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Carbon dots (CDots) are strongly absorptive over the visible spectrum, with the effective photon-
harvesting driving rich excited state processes and properties. In this work, spectroscopic probing of
these processes and properties is coupled with the evaluation of the photoinduced bactericidal function
of CDots, aimed toward making correlations among the findings from the former and those from the
latter on the inactivation of bacterial pathogens. Within the general mechanistic framework for CDots,
the observed effective and efficient antibacterial activities of the CDots under visible light are attributed
to major contributions by the initially photo-generated electrons and holes that are trapped at passivated
surface defect sites of the dots, in addition to the traditional reactive oxygen species (ROS) produced in
the emissive excited states from the recombination of the redox pairs. Such major contributions to the
inactivation of the bacteria by the separated redox species in CDots can not be quenched by ROS scav-
engers commonly used in the study of photodynamic effects with classical molecular photosensitizers,
thus making light-activated CDots uniquely potent antimicrobial agents. The characteristic features of
photoexcited CDots and their related mechanistic implications are discussed in reference to the similar
behaviors and mechanistic model of conventional semiconductor quantum dots.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

functionalization with selected organic species to result in CDots
(Fig. 1) of bright and colorful fluorescence emissions and other

Carbon dots (CDots) [1—3], or in some literature reports also
dubbed “carbon quantum dots” for some of their properties similar
to those found in conventional semiconductor quantum dots (QDs),
have attracted much recent attention [3—14]. As the “dots” based
on or derived from carbon, their core structures are small carbon
nanoparticles (Fig. 1). These nanoparticles, representing nanoscale
carbon allotrope at the zero-dimension [3,15], are of unique char-
acteristics, especially in terms of optical and redox properties [16].
Such properties can be dramatically enhanced by the various
passivation schemes targeting the nanoparticle surface defects,
with the most effective being the surface chemical
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photoexcited state processes and properties.

CDots due to the core carbon nanoparticles are strongly
absorptive in the visible, extending into the near-IR [9,17], as the
organic molecules selected generally or purposely for the nano-
particle surface functionalization are transparent in the same
spectral regions. However, the photoexcited state processes and
properties of CDots are mostly different from those of the core
carbon nanoparticles, as a result of the nanoparticle surface
passivation-functionalization (Fig. 1). In fact, as suggested by the
growing experimental evidence, many behaviors of photoexcited
CDots are phenomenologically and to a significant extent mecha-
nistically similar to those of conventional semiconductor QDs
[3,16]. These similarities, beyond the observed strong and multi-
color fluorescence emissions, have been reflected by or driving
their comparable uses in optoelectronics and related technologies
[16], including various components or functions in photovoltaic
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Fig. 1. A cartoon illustration on the structure in CDots in general, with the branched
polyethylenimine oligomer (PEI) as surface functionalization molecule highlighted for
PEI-CDots specifically. (A colour version of this figure can be viewed online.)

devices, light-emitting diodes, and photocatalytic systems [18—22].

As related to the photocatalytic characteristics, CDots, again
similar to nanoscale semiconductors, have been demonstrated for
their effective light-activated antimicrobial activities [14]. For
example, in an early study CDots under visible/natural light were
found to be able to effectively inactivate E. coli cells both in sus-
pension and on surface [23]. Since then, the photoinduced anti-
bacterial activities of CDots have been correlated empirically with
their fluorescence emission parameters, quantum yields in partic-
ular [24], offering a glimpse into the mechanistic implications and
complexities. On the other hand, similarly experimental
observations-based correlations have been made between the
antimicrobial outcomes and the structural features of CDots,
including especially the dot surface functionalities [25] or chemical
compositions of those dot samples produced by various carbon-
ization syntheses from organic precursors [14,26—30].

The light-activated antimicrobial functions of CDots are appar-
ently driven by and correlated with their photoexcited states and
related redox processes and species, thus logically a part of the
general mechanistic framework for these carbon nanomaterials [3].
In the work reported here our effort was to make some connections
among the optical spectroscopy results reflecting the photoexcited
state properties of the selected CDots and the results on their
visible light-driven effective and efficient inactivation of several
bacterial pathogen strains, for the mechanistic relevance and
insights.

2. Experimental section
2.1. Materials

The carbon nanopowder sample (US1074) was acquired from US
Research Nanomaterials, Inc. Oligomeric polyethylenimine (PEI,
average molecular weight ~600, branched) was purchased from
Polysciences, and N,N-diethylaniline (DEA) and 2,4-dinitrotoluene
(DNT) from Sigma-Aldrich. Dialysis membrane tubing was sup-
plied by Spectrum Laboratories. Water was deionized and purified
by being passed through a Labconco WaterPros water purification
system.

2.2. Measurement

UV/vis absorption spectra were recorded on Shimadzu UV2501
and UV-3600 spectrophotometers. Fluorescence spectra were
measured on a Jobin-Yvon emission spectrometer equipped with a
450 W xenon source, Gemini-180 excitation and Triax-550 emis-
sion monochromators, and a photon counting detector

(Hamamatsu R928P PMT at 950 V). The as-measured spectra were
corrected for nonlinear instrument response by using pre-
determined correction factors. Fluorescence quantum yields were
determined by using the relative method with 9,10-
bis(phenylethynyl)-anthracene in cyclohexane as a standard.
Fluorescence decays were measured by using the time-correlated
single photon counting (TCSPC) technique on a Horibia Ultima
Extreme spectrometer equipped with a SuperK Extreme super-
continuum laser source pulsed at 10 MHz, TDM-800 excitation and
TDM-1200 emission monochromators, a R3809-50-MCP-PMT de-
tector operated at 3 kV in a thermoelectrically cooled housing, and
FluoroHub A++ timing electronics. Experimental decay curves
were deconvoluted by using the Das6 decay analysis software.
Transmission electron microscopy (TEM) imaging was performed
on a Hitachi H-9500 high-resolution TEM system.

2.3. PEI-CDots

The small carbon nanoparticles were harvested from the
commercially acquired carbon nanopowder sample in the proced-
ure reported previously [31]. The nanoparticles were used for the
functionalization with PEI in the microwave-assisted thermal re-
action. Briefly, the nanoparticle sample (100 mg) as an aqueous
slurry was mixed with PEI (2 g) and ethanol (2 mL) in a scintillation
vial with sonication in an ultrasonic cleaner (VWR 250D), followed
by solvent evaporation for a solid mixture. Separately, a silicon
carbide (150 g) bath in silica crucible casting dish (about 8 cm in
diameter and 2.5 cm in height) was pre-heated in a conventional
microwave oven at 500 W for 3 min. Then, several rounds of mi-
crowave heating were as follows: (1) the vial containing the solid
mixture was immersed in the pre-heated silicon carbide bath for
microwave irradiation at 1000 W for 3 min; (2) the sample vial was
taken out of the bath and cooled to the ambient, and more PEI (1 g)
and ethanol (2 mL) were added to the sample and mixed well,
followed by the solvent evaporation and then microwave irradia-
tion the same as in (1); (3) a repeat of (2) but with the microwave
irradiation at 500 W for 8 min; and (4) a repeat of (3). The final
reaction mixture was cooled to ambient and dispersed in deionized
water with vigorous sonication. The resulting aqueous dispersion
was centrifuged at 5000 g to collect the supernatant, followed by
dialysis (molecular weight cut-off ~1000) against fresh water for
6 h to obtain PEI-CDots in an aqueous solution.

2.4. Bacterial strains and cultures

The pathogenic Enterococcus spp. strains 9144, 9756, and
Enterococcus faecium BM46 were used in this study. These strains
were isolated from poultry processing plants and animal pro-
ductions, and they were found in test results to be resistant to
multiple antibiotics, including for example tetracycline, erythro-
mycin, and nalidixic acid (see Supplementary Material).

Bacterial cultures were grown in 15 mL brain heart infusion
(BHI) broth (Oxoid, UK) by inoculating the broth with a single
colony from BHI agar plates, and incubated overnight at 37 °C with
constant agitation at 225 rpm in an Excella E24 incubator shaker
(New Brunswick Scientific, Edison, NJ, USA). Bacterial cultures were
centrifuged at 12,000 g (Beckman Coulter Life Sciences, Indian-
apolis, IN, USA) for 8 min and washed twice using phosphate buffer
saline (PBS). The pellet was then re-suspended in PBS and used in
further experiments. The actual cell numbers in the cultures were
determined using the traditional agar surface plating method.

2.5. Treatment of bacterial cells with PEI-CDots under visible light

Aliquots (100 pL) of the bacterial cell suspension were placed
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into the wells of a 96-well plate at the concentration of
~107—108 CFU/mL, then 100 pL of PEI-CDots at desired concentra-
tions were added to the wells to reach the final dot concentrations
of 0.025, 0.062, 0.12, 0.25, and 0.62 pMcpots (Where Mcpors denotes
the molar concentration of the dots). The plates were placed on a
shaker (BT Lab Systems, St Louis, MO, USA) at 350 rpm, and exposed
to visible light from a household LED lamp (Cree, 10 W, 5000K)
placed at ~10 cm above the plate (observed light intensity at the
plate ~4.8 mW/cm?) for the selected time duration. Unless specified
otherwise, the same light source and conditions were used in all
antibacterial experiments. Samples without CDots and those with
CDots but in dark were used as the controls. After the treatment,
the viable cell numbers in the treated and control samples were
determined using the traditional plating method for the evaluation
of the bactericidal effect.

2.6. Intracellular ROS level and scavenging

Bacterial cells were collected after overnight growth by centri-
fugation at 12,000 g for 8 min. The pellets were washed twice with
0.85% NaCl and re-suspended in 5 mL of 0.85% NaCl. The cells were
treated with PEI-CDots under visible light in the same setup
described above. After the treatment, the cells were collected and
washed twice with 800 pL of 0.85% NaCl, and the pellets were re-
suspended in 350 pL 0.85% NaCl. Aliquots (200 uL each) of 10 uM
solution of the fluorescence probe dihydrorhodamine 123 (DHR
123) were added to the samples and then vigorously vortexed. After
40 min incubation in the dark at room temperature, the cells were
washed twice and re-suspended in 350 pL of 0.85% NaCl. The
fluorescence at 535 nm in each well was measured using a Spec-
traMax M5 microplate reader (Molecular Devices, San Jose, CA,
USA) with excitation at 500 nm. Using the fluorescence intensities
of the controls as the 100% baseline, the percentages of increased
intracellular ROS levels in the CDots treated samples were calcu-
lated by using the measured fluorescence intensities of the treated
samples in reference to those of the controls.

The same experiments above were performed with the presence
of 30 mM t-histidine or t-butanol in the treatments under other-
wise the same experimental conditions for an evaluation on their
scavenging ability to reduce the intracellular ROS levels.

2.7. Lipid peroxidation

The TBARS assay kit purchased from Cell Biolabs was used to
quantify malondialdehyde (MDA), one of the products in lipid
peroxidation. Samples of bacterial cells post-treatment with PEI-
CDots under visible light were centrifuged at 9000 g (Beckman
Coulter Life Sciences, Indianapolis, IN, USA) for 7 min. The cells
were washed once with PBS, and the pellets were re-suspended in
200 pL PBS. An aliquot of 2 pL of 100 x butylated hydroxytoluene
(100 x BHT) was added to the sample to prevent any further
oxidation. Then, 100 pL of each treated sample, the control, and the
malondialdehyde (MDA) standard (from the TBARS assay kit) were
transferred to 1.5 mL microcentrifuge tubes, followed by the
addition of 100 pL aliquot of SDS lysis solution. All of the samples
were mixed thoroughly and incubated at room temperature for
5 min. Then, to each of the treated samples, controls, and MDA
standards was added 250 pL aliquot of the TBA reagent. After the
incubation at 95 °C for 50 min, the samples were allowed to cool
down to room temperature by placing them in an ice bath for 5 min.
All of the samples were centrifuged at 1000 g for 15 min, and an
aliquot (200 pL) of the supernatant of each sample was loaded to
the wells of a 96-well plate for measuring the absorbance at 532 nm
with the SpectraMax M5 microplate reader. The absorbances at
532 nm of the treated and control samples were used to calculate

the quantity of MDA using the standard curve generated with the
MDA standards in the same experiment.

2.8. Membrane permeability tests

Samples of BM46 cells post-treatment with PEI-CDots under
visible light were centrifuged and re-suspended in 50 pL 0.85%
NaCl, and to the bacterial suspensions were each added 5 pL of the
Live/Dead Baclight™ bacterial viability kit (Invitrogen, Eugene, OR).
Upon mixing thoroughly, the mixtures were incubated in the dark
at room temperature for 15 min. Then, fluorescent images of the
treated and untreated cells were taken under a Nikon Eclipse
E600FN fluorescence microscope (Japan).

2.9. Statistical analysis

All measurements were performed at least four replicates in two
independent experiments. Experimental results were presented as
the mean of the replicates with standard deviation. Significant
differences between the experimental results were assessed using
the general linear model (GLM) procedure of the SAS System 9.2
(SAS Institute Inc., Cary, NC, USA), with P < 0.05 considered as
significant different.

3. Results and discussion

Pre-processed and selected small carbon nanoparticles of
around 5 nm in diameter were functionalized by oligomeric poly-
ethylenimine (PEI, average molecular weight ~600) in microwave-
assisted thermal reactions to obtain the targeted PEI-CDots (Fig. 1).
These CDots are readily soluble in water and polar organic solvents
for colored solutions. Their optical absorptions (Fig. 2) are largely
the same as those of the same carbon nanoparticles before the PEI
functionalization. For the nanoparticles, the estimated optical ab-
sorptivity at 400 nm is 50—100 (averaging 75) M¢ 'em ™!, where M¢
is the molar concentration of carbon atoms in the solution. For
CDots, there has been no experimental evidence suggesting any
significant changes in optical absorptivity from that of the core
carbon nanoparticles due to the particle surface passivation-
functionalization. Thus, the estimated optical absorptivity for
CDots of core carbon nanoparticles averaging 5 nm in diameter is
~5 x 10° Mpdrsem ™! at 400 nm, where Mpors denotes molar con-
centration of the dots in solution.

Upon photoexcitation, CDots are known to exhibit bright and
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Fig. 2. Optical absorptions in solution and TEM images (inset) of PEI-CDots.
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colorful fluorescence emissions, for which PEI-CDots are obviously
no exception and also show the same characteristic excitation
wavelength dependencies for both fluorescence spectra and
quantum yields (Fig. 3) [32]. The consistency in such dependencies
represents a strong evidence for their well defined mechanistic
origins [3].

In the mechanistic framework for CDots, which is generally
consistent with or supported by the available experimental results
[3,9,32], the photoexcitation is into the core carbon nanoparticles
for their being responsible for the photon-harvesting because the
surface organic functionalization molecules/species are completely
transparent at the excitation wavelengths. Due to some intrinsic
electronic features of the photoexcited carbon nanoparticles, on
which little is known theoretically, the photoexcitation must be
triggering the rapid charge transfer and separation for the forma-
tion of electrons and holes, which are likely trapped at various
surface defect sites. The chemical functionalization of the carbon
nanoparticles in CDots is thought to provide surface passivation to
stabilize the defect sites [31]. Experimentally, there have been some
ultrafast pump-probe spectroscopy results on CDots [33,34] sug-
gesting strong and broad transient absorptions with rise time on
the sub-picosecond time scale (including also the results shared by
Profs. Susanne Ullrich and Yiping Zhao at University of Georgia,
USA), which could be associated with the proposed separated redox
pairs. At a longer time scale in nanoseconds are the characteristic
fluorescence emissions, which could be detected in solvent sus-
pensions of small carbon nanoparticles [17,31], but are orders of
magnitude stronger in CDots due to the effective surface passiv-
ation via chemical functionalization of the nanoparticles [31]. The
presence of two regimes on two vastly different time scales in
photoexcited CDots has been used in the rationalization of the
consistently observed characteristic excitation wavelength de-
pendencies of fluorescence emission spectra and quantum yields
(Fig. 3), as well as fluorescence decays [32]. In such a framework for
photoexcited states in CDots, there are apparently some features
comparable with those in the exciton model for nanoscale semi-
conductors [35], and also some of the same or other features shared
with organic dyes. However, of special interest are what and how
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Fig. 3. Fluorescence (FLSC) quantum yields at different excitation wavelengths and
spectra (inset, from left to right with excitation at 400 nm and in 20 nm increments) of
PEI-CDots, with absorptions (- - -) also shown for comparison.
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Fig. 4. Viable cell numbers (CFU/mL) in logq scale for the cell samples (9144: triangle;
9756: square; BM46: circle) upon treatments with different concentrations of PEI-
CDots under visible light for 1 h (solid symbols) and in dark (open symbols). (A
colour version of this figure can be viewed online.)

these photoexcited state features contribute to or dictate the anti-
microbial activities of CDots.

Experimentally, bacterial cells of Enterococcus strains 9144,
9755, and BM46 in PBS (10’—10® CFU/mL) were treated with PEI-
CDots at different concentrations up to 1.2 uMpors under visible
light for 1 h or in the dark as controls. As shown in Fig. 4, the
treatment with PEI-CDots under visible light inactivated the bac-
terial cells effectively, as made evident by the reduced viable cell
numbers versus those of the dark controls. The inactivation was
obviously dot concentration dependent under the given experi-
mental condition, with the complete inactivation (reduction > 7
logs) of cells in the samples achieved at 1.2 uMpots for two strains
and significantly lower dot concentration for the other one (Fig. 4).
The inactivation was also dependent on the time of light exposure,
more effective with a longer exposure time, such that the complete
inactivation could be achieved at a lower dot concentration coupled
with a longer visible-light exposure time (Fig. 5).

Among the three Enterococcus strains, the 9756 and BM46
strains are clearly more difficult than the 9144 strain in the inac-
tivation by PEI-CDots with visible light, requiring a higher dot
concentration and/or longer light exposure time for the same level
of reduction in viable cell numbers (Figs. 4 and 5). Mechanically this
could be due to biological factors such as their intrinsically different
defense systems and resistance mechanisms. Biologically the
inactivation by visible light-activated PEI-CDots was apparently
associated with significant damages to the bacterial cells.

Often accompaning cell membrane damages is the lipid perox-
idation [36], a process of multiple steps in which lipid carbon-
carbon double bonds are attacked by free radicals and/or strong
oxidants [37—39]. The lipid peroxidation produces lipid hydroper-
oxides (LOOH) and various aldehydes including especially malon-
dialdehyde (MDA) [40,41], which is commonly used as an indicator
for lipid peroxidation based on its reaction with thiobarbituric acid
(TBA) to form a red fluorescent adduct [42—44]. In this study, the
lipid peroxidation was analyzed by quantifying MDA with the thi-
obarbituric acid reactive substances assay (TBARS) [43,44]. As
shown in Fig. 6, MDA levels in the cells treated by PEI-CDots with
visible light are much higher than those in the controls, suggesting
substantial lipid peroxidation in the treated cells.
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Fig. 5. Viable cell numbers (CFU/mL) in logo scale for the cell samples (9144: triangle;
9756: square; BM46: circle) upon treatments with 0.6 uMpots PEI-CDots under visible
light for different periods of time. (A colour version of this figure can be viewed
online.)
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Fig. 6. Malondialdehyde (MDA) levels detected in different Enterococcus strains after
the cells were treated with 1.2 uMpots PEI-CDots under visible light for 1 h (grey bars)
versus the controls (hatched bars).

The damages to the cell membrane can be assessed more
directly with the live/dead bacterial viability kit, which contains
two nucleic acid dyes to stain the live and dead cells for their sig-
nificant differences in the membrane permeability. The green SYTO
9 dye can penetrate membranes of both live and dead cells, but the
red propidium iodide (PI) dye can only penetrate the damaged cell
membranes of dead cells. In this study, BM46 was selected as a
representative example for the live/dead kit test. The BM46 cells
treated with 1.2 pMpots PEI-CDots for 1 h under visible light and
the untreated controls were stained with the live/dead kit for ex-
amination under fluorescence microscope. As shown in Fig. 7, the
BM46 cells in untreated controls are green (live and viable), while
the treated cells are red (dead with damaged cell membrane). The
results from these relatively simple tests clearly demonstrate the
major damages of visible light-activated CDots to the bacterial cell
membrane and associated functionalities.

Mechanistically on the correlation of photoinduced antibacterial
activities with optical properties and photoexcited state processes

—

Fig. 7. Representative fluorescence images (50 um for the scale bars) of BM46 cells
after their being stained with the live/dead staining kit: (upper) cells in the control
without the PEI-CDots treatment; and (lower) the cells treated with 1.2 pMpgrs PEI-
CDots under visible light for 1 h. (A colour version of this figure can be viewed online.)

of CDots, photodynamic effects as commonly found and under-
stood in organic dye photosensitizers may represent a logical
starting point. However, it should be emphasized that CDots,
similar to other photoactive nanomaterials, are not simply fancy
photosensitizers like organic dyes, but instead of fundamentally
different characteristics from those of traditional organic molecular
photosensitizers. First in terms of photon-harvesting, the optical
absorptivities of CDots are orders of magnitude larger than those of
organic dye molecules, thus enabling extremely effective and effi-
cient light activation to drive the photoexcited state processes,
including the classical photodynamic effects.

In the mechanistic framework for CDots in the photoexcited
states, the initial ultrafast charge transfer and separation produce
electrons and holes, which are trapped at the various passivated
surface defect sites (Fig. 8). These separated redox pairs should be
highly reactive, likely analogous to the charge separated species
found in conventional semiconductor QDs following photoexcita-
tion. According to the proposal by Courtney et al. [45], for example,
there were “light-activated redox species” (LARS) in photoexcited
CdTe QDs responsible for their observed bactericidal activities. One
may draw parallels between the “LARS” in semiconductor QDs (or
classically electron-hole pairs in the exciton model for nanoscale
semiconductors) and the “separated electrons and holes” in CDots.
In fact, the latter in PEI-CDots must be contributing substantially to
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Fig. 8. A state energy diagram on the photoexcited states and processes of CDots,
highligting the two sets of highly reactive species: the separated redox pairs from the
initial charge transfer and separation; and the ROS generation as a part of the non-
radiative deactivation of the emissive excited states. ®r denotes fluorescence quantum
yields. (A colour version of this figure can be viewed online.)

the apparently highly potent antibacterial activities against the
Enterococcus strains [46].

The likely ultrafast nature of the initial processes in the photo-
excited CDots has been rather challenging to the desired direct
experimental probing and analyses. Indirectly, the observed effec-
tive quenching of fluorescence emissions by both electron accep-
tors and donors has been considered as evidence for their
“scavenging” the separated electrons and holes in CDots, respec-
tively [9,16,47,48]. The same highly efficient fluorescence quench-
ing of PEI-CDots was also found with the electron deficient 2,4-
dinitrotoluene (DNT) and rich N,N-diethylaniline (DEA) molecules
as quenchers at rather low concentrations (0.04 M and lower, for
example) in ethanol, yielding Stern-Volmer quenching constants of
47 M1 and 30 M~!, respectively. Like those of many other CDots,
the fluorescence decays of PEI-CDots are generally non-
exponential, but can be deconvoluted with a bi-exponential func-
tion. The average fluorescence lifetime thus obtained for the PEI-
CDots sample in this study was about 5 ns. Thus, the estimated
diffusion rate constants for the quenchers DNT and DEA are
9.4 x 10°M~'s ' and 6 x 10° M~'s~, respectively, suggesting that
the quenching was at or beyond the upper limit of diffusion control,
with the “beyond” due to some near-neighbor (thus limited diffu-
sion) interactions of quencher molecules with the photoexcited
CDots (or “static quenching”) [48].

The formation of emissive excited states (Fig. 8) may be
considered as being similar to the radiative recombination of
electron-hole pairs in the exciton model for semiconductor QDs.
According to results from fluorescence decay measurements, the
emissive excited states of CDots generally have short rising times of
less than 200 ps but long decay times in nanoseconds [32], so that
these states are more comparable with those commonly found in
organic dye photosensitizers. Since the latter are known for
photodynamic effects, with the generated reactive oxygen species
(ROS) killing cancer cells in therapies or inactivating microbials for
disinfections, the similarly generated ROS via the emissive excited
states of CDots may be credited for contributions to the observed
antibacterial actions. Experimentally, the presence of ROS in the
Enterococcus cells treated with PEI-CDots under visible light was
confirmed and quantified by using the established probe dihydro-
rhodamine 123 (DHR 123) [49,50]. The probe can enter the cells
and upon the oxidation by ROS convert to rhodamine 123, a
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Fig. 9. The percentage increases in intracellular ROS generation in Enterococcus strains
upon treatments with 1.2 uMpors PEI-CDots under visible light for 1 h (grey bars,
normalized against the controls in hatched bars as 100%).

brightly fluorescent dye that is positively charged, hydrophobic,
and accumulating in the mitochondria [49,50]. As shown in Fig. 9,
the intracellular ROS levels thus determined in the treated cells
were 3—4 times of those in the untreated controls.

The substantial presence of ROS in the treated cells validates
their expected contributions to the observed antibacterial out-
comes, though the role of the initial separated redox pairs in the
photoexcited CDots (similar to the proposed LARS in some con-
ventional semiconductor QDs) [45] may also be critical, as dis-
cussed above, namely that it must be the combination of all these
reactive species responsible for the observed highly potent anti-
bacterial activities. One may even expand the definition of ROS
generated in photoexcited CDots to include the initially formed
electrons and holes. However, these separated and trapped redox
pairs (Fig. 8) are short lived, so that their actions must be near-
neighbor in nature, conceptually and practically similar to the
static fluorescence quenching discussed above. For PEI-CDots, their
being in close proximity to the targeted bacterial cells for the near-
neighbor requirement may have been facilitated by the positive
charges on the dot surface (due to the abundant amine moieties in
PEI at close to neutral pH), which are attracted to the negatively
charged bacterial surface [25]. Because of the near-neighbor
(limited diffusion) static quenching-like characteristics, the anti-
bacterial action of the initial separated redox pairs can not be
quenched with molecules commonly employed to scavenge the
ROS generated by conventional organic photosensitizers, as
confirmed by results from the scavenging experiments.

The BM46 strain was selected for the comparison between the
treatments of light-activated PEI-CDots without and with the
presence of the popular ROS scavenger i-histidine [51,52]. As
shown in Fig. 10, the viable cell numbers decreased from the
starting 2.3 x 108 CFU/mL to 2.4 x 10* CFU/mL (99.99% reduction)
or 1.3 x 107 CFU/mL (~94% reduction) in the absence or presence of
-histidine, respectively, suggesting that the scavenger could pro-
vide some meaningful yet rather limited protection of the
BM46 cells from the action of light-activated PEI-CDots. On the
other hand, the decrease in the intracellular ROS level from without
to with the presence of L-histidine in the treatment of the cells by
light-activated PEI-CDots was much more substantial (by more
than 50%, Fig. 10). The results are consistent with the notion dis-
cussed above that the highly effective and efficient antibacterial
outcomes must be due to a combination of two different kinds of
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Fig. 10. Effects of the common ROS scavenger L-histidine (30 mM) in treatments of
BM46 cells with 1.2 uMpors PEI-CDots under visible light for 1 h: (upper) on the
protection of the cells from inactivation in terms of viable cell reduction (CFU/mL) in
logqo scale; and (lower) on the intracellular ROS generation.

reactive species produced in the photoexcited CDots, namely the
separated redox pairs and the “classical” ROS. The latter could be
scavenged by r-histidine, but more quantitatively the former
seemed to contribute more to the observed inactivation.

The commonly used hydroxyl radical scavenger t-butanol was
similarly evaluated, but no meaningful protective effect on the
treated cells was found. A plausible explanation might be due to the
short-lived nature of hydroxyl radicals in the aqueous medium.

The results presented and discussed above clearly show that
photoexcited CDots are highly effective and efficient antibacterial
agents, and PEI-CDots in particular are capable of inactivating
completely the antibiotics-resistant Enterococcus strains, which are
often considered as being among the toughest for any disinfection
strategies [53—55]. On performance, CDots compare very favorably
with conventional semiconductor QDs, and in addition, they offer a
number of other major advantages including especially their
benign and nontoxic nature [3], without the widely acknowledged
heavy metal issues associated with semiconductor QDs. Interest-
ingly, however, while CDots are hardly “quantum” for the lack of
the classical quantum confinement effect that defines QDs, they
apparently share both phenomenological and mechanistic features
with conventional semiconductor QDs in photoinduced antimi-
crobial functions. Semiconductor QDs and CDots are both highly
photoactive, but hardly more absorptive equivalents of organic dye
molecules or polymers; and upon photoexcitation they both pro-
duce extremely reactive redox species, the LARS in QDs (CdTe, for
example) [45] and the rather similar trapped electrons and holes in
CDots (Fig. 8), whose contributions are credited for the observed
more robust antimicrobial outcomes with both semiconductor QDs
and CDots. Thus, what make QDs and CDots so special in the
competition with classical dye photosensitizers for microbicidal
effects are their enormous optical absorptivities for photon-
harvesting and their generation of the extremely reactive redox
species unique to the nanomaterials. In this regard, CDots are

advantaged by their ready activation with visible/natural light and
the benign and nontoxic nature. The available experimental results
also seem to suggest more effective antimicrobial actions by CDots
due to their initially formed redox species following photoexcita-
tion, for which more experimental and theoretical investigations
are needed and will prove very insightful and rewarding.

It should also be recognized that there have been many studies
of various dot samples prepared by carbonizing organic precursors
under different processing conditions, whose chemical composi-
tions and structures may be significantly different from those of the
CDots (Fig. 1) used in this investigation. Their reported antibacterial
activities could have different mechanisms or mechanistic details
[14,26—30]. A more global understanding of the shared mechanistic
features in the light-activated microbicidal functions among the
samples that all contain nanoscale carbon particles or domains and
organic moieties but in different compositions, structures, and/or
configurations remains an interesting challenge. For such a chal-
lenge, more comprehensive and quantitative characterizations of
the different dot samples are necessary, and more specifically as
suggested by one of the reviewers on the photodynamic effects,
systematic photochemical investigations on the photosensitization
behaviors and outcomes of the various dot samples are needed.
Moreover, in light of the apparently dominating role of the sepa-
rated and trapped redox pairs in the photoinduced antibacterial
activities of CDots, more ultrafast spectroscopy experiments for the
probing and analysis of the related transient species and processes
are in demand.

4. Conclusions

CDots with the same strong optical absorptions as those of small
carbon nanoparticles in the dot cores are excellent in harvesting
visible photons. Upon the photoexcitation, there are rapid charge
transfer and separation for the formation of electrons and holes,
which are likely trapped at various surface defect sites stabilized by
the passivation due to dot surface organic functionalization. These
separated redox pairs are credited for their major contributions to
the observed antibacterial activities, and such contributions can not
be quenched by ROS scavengers commonly used in the study of
photodynamic effects with classical molecular photosensitizers.
Thus, what make CDots uniquely effective and efficient visible/
natural light-activated antimicrobial agents are their large ab-
sorptivities over the visible spectrum and the photo-generated
highly reactive redox species. The latter may be incorporated into
a broader mechanistic framework on CDots for photodynamic
inactivation of microbials. It is hoped that the results and discussion
will stimulate interests in the development of solid state physics
theories for the more precise elucidation of growing experimental
data beyond simple evident-based speculations.
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