show clearly that the visible

light-activated CDots are highly effective in diminishing the infectivity of MS2 in both low and high titer

samples to the host E. coli cells, and the antiviral effects are dot concentration- and treatment time-

dependent. The action of CDots apparently causes no significant damage to the structural integrity and

morphology of the MS2 phage or the breakdown of the capsid proteins, but does result in the protein

carbonylation (a commonly used indicator for protein oxidation) and the degradation of viral genomic

Received 4th July 2020
Accepted 2nd September 2020

RNA. Mechanistically the results may be understood in the framework of photodynamic effects that are

associated with the unique excited state properties and processes of CDots. Opportunities for potentially
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1. Introduction

Infectious diseases continue to affect hundreds of millions of
people each year with serious health outcomes, accounting for
~20% global mortality, among which about one-third are
caused by viral infections." Influenza or “the flu”, HIV (human
immunodeficiency virus), and herpes are some of the many
viruses that kill millions of people every year. In addition, new
viruses, such as Ebola, SARS, and SARS-CoV-2, are continuously
emerging and cause serious public health problems. For
prevention of viral infections, vaccination is known as the best
practice, but only a limited number of vaccines are available.
For many viruses, including HIV, noroviruses, and other newly
emerged viruses, there is presently no vaccine. Also, constant
antigenic shift in some viruses creates difficulties for vaccine
development. In reality, the control and prevention of viral
transmission and spread largely rely on effective hygiene and
sanitation practices, though other tools are also being explored
to help the control of viral infections.>® Many traditional
disinfection agents have been used for such purposes, but
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broad applications of CDots coupled with visible/natural light in the prevention and control of viral
transmission and spread are highlighted and discussed.

recently various nanomaterials of antiviral functions have been
explored with very promising outcomes.

In the early exploration for inactivation of viruses or virus-
like particles (VLPs), various metal and metal oxide nano-
particles (NPs), including NPs of silver,** copper iodide,” and
titanium dioxide® have been used. Their small sizes, high
surface-to-volume ratio,” ability of direct interaction with viral
capsid proteins,® and/or other unique properties of the mate-
rials at nanoscale have contributed to their observed antiviral
activities, making their use a more popular alternative to other
physical and chemical antiviral strategies. Moreover, the
coupling of nanomaterials with photon energies for photody-
namic inactivation (PDI) of microbials has also attracted much
attention. In the PDI, a popular approach has been the use of
UV light to illuminate on selected NPs such as colloidal TiO, to
generate reactive oxygen species (ROS), including singlet
molecular oxygen, superoxide and hydroxyl radicals, to kill
pathogenic bacteria or viruses.® Since UV light is hazardous for
broader applications in living environment, various modifica-
tions to TiO, NPs have been made to extend absorption into the
visible.'*** Similarly, the uses of gold NPs with organic dyes,"**
cationic fullerenes,"® and semiconductor quantum dots
(QDs)*"* have been explored in the development of antimi-
crobial agents that can be excited by visible photons. More
recently, carbon dots (CDots), which are small carbon NPs with
particle surface functionalized by organic molecules,**** have
been found and demonstrated for their strong visible/natural
light-activated antimicrobial functions.?*?

CDots may be considered as a special kind of “core-shell”
nanostructures, each with a small carbon nanoparticle core

This journal is © The Royal Society of Chemistry 2020
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Fig.1 A cartoon illustration on the structure of CDots in general, with
the carbon nanoparticle surface functionalization by EDA molecules
highlighted for EDA-CDots.

(mostly less than 10 nm in diameter) and a thin shell of soft
materials (the organic or biological surface molecules) (Fig. 1).
Their broad optical absorptions over the entire visible spectral
range enable their efficient visible/natural light activation.****
Upon photoexcitation of CDots, there are efficient charge
separations for the generation of separated electrons and holes,
which are trapped at various surface defect sites in the dots and
likely participate directly in the observed antimicrobial activi-
ties.** As widely agreed,>******'3* the radiative recombination
of the electrons and holes results in the formation of emissive
excited states, which are responsible for the famous bright and
colorful fluorescence emissions of CDots and also contribute to
the photodynamic antimicrobial functions. The antimicrobial
activities of CDots are known to correlate with their surface
functionality, surface charge, fluorescence emission quantum
yields, and other structural/material characteristics.****3¢
Here, we report a study of visible light-activated CDots for
effective inactivation of virus and an exploration on mechanistic
implications of the experimental results using bacteriophage
MS2 as a model (a surrogate of a number of small RNA viruses
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such as norovirus, Ebola virus, Marburg virus). In the study, the
CDots with 2,2'-(ethylenedioxy)bis(ethylamine) (EDA) for the
carbon nanoparticle surface functionalization (thus EDA-
CDots, Fig. 1) were selected for their being chemically and
structurally well characterized®” and effective in antibacterial
activities against multiple laboratory model bacteria,**3%%%% ag
well as exhibiting significant antiviral potential in the initial
evaluation of their inhibitory effect on the binding of norovirus
VLPs to host cell receptor.®® The use of bacteriophage MS2 in
this study was to further reveal the effect of CDots on viral
infectivity and viral genome, and to explore mechanistic
insights into the action of CDots on the virus, both of which
would not be possible with the VLPs.

2. Results and discussion
2.1 Bacteriophage infection and antiviral strategies

The process of viral infection to a host cell consists of multiple
steps, generally including viral attachment, penetration (viral
RNA/DNA entry), replication, assembly, release, and host cell
lysis, but the details in these steps differ greatly between
infections by different virus species.*>*! The viral attachment to
a host cell is achieved when specific proteins on the viral capsid
or viral envelope bind to specific host receptor proteins on the
host cell surface. After attachment, animal virions enter into the
host cell through receptor-mediated endocytosis or membrane
fusion,*»** while viruses enter into plant cells and fungi cells
only after trauma to the cell walls.*»** The general process of
bacteriophage infection to a host bacterial cell is shown in
Fig. 2. Generally bacteriophages use specialized surface
receptor-binding proteins to interact with and adhere to their
specific cognate host receptors, and then the phages use various
mechanisms to breach the bacterial cell wall and inject their
genome into the host bacterial cell, leaving the empty phage
capsid outside the cell.* Once the viral genome is uncoated in
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Fig. 2 The general process of bacteriophage infection to its host cells, and the expected outcome of PDI antiviral function of CDots.
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Fig. 3 The absorption spectrum of EDA-CDots in aqueous solution.
Inset: A TEM image of EDA-CDots.

the host cell, the replication starts and the transcription or
translation of the viral genome initiates. After the synthesis of
viral genome and proteins, the proteins are packaged with the
newly replicated viral genomes to assemble new virions ready to
be released from the host cells, resulting in the lysis of infected
host cells.*® However, in some other cases, viruses undergo
a lysogenic cycle where the viral genome is incorporated by
genetic recombination into a specific site in the host's
chromosome.**

Many antiviral agents/drugs are designed to target either
viral proteins or host factors. Host-targeting antivirals aim at
the host proteins that are involved in the viral life cycle, so as to
regulate the function of the immune system or other cellular
processes in host cells.*® More relevant to the study reported
here in terms of antiviral strategies, the virus-targeting
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antivirals can function directly or indirectly to inhibit the
functions of viral proteins, mostly enzymatic activities, or to
block viral replication machinery. Among direct virus-targeting
antivirals may be inhibitors of virus attachment, entry,
protease, polymerase, integrase, methyltranserase, helicase,
etc.** Other direct antiviral methods may physically destroy/
break viral capsid, such as high pressure, radiation, and the
action of some nanoparticles.**° The photodynamic inactiva-
tion (PDI) as an antiviral approach exploits the function of
photosensitizers under light illumination to generate ROS to
attack viral envelope lipids, core proteins, capsid, and nucleic
acid, leading to the loss of virus infectivity.** CDots due to their
unique photoexcited state properties and processes represent
a new class of particularly effective PDI agents, as already
demonstrated in their visible/natural light-activated actions
against bacterial cells, are expected to be similarly effective
antiviral PDI agents (Fig. 2).

2.2 PDI with CDots to diminish viral infectivity

EDA-CDots (Fig. 1) were prepared and characterized by
following the experimental protocols reported previously.*”*>
These dots are 5-10 nm in diameter according to microscopy
characterization results (Fig. 3, inset). They are readily soluble
in aqueous media, and the resulting aqueous solution is
strongly absorptive in the visible spectrum (Fig. 3) for photo-
excitation with broad-band visible light.

The antiviral activity of EDA-CDots was evaluated under
different conditions. The initial experiment was on MS2
samples containing low virus titers (~50-60 PFU per mL). The
samples were treated with EDA-CDots at different concentra-
tions ranging from 1 to 20 pg mL~" with visible light illumi-
nation (from 36 W light box) or in the dark for 1 h. The
infectivity of treated and untreated MS2 was evaluated by the
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(A) Percentage reduction in virus titers when MS2 samples containing low virus titers (<100 PFU per mL) were treated with different

concentrations of EDA—CDots under visible light for 1 h. (B) Reduction in virus titers when MS2 samples containing high virus titers (~108 PFU per
mL) were treated with 20 pg mL~* EDA-CDots under visible light for different times. (C) Images of the representative plates of MS2 plaque
forming units on the lawn of E. coli C3000 after the MS2 samples were treated with 20 ug mL™! EDA-CDots under visible light for 2, 6, and 16 h.
(D) The growth curves of E. coli C3000 when they were infected with untreated and CDots-treated MS2 samples.
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plaque assay. Fig. 4A shows the percentage reduction in MS2
plaque numbers upon 1 h treatment with EDA-CDots under
visible light and in dark. The viral titer was significantly reduced
with the increasing concentration of EDA-CDots in the treat-
ment under visible light. Specifically, the viral titer reduced to
92.3, 63.2, 59.4, 39.4, 25.8 and 20.6% of the starting viral titer
with 1, 1.5, 2.5, 5, 10, and 20 ug mL~ ' EDA-CDots, respectively,
while the corresponding treatments in dark did not cause
significant reduction in viral titer. The results confirmed that
MS2 phages lost their infectivity to host cells upon the treat-
ment with EDA-CDots under visible light in a dot
concentration-dependent manner, but not the treatment in
dark.

Next, MS2 samples containing higher virus titers were tested
to see how well CDots were able to inactivate the viruses at high
viral titers for more practical opportunities. In the experiments,
MS2 phage samples of ~10® PFU per mL were treated with 20 ug
mL~' EDA-CDots for different time periods ranging from 2 to
24 h under the visible light. Fig. 4B shows the viral titers of the
samples at different treatment time points, as determined by
the plaque assay, along with controls without CDots treatment.
The results show that EDA-CDots were effective in inactivating
MS2 phages in the high virus titer samples. With 20 pg mL ™"
EDA-CDots, the MS2 phages in the samples were completely
inactivated (>8 log reduction in viral titer) with 24 h treatment,
or >6 log reduction and approximately 1 log reduction (90%
reduction) of virus with 16 h and 2 h treatments, respectively.
The results indicated that CDots' photo-inactivation of MS2
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phages was in a time-dependent manner, as prolonged treat-
ment time could significantly increase the inactivation effec-
tiveness. Fig. 4C shows the representative plates of the plaque
forming units (PFU) of MS2 phage on the lawn of E. coli strain
C3000, after the MS2 samples were treated with 20 pg mL ™"
EDA-CDots under visible light for 2, 6, and 16 h (all plated upon
10~ dilutions). There was an obvious decrease of PFU in the
samples with increasing treatment time from 2 h to 6 h, and the
samples with 16 h treatment did not form PFU. The results
show that CDots were capable of inactivating MS2 phages in
high virus titer samples, suggesting excellent potential for
practical applications.

In a separated experiment, the infectivity of MS2 phages with
and without the CDots treatment to the host E. coli C3000 cells
in suspensions was examined. The tests were performed by
monitoring the growth curves of E. coli C3000 cells that were
infected with CDots treated and untreated MS2 phages. As
shown in Fig. 4D, E. coli C3000 cells without MS2 exhibited
a normal growth curve consisting of lag phase, log phase and
stationary phase, with the optical density (OD) value reaching
~0.66 at 5 h. Untreated MS2 were able to infect E. coli cells and
cause cell lysis over time. Although an increasing rate of growth
of E. coli was observed until the time point of ~2.7 h, after that,
the OD started to decline and continued progressively until
reaching a plateau (OD at ~0.17), indicating the onset of cell
lysis due to the infection of MS2 to the E. coli cells. The MS2
treated with 5 pg mL~' EDA-CDots for 16 h under visible light
induced E. coli cell lysis at a later time point of ~3.3 h, and the
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Fig. 5 TEM images of MS2 phages (A) untreated, (B) treated with CDots in dark, and (C) treated with CDots under visible light. (D) Image of SDS-
PAGE gel of 13.7 KDa MS2 coat proteins in CDots treated MS2 phages. Lane 1: SeeBlue Plus2 Pre-stained Protein Standard (Invitrogen, Carlsbad,
CA); lane 2-5: protein from MS2 phages treated with 0, 10, 20, and 50 png mL~* CDots under light for 16 h; and lane 6: proteins from freshly
thawed MS2 phages without CDots treatment. (E) The carbonyl contents in proteins from MS2 phages that were treated with 20 and 50 pg mL ™t
EDA-CDots under visible light illumination for 2 h, along with those of the untreated controls. (F) Image of agarose gel electrophoresis of RNA
from CDots treated MS2 phages. Lane 1: ssRNA ladder; lane 2—5: RNA from phages treated with 0, 5, 10, and 20 pg mL™! CDots under light for
16 h; and lane 6: RNA isolated from freshly thawed MS2 phages without the CDots treatment.
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decline in OD continued at a slower rate than that with
untreated MS2, until reaching the OD of ~0.41 at 5 h, indicating
reduced infectivity of the treated MS2 to E. coli cells. However,
the MS2 treated with 20 pg mL~' EDA-CDots for 16 h did not
show a decline in OD within the experimental time, and the
growth curve of E. coli was the same as the control with unin-
fected E. coli cells, suggesting that the treated MS2 phages had
lost their infectivity to E. coli cells. In the same experiments, the
corresponding MS2 samples treated with CDots in dark also did
not cause E. coli cell lysis, namely that light exposure in the
CDots treatment was necessary to reducing the infectivity of
MS2. On the effect of CDots concentrations in the treatments,
the growths of E. coli C3000 cells infected with MS2 phages that
were treated with 0, 5, 20, 30, 40, and 50 pg mL~"' CDots under
visible light for 1 h were examined. The cell lysis apparently
decreased with the increasing CDots concentration used in the
treatment of MS2 phages, consistent with more MS2 phages
losing their infectivity. However, for the effect of treatment time
at a constant CDots concentration, 1 h vs. 16 h, the longer time
was obviously more effective in inactivating MS2, as expected.
Even at a high CDots concentration like 50 pg mL ™", the 1 h
treatment could not completely inactivate the MS2 phages.
Nevertheless, these results did consistently confirm that CDots
coupled with visible light were effective for inactivating MS2
phages, making them lose their infectivity to host cells, and that
the antiviral activity of CDots was dots concentration- and
treatment time-dependent.

2.3 PDI damages to the integrity of MS2 phage, capsid
proteins, and viral genomic RNA

MS2 phages treated with CDots under visible light and in dark,
as well as the untreated phages were examined using TEM
(Fig. 5A-C). Surprisingly, the CDots treated MS2 phages
remained intact without obvious morphologic changes
according to the TEM imaging, comparable to the untreated
ones or those treated with CDots in dark. On the viral structural
integrity, this observation is consistent with what was previ-
ously observed in the study of human norovirus virus-like
particles (VLPs) treated with CDots, in which the VLPs main-
tained their morphology after CDots treatment despite of the
loss of their binding capability to host receptors.* This is also
similar to what was found in the use of CDots for PDI against
bacteria, in which the bacterial cells photodynamically inacti-
vated by CDots also remained intact.”*** However, the outcomes
were significantly different by the action of many metal or metal
oxide NPs and carbon nanotubes, in which physical damages to
cell membrane or viral capsids were observed.***

Next, the integrity of phage capsid protein was examined
using SDS PAGE gel (Fig. 5D). The MS2 capsid consists of 2
structural proteins: 178 copies of coat protein (~13.7 kDa) and 1
copy of A-protein (~44 kDa).>® As shown in Fig. 5D, the bands
corresponding to 13.7 kDa were the coat proteins from MS2
phages that were treated with 0, 10, 20, and 50 pg mL™~* CDots
under visible light for 16 h, showing no obvious difference in
the band intensity among the MS2 samples treated with
different concentrations of CDots, and the controls. Due to the
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low copy number of A-protein, it was undetectable on the SDS
PAGE gel. The results suggest that the CDots treatment at tested
concentrations did not break down the coat proteins in the
capsid of MS2 phages, consistent with the intact morphology of
MS2 observed in TEM imaging.

To further assess the consequence at the protein level in MS2
phages upon the CDots treatment with visible light, the oxida-
tion of protein was examined. Proteins have often been
described as major targets for oxidative modifications, with the
formation of protein carbonyls being among the most prevalent
oxidative lesions of proteins.”® In fact, protein carbonyls are
commonly used as a biomarker to measure oxidative stress in
vivo for biological samples.’’*® In this study, the carbonyl
formation in CDots treated MS2 phages was probed and
analyzed. Fig. 5E shows the carbonyl contents in MS2 phages
that were treated with 20 and 50 pg mL~ ' EDA-CDots under
visible light illumination for 2 h, along with those of the
controls without CDots treatment. The carbonyl contents were
1.9, 8.9, and 15.4 nmol mg~ " protein in the MS2 phages treated
with 0, 20, and 50 pg mL™" CDots, respectively, corresponding
to 3.6 and 7.1 fold increases in the treated MS2 phages.
Carbonylation often causes major changes in protein structure
and function, including unfolding and/or aggregation.*** It has
been reported that changes to host receptor recognition sites on
the virus capsid could inhibit host receptor attachment, thereby
resulting in its inability to infect the host cell.>® Although MS2
phages and their coat proteins apparently remained intact upon
the CDots treatment with visible light, there was oxidation of
the capsid proteins by the photo-generated ROS during treat-
ment, resulting in the observed high level of protein carbonyl-
ation, which could lead to structural changes/dysfunction in
host receptor recognition sites on the capsid proteins, thus
responsible for the loss of their infectivity.

Further examined was the degradation of the genomic RNA
in MS2 phages due to the CDots treatment with visible light.
Experimentally, the total RNA from the CDots-treated MS2
phages was isolated and analyzed on agarose gel after electro-
phoresis (Fig. 5F). The MS2 genome is comprised of 3569
nucleotides (nt) of single-stranded RNA, consisting of 1487 nt
mat gene, 510 nt cp gene, 295 nt lys gene, and 2055 nt rep gene,
while lys gene overlaps with both the 3'-end of the upstream cp
gene and the 5-end of the rep downstream rep gene.*™*> As
shown in Fig. 5F, the fresh MS2 samples and the controls
(without CDots but processed the same as all other samples)
showed a clear band at size of ~3569 nt, corresponding to the
total genomic RNA of MS2. However, all the CDots treated MS2
samples did not show the clear band of their total genomic
RNA, indicating the degradation of genomic RNA due to the
treatment. In fact, the extent of degradation increased with the
increasing CDots concentrations (from 5, 10 to 20 pg mL™ ")
used in the treatment with visible light.

The results above show that CDots could readily be activated
by visible light to effectively diminish the infectivity of MS2
phages, but not at all with the same CDots treatment in dark.
The former apparently oxidized the capsid proteins of MS2, thus
most likely disabled the viral recognition/binding ability to the
host cells, and also degraded the viral genomic RNA, though

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05849a

Open Access Article. Published on 14 September 2020. Downloaded on 11/12/2025 4:21:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

without breaking apart the viral particles. To the best of our
knowledge, this is apparently the first demonstration on the
potent PDI actions of CDots under visible light for effectively
diminishing viral infectivity. The observed high performances
of CDots justify these simple carbon nanomaterials as an
extremely promising platform in the development of counter-
measures for the control and prevention of viral transmission/
spread. Beyond the high performances, the CDots platform
also offers other major advantages, CDots have higher absorp-
tivity in visible light wavelength than traditional organic dye
photosensitizers, and more efficient PDI due to the generation
of highly reactive redox pairs beyond the traditional ROS in the
light activation processes.®® Especially with their known benign
and nontoxic nature,*°® CDots offer excellent opportunities for
broad applications in many healthcare settings and human
living environments.

2.4 Mechanistic issues/implications of the PDI diminishing
viral infectivity
The results presented above suggest the necessity of visible light
activation in CDots' antiviral function, pointing to a similar
photodynamic inactivation (PDI) scheme to what has been
adopted for the observed antibacterial activities of CDots with
visible/natural light illumination.**?** The potent PDI function
of CDots could be attributed to their unique photoexcited state
properties and processes.’***

As illustrated in Fig. 6, the photoexcitation of CDots drives
the initial ultrafast charge separation to form charge separated
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Fig. 6 Upper: Cartoon illustration on the photoexcited state

processes in CDots, including the rapid charge separation, and the
trapping of electrons and holes thus formed (which can be quenched
by external electron acceptor and donor, respectively) and their radi-
ative recombinations. Lower: The energy diagram for the same
processes, with the observed fluorescence quantum vyield @ as
a product of @; (denoting the overall yield for the charge separation
and radiative recombinations) and @, (the yield of radiative process).
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species, which are electrons and holes trapped at various defect
sites. These are highly reactive species, similar to or even more
reactive than the classical ROS by organic dyes via photody-
namic effects. Their recombination results in the formation of
emissive excited states (Fig. 6), which are not only responsible
for the observed bright and colorful fluorescence emissions but
also capable of the same organic dye-like ROS generation. The
collective actions of the initially formed charged separated
species and the subsequently generated ROS make the PDI of
CDots particularly effective and efficient, as made evident by the
already reported excellent antibacterial outcomes.**?** The same
PDI framework may be applicable to the observed effective
antiviral action of CDots under visible-light illumination to
result in the loss of infectivity of MS2 phages.

On the traditional photodynamic effects with organic dyes as
photosensitizers, ROS scavengers such as r-histidine and tert-
butanol are often used for the quenching of singlet molecular
oxygen and hydroxyl radicals, respectively.®”*® These scavengers
were added to the CDots treatment of MS2 phages for an eval-
uation of their quenching effects on the antiviral activities of
EDA-CDots with visible light. In the experiments, MS2 phage
samples containing ~10® PFU per mL were treated with 20 pg
mL ™! EDA-CDots under visible light illumination for 2 h, which
resulted in ~1.16 log virus reduction (Fig. 7). The same MS2
samples treated with each of the two scavengers only without
any CDots under the same light illumination caused no virus
reduction. In the CDots treatment of MS2 samples with visible
light, the addition and presence of up to 90 mM ¢ert-butanol
resulted in no quenching effect, still the same virus reduction
without tert-butanol (Fig. 7). On the other hand, the presence of
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Fig. 7 The effects of scavengers L-histidine and tert-butanol on the
antiviral function of CDots toward MS2 phages. The concentrations of
the respective scavengers used in the experiments were 30, 60, and
90 mM. MS2 phage samples: ~10% PFU mL; treatment: 20 pg mL™*
EDA-CDots under visible light illumination for 2 h.
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t-histidine in the treatment of the same MS2 samples with
CDots and visible light did quench the antiviral effect, with the
level of quenching dependent on the r-histidine concentration
(Fig. 7). At the highest r-histidine concentration of 90 mM, the
antiviral effect decreased from the originally ~1.16 log to
0.36 log, namely that the presence of r-histidine significantly
protected MS2 phages from the antiviral action of the photo-
excited CDots.

In the study of photodynamic effects by organic dyes, tert-
butanol and r-histidine as ROS scavengers are often used to
probe the sub-species in the ROS, specifically hydroxyl radicals
and singlet molecular oxygen, respectively.®”* However, CDots
are hardly organic dyes-equivalent, despite the fact that some
of their photoexcited state properties and processes may share
similar characteristics with organic dye photosensitizers
(Fig. 6). The observed no quenching by tert-butanol may not be
sufficient for a conclusion on the absence of hydroxyl radicals,
because such radicals, if present, could be too short lived and/
or protected by the dot surface EDA molecules from the scav-
enging action of tert-butanol. In a similar consideration, r-
histidine could be scavenging singlet molecular oxygen, but
alternatively might be quenching the action of CDots by
interfering their interactions with MS2 phages. These mech-
anistic issues are complicated, requiring separate systematic
investigations. However, one significant outcome for sure
from the scavenging experiments is that the antiviral function
of photoexcited CDots could not be quenched completely,
which might be correlated with expected activities of the
initially formed highly reactive yet short-lived charge sepa-
rated species (Fig. 6). Again, more dedicated investigations for
mechanistic insights are needed.

3. Conclusions

The results from this study show unambiguously that CDots
activated by visible light are highly effective antiviral agents,
diminishing the infectivity of bacteriophage MS2 to the host
cells. The action of photoexcited CDots apparently did not
significantly change the integrity and morphology of the MS2
phage or break down the capsid proteins, but did result in the
protein carbonylation (a commonly used indicator for protein
oxidation) and the degradation of genomic RNA. Mechanisti-
cally the antiviral action and outcome are attributed to similar
photodynamic inactivation (PDI) to what is more established for
the visible/natural light-activated antibacterial function of
CDots. With more investigations for an improved under-
standing of mechanistic details, CDots may be established as
a new class of antiviral agents for broad applications in the
prevention and control of viral infection/spread.

4. Materials and methods
4.1 Synthesis and characterization of EDA-CDots

The CDots were synthesized by chemical functionalization of
pre-processed and selected small carbon nanoparticles. The
processing and selection to harvest the nanoparticles from
a commercially acquired sample of carbon nano-powders (US
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Research Nanomaterials, Inc.) were similar to those reported
previously.*”* In a typical experiment, a portion of the as-
supplied carbon nano-powders (2 g) was refluxed in aqueous
nitric acid (8 M, 200 mL) for 48 h. The reaction mixture was
cooled back to room temperature, and centrifuged at 1000g to
discard the supernatant. The residue was re-dispersed in
deionized water, dialyzed in a membrane tubing (molecular
weight cut-off ~ 500) against fresh water for 48 h, and then
centrifuged at 1000g to retain the supernatant. Upon the
removal of water, small carbon nanoparticles were recovered
and used in the subsequent functionalization reaction.

For the synthesis of EDA-CDots,*””° the small carbon nano-
particles were refluxed in neat thionyl chloride for 12 h. Upon
the removal of excess thionyl chloride, the treated sample (50
mg) was mixed well with carefully dried 2,2'-(ethylenedioxy)
bis(ethylamine) (EDA, Sigma-Aldrich, ~1 g) liquid in a round-
bottom flask, heated to 120 °C, and vigorously stirred under
nitrogen protection for 3 days. The reaction mixture back at
room temperature was dispersed in water and then centrifuged
at 20 000g to retain the supernatant. It was dialyzed in
a membrane tubing (cutoff molecular weight ~ 500) against
fresh water to remove unreacted EDA and other small molecular
species to obtain EDA-CDots as an aqueous solution. The
characterization by using NMR, microscopy, and optical spec-
troscopy techniques confirmed the structure and properties of
EDA-CDots as previously reported.?”**

4.2 Propagation of bacteriophage MS2 and the plaque assay

E. coli C 3000 (ATCC 15597) and E. coli bacteriophage MS2
(ATCC 15597-B1) were purchased from American Type Culture
Collection (ATCC, Manassas, VA). E. coli C-3000 cells were
cultured at 37 °C in tryptic soy broth (TSB) with supplements of
0.1% glucose, 0.001% thiamine, and 5.52 mM CaCl,. The
supplements were prepared and sterilized by filtration and then
added into the sterile TSB media which were cooled to ~55 °C or
below. The overnight grown E. coli cells in TSB were diluted 100
times with fresh TSB, and then grown to the optical density (OD)
value of ~0.5 at the wavelength of 600 nm for further uses to
propagate MS2 phages.

The propagation of bacteriophage MS2 were performed
using the double agar layer method (DLA).”"”> The double agar
layer plates were prepared using tryptic soy agar (TSA) plates.
Briefly, for the top layer, the stock of MS2 phages were serially
diluted with TSB. Then 100 pL diluted MS2 phages (approxi-
mately 10° PFU per mL) and 20 uL freshly grown E. coli cells (OD
value of ~0.5 at the wavelength of 595 nm) and were mixed with
3 mL melted TSA which contained 0.7% low-melting agarose
pre-warmed at 46 °C. The mixtures were poured onto the plates
containing the bottom layer of TSA which were pre-warmed at
37 °C. Once the top TSA solidified, the plates were incubated at
37 °C overnight. To harvest the MS2 phases, the plates with well
lysis were flooded with 3 mL TSB and the top TSA was scraped
off into a 50 mL sterile tube. TSB was added to the volume of 40
mL, followed by adding 0.2 g EDTA and 0.03 g lysozyme. The
tube was incubated in a shaker at 37 °C for 2 h, and then
centrifuged at 8000g for 10 min. The supernatant containing the

This journal is © The Royal Society of Chemistry 2020
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bacteriophage was filtered (pore size 0.22 um) and stored at
—80 °C as a stock of MS2 for further experimental uses.

The titer of MS2 was determined by the plaque assay using
the double layer TSA plates and E. coli C3000 as the host. Briefly,
an aliquot of 1 mL serially diluted MS2 sample was added to
7 mL of molten agarose overlay along with 200 pL of freshly
grown log phase E. coli cells. The agarose containing the E. coli
and the MS2 phages were poured onto prewarmed TSA plates.
Allowed to solidify for 20-30 min, the plates were then flipped
and incubated overnight, and the plaques formed on the plates
were counted the next day, and calculated into plaque forming
unit per mL (PFU per mL).

4.3 CDots treatment to MS2 phages

To test the antiviral activity of CDots on MS2 phages, the phages
from stock were first thawed on ice. Aliquots of 20 pL of MS2
phages at the titer of ~10° PFU per mL were placed in the wells
of 96-well plates, various volumes of 0.75 mg mL ™" CDots stock
were added to reach the final concentration ranging from 0 to
50 ug mL~ ", then 2/3 x TSB and DI-H,0 were added to make the
final volume of 150 pL in each well. The plates were then placed
on a shaker with constantly shaking under the visible light
(~10 cm above the plate) or in the dark (the plate wrapped with
aluminum foil) with desired treatment time. Samples without
CDots with light or in dark were used as controls. After the
treatments, the MS2 phage samples were then serially diluted
and the plaque assay was performed. The reduction in viral
titers due to CDots treatment compared to the controls was
used to evaluate the effect of CDots on the infectivity MS2
phages.

4.4 Growth curves of E. coli C3000 cells infected with
untreated and CDots-treated MS2 phage

The growth curves of E. coli C3000 cells infected with CDots-
treated and untreated MS2 phages were also examined for
examining the amplification of MS2 phages in host E. coli cells
in broth. MS2 phages were treated with EDA-CDots at the
concentration of 0, 5, 20, 30, 40, and 50 pg mL™" in the 96-well
plate under the light for 1 h or 16 h. Considering the possible
influences of CDots on the growth curves of host bacteria, the
TSB with CDots but without phages were used as control
samples. The treated MS2 phages and the control samples were
added into the wells containing E. coli C3000 cells in TSB at the
OD5g;5 of ~0.05. The bacterial growths were monitored by OD at
595 nm every 20 min for 6 h. A decline in OD on the growth
curve of E. coli cells indicated E. coli cell lysis by MS2 phage
infection.

4.5 Effect of ROS scavengers on CDots' antiviral activity

Tert-butanol and r-histidine were used in the experiments as
ROS scavengers to scavenge hydroxyl radicals ("OH) and singlet
oxygen ('0,), respectively. Stock solutions of tert-butanol and -
histidine were prepared in DI H,O. In the treatments of MS2
phages with EDA-CDots (20 pg mL ™), various concentrations of
tert-butanol or r-histidine at 30 mM, 60 mM, and 90 mM were
added to the MS2 samples, appropriate controls including

This journal is © The Royal Society of Chemistry 2020
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samples treated with scavenger only, CDots only, and untreated
samples were included. The samples were mixed and kept in the
dark for 15 min and then were placed on the shaker under
visible light for 2 h. The titer of MS2 in all samples were
determined using the plaque assay as described above.

4.6 Transmission electron microscopy (TEM)

The integrity of MS2 phages after EDA-CDots treatment was
examined by TEM imaging. MS2 phage samples were treated
with 50 pg mL~" CDots under the visible light or in the dark for
2 h. The samples were loaded on copper grids and air dried,
followed by a negative staining step by placing uranyl acetate on
the grids for 30 s. The excess stain was wicked with filter paper
and the grids were air dried. TEM imaging of MS2 samples was
performed in the Microscopy Services Laboratory Core Facility
at the University of North Carolina (UNC) at Chapel Hill School
of Medicine, using a JEOL JEM-1230 transmission electron
microscope operating at 80 kv (JEOL USA, Peabody, MA),
equipped with the Gatan Orius SC1000 CCD camera and Gatan
Microscopy Suite 3.0 software (Gatan, Inc., Pleasanton, CA).

4.7 Assay of protein oxidation in MS2 phages

Protein oxidation in MS2 phages after CDots treatment was
assessed by the content of carbonyl protein per gram of total
protein. MS2 phages were treated with 20 and 50 ug mL~" EDA-
CDots under visible light for 2 h. The total protein content was
determined by the use of Pierce Rapid Gold BCA Protein Assay
Kit (Thermo Scientific, Rockford, IL). The carbonyl content was
determined using Protein Carbonyl Content Assay Kit (Bio-
Vision, Inc., Milpitas, CA). The carbonyl content was calculated
according to the instruction from the manufacturer as follows:

C = [[(OD375 1m)/6.364] x 100] nmol per well

Carbonyl content: nmol carbonyl per mg protein =
(C/P) x 1000 x D

where: C is the nmol carbonyl in the sample; 6.364 is the mM
extinction coefficient using the provided 96 well plate; P is the
protein from standard curve x 20 pug per well; D is the dilution
or concentration factor if applied to a sample; 1000 is the factor
to convert pug to mg.

4.8 SDS-PAGE for analysis of MS2 capsid protein

SDS-PAGE gel was used to examine the effect of CDots on the
MS2 capsid protein integrity. MS2 phages were treated with
CDots at the concentrations of 0, 10, 20, and 50 ug mL ™" under
visible light for 16 h. The freshly thawed phages without CDots
treatments were also used for comparison. Aliquots of 5 puL of
the treated and untreated MS2 samples were mixed with 1 pL
NuPAGE Sample Reducing Agent (Invitrogen, Carlsbad, CA), 2.5
uL LDS-Sample Buffer (Invitrogen, Carlsbad, CA), and 1.5 pL DI-
H,0, and sat at 72 °C in a hot block for 8 min. The samples were
then analyzed using the SDS-PAGE gels, which were run in
NuPAGE MOPS SDS Running Buffer (Life Technologies, Carls-
bad, CA) at 200 V for 50 min. The gels were fixed with a 50%
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methanol and 7% acetic acid solution, rinsed with DI-H,O, and
then stained with GelCode Blue Stain Reagent (Thermo Scien-
tific, Rockford, IL) for 1 h with gently shaking. After de-stain
with DI-H,O for 2 h, the gels were imaged by using the Li-Cor
Odyssey imager (Li-Cor, Inc., Lincoln, NE).

4.9 Agarose gel for viral genomic RNA analysis

For examine the effect of CDots treatment on the genomic RNA
integrity, MS2 phages were treated with EDA-CDots at concen-
trations of 0, 5, 10, and 20 ug mL™ " under visible light for 16 h.
Genomic RNA was extracted from 250 pL samples by using
Invitrogen PureLink™ Viral RNA/DNA Mini Kit (Thermo Fisher
Scientific, Carlsbad, CA) according to the instructions from the
manufacturer. The extracted RNA was eluted with 25 pL of
RNase-/DNase-free water and was loaded at the volume of 5 pL
in a 1.2% agarose gel for electrophoresis. The gel was stained for
20 min with ethidium bromide solution in the dark, and the
image was captured under UV light using Kodak Image Station
4000R Pro (Carestream Health, Inc., Rochester, NY).
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