Open Access Article. Published on 05 2020. Downloaded on 21.10.25 6:01:29.

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

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2020,
1, 321

Received 4th March 2020,
Accepted 24th April 2020 Liju Yang *a

DOI: 10.1039/d0ma00078g

rsc.li/materials-advances

For addressing the ever increasing challenge of multidrug-resistant
(MDR) bacterial infections, specifically designed and prepared car-
bon dots (CDots) of small carbon nanoparticles with surface func-
tionalization—passivation by oligomeric polyethylenimine were
found to be readily activated by visible light to effectively and
efficiently inactivate MDR bacterial strains. The inactivation was
evaluated under various combinations of experimental conditions
(dot concentrations, light intensities, and treatment times), with the
results collectively suggesting CDots as a new class of promising
agents for combating MDR bacteria. Mechanistic origins and impli-
cations of the observed strong antibacterial actions as relevant to
the photoexcited state processes in CDots and the photodynami-
cally induced cellular damages leading to the death of the bacterial
cells were explored, with the results discussed.

Infectious diseases caused by ever increasing antibiotic-
resistant bacteria represent one of the most serious threats to
public health globally."*> Among the multidrug resistant (MDR)
pathogens that have emerged over the recent decades, MDR
Enterococci are ranked second only to Staphylococci as aetiolo-
gical agents for hospital acquired infections (HAI).>* Entero-
cocci are the leading causes for bacteremia, urinary tract
infections, and surgical wound infections,*® with E. faecium
and E. faecalis responsible for the majority of enterococcal
infections.>” ° These strains have acquired strong resistance
capabilities through multiple mechanisms, and their resistance
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to virtually all existing antibiotics in clinic>'' presents particu-
larly tough challenges for countermeasure strategies. In fact,
not only are Enterococci able to recruit and maintain a variety of
gene clusters for MDR, but also serve as donors of the resis-
tance gene clusters to other pathogenic microorganisms,'*"?
thus driving the spread and evolution of antibiotic resistance.

In the fight to control MDR pathogens, alternative to the
development of new drugs and therapeutic paradigms have
been approaches based on antimicrobial agents and mechan-
isms that are beyond the bacterial resistance. One approach
proven effective has been photodynamic inactivation (PDI), in
which a photo-sensitizer is employed to generate reactive oxy-
gen species (ROS) under light illumination for their damaging
multiple cellular components and ultimately killing the bacter-
ial cells."*"® Organic dyes have traditionally been used as
photo-sensitizers, but more recently nanoscale materials have
shown great promise as effective PDI agents for their many
unique and advantageous characteristics, such as the robust
photoexcited state processes for more effective and efficient
ROS generation, photostability for repeated PDI actions, among
others. In fact, recent reports on the PDI activities of semicon-
ductor quantum dots (QDs) against MDR bacteria have gener-
ated some excitements in the research communities and also in
the news media,'®'” despite the fact that the reported results
for the QDs were generally suggesting the toughness of MDR
bacterial strains in comparison with their non-resistant
counterparts.’®!” For example, in the well publicized study of
CdTe QDs for PDI against drug-resistant Staphylococcus aureus,
Escherichia coli, Klebsiella pneumonia, and Salmonella typhimur-
ium, only a maximum of 80% or 92% (less than one log) of
the bacterial cells were killed with 35 nM CdTe QDs after
6 hours of illumination with the normal light intensity or
8 hours of illumination with triple the normal light intensity,
respectively.'® The inactivation was attributed to the light-
activated redox species (LARS) interfering with the redox home-
ostatsis of the bacterial cells. Competing with semiconductor
QDs are the structurally rather simple carbon nanomaterials
dubbed carbon dots (CDots, Fig. 1),"®'® which have recently
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Fig.1 A cartoon illustration on the structure in CDots in general and
PElgoo—CDots specifically.

emerged to represent a new class of highly effective PDI agents
under visible/natural light against a number of bacterial
strains.”** In the work reported here, specifically designed
and prepared CDots with visible-light activation were found to
be able to kill drug resistant E. faecium and E. faecalis efficiently
and quantitatively.

CDots are generally defined as small carbon nanoparticles
with various surface passivation schemes,'®*® and the dot
structure may be viewed as a special core-shell configuration,
each with a “hard” carbon nanoparticle core and a “‘soft’ shell
of organic species for the passivation function (Fig. 1). In this
work, oligomeric polyethylenimine (molecular weight ~ 600,
PEI00) was used for the surface functionalization-passivation
of pre-processed and selected small carbon nanoparticles, thus
the resulting dots denoted as PEIs,,-CDots. The small carbon
nanoparticles of averaging around 5 nm in diameter were
harvested from commercially acquired carbon nanopowders
(purity >99%), which according to the supplier were produced
by the high-temperature carbonization of plant materials. The
protocol for the harvesting included the oxidative acid treat-
ment of the as-supplied carbon nanopowders, followed by a
combination of solvent-dispersing and centrifuging steps and
then solvent removal to obtain the targeted small carbon
nanoparticles.”® The nanoparticles thus harvested were then
dispersed in PEIo, melt for microwave energy-induced thermal
reactions, in which the nanoparticles were functionalized by
PElg through radical addition®” and/or other surface attach-
ment modes.>® The PEI4,-CDots prepared in the thermally
induced functionalization reactions were found to be highly
stable in terms of their optical properties remaining unchanged
after their exposure to visible light for many hours or storage
under ambient conditions for many months.

The sample characterization by using a series of instrumen-
tal methods yielded results that confirmed the dot structure as
defined (Fig. 1), namely carbon nanoparticle cores of around
5 nm in average diameter surface-passivated by PEI moieties in
the CDots (sizes mostly 4-8 nm, Fig. 2). The observed UV/vis
absorption spectrum of PEI¢-CDots in an aqueous solution
(Fig. 2) is similar to that of the aqueous suspended precursor
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Fig. 2 Optical absorption (ABS) and fluorescence (FLSC) spectra of
PElgoo—CDots in aqueous solution. Inset: Representative AFM images for
the CDots.

carbon nanoparticles, characterized by significant photon-
harvesting in the visible spectrum, and the observed fluores-
cence emission spectra and quantum yields (~20% at 400 nm
excitation) are comparable to those of other CDots reported
previously.”®

Visible light-induced PDI activities of PEIs,,-CDots against
MDR E. faecalis (resistant to tetracycline, nalidixic acid,
and low-level streptomycin and erythromycin) and E. faecium
(resistant to tetracycline, erythromycin, nalidixic acid, and low-
level ciprofloxacin) were evaluated, with excellent outcomes.
Experimentally, each strain in PBS buffer at a concentration of
10’-10®° CFU mL™' was treated with 1.9 puM PEI4y,-CDots
under visible light of 400-800 nm (11 W LED - light intensity
~4.8 mW cm?) for 30 min, resulting in average viable cell
reductions of ~6.0 log for E. faecalis and ~6.3 log for
E. faecium (Fig. 3), close to complete inactivation. In the dark
controls, the same treatment of PEls,,—CDots without light
exposure had no effects on the bacterial cells. Also no effects
were found for the exposure of E. faecalis and E. faecium to the
visible light in the absence of any CDots.

The evaluation results also suggested dependencies of the PDI
effectiveness on various combinations of parameters and condi-
tions, including the dot concentration, light intensity, and expo-
sure time. Fig. 3 shows the PDI results on MDR E. faecalis
and E. faecium by PEl¢,,—CDots at dot concentration of 1.9 pM
with 30 min exposure of visible light at two levels of intensity.
The treatment at higher light intensity of ~7.8 mW cm >
(17 W LED) resulted in the complete inactivation of both E. faecalis
and E. faecium, achieving ~8.0 log and ~7.1 log viable cell
reduction, respectively (Fig. 3), while at the lower light intensity
of ~4.8 mW cm? (11 W LED), ~6.0 log and ~6.3 log viable
cell reduction for E. faecalis and E. faecium was achieved,
respectively (Fig. 3). In another combination to keep the light
intensity at ~4.8 mW ecm ™, a much lower dot concentration of
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Fig. 3 The logarithmic viable cell nhumbers in the samples upon treat-
ments with 1.9 uM PElggo—CDots under illumination of visible light from
1L W (~4.8 mW cm™2) and 17 W (~7.6 mW cm~2) LEDs for 30 min, along
with the control samples. (Note: the two arrows indicate the position of
the columns where all bacterial cells were killed under illumination with
the 17 W LED.)

0.62 uM could be coupled with a longer light exposure time of
90 min to achieve the similarly effective inactivation, with
viable cell reductions of ~7.0 log for E. faecalis and ~7.1 log
for E. faecium.

Under the same light intensity and exposure time
(~4.8 mW cm™? for 60 min), the evaluations on variable dot
concentrations show that the meaningful inactivation of more
than 1 log could be achieved with the dot concentration as low
as 0.12 UM in the samples containing 10’-10° CFU mL™" of
E. faecalis or E. faecium, while complete eradication of bacterial
cells in the samples was achieved at dot concentration of
1.25 uM (Fig. 4). And the concentration dependency of CDots’
PDI was clearly observed for both strains (Fig. 4).

The results presented above collectively suggest that the
CDots of relatively simple chemical compositions and nano-
scale structures could readily be activated under visible light for
highly effective killing of MDR bacteria, specifically the highly
ranked MDR E. faecium and E. faecalis. While there are no
comparable results available on PDI actions of conventional
semiconductor QDs and related nanomaterials against the
same MDR bacterial strains, the high performances of CDots
are apparent, with the quantitative inactivation achieved at
relatively low concentrations coupled with the exposure to
simple household light sources. Among similar uses of con-
ventional semiconductor QDs, the recently reported CdTd QDs
for PDI against several drug-resistant bacterial strains resulted
in only about one log bacterial cell reduction.'® The obviously
high performance levels of CDots demonstrated in the PDI of the
MDR Enterococci strains make these simple carbon nanomaterials
extremely promising in the development of countermeasures to
control MDR bacteria. Beyond the high performance, the CDots
platform also offers other major advantages. Unlike many popular
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Fig. 4 The logarithmic viable cell numbers in the samples upon the
treatment with different concentrations of PElggg—CDots under visible
light for 1 h, along with the samples treated with the same CDots in dark.

yet highly toxic conventional semiconductor QDs due to their
containing Cd (cadmium) or other heavy metals, CDots are known
as being benign and nontoxic in vitro and in vivo,”*>° thus
offering excellent opportunities for broad applications in many
healthcare settings and human living environments.

For PDI, the strong optical absorptions of CDots for photon-
harvesting in the visible spectrum represent a major advantage.
The estimated molar absorptivities for CDots with core carbon
nanoparticles in sizes of 5 nm in diameter are around 5 x
10° M~' em ™" at 400-450 nm (Fig. 2). Mechanistically, upon
photoexcitation of CDots there are rapid charge transfer and
separation in the dots (Fig. 5), and the electrons and holes thus
produced are trapped at various surface defect sites that are
stabilized by the passivation of the organic moieties (Fig. 1).>
The redox pairs likely serve the antibacterial function that is
similar to or even more potent than that of the ROS produced in
the traditional photosensitization, responsible in a major part
for the observed high inactivation performance of the CDots.
There have been experimental results suggesting that radiative
recombinations of the electrons and holes (the population of
the emissive excited states, Fig. 5) for the observed bright and
colorful fluorescence emissions in CDots are rapid, namely the
redox pairs are short-lived.*" Thus, their potent antibacterial
activities must be on a fast time scale, probably requiring the
dots next to the targeted bacterial cells. In this regard, the PEI
moieties with abundant amino groups on the dot surface
(Fig. 1) could be protonated at near neutral pH in the buffer
solution and positively charged to facilitate the “binding” of
PEI¢0—CDots to the Enterococci cells, similar to what were
found in the interactions of CDots with other bacteria.>

The emissive excited states in CDots (Fig. 5) are relatively longer
lived, averaging on the order of 5-10 ns,*" capable of the same ROS
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Fig. 5 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 radiative recombinations.
Lower: The energy diagram for the same processes, with the observed
fluorescence quantum yield @¢ as a product of @, (denoting the overall
yield for the charge separation and radiative recombinations) and @, (the
yield of radiative process).

generation as that with traditional photosensitization. The high
fluorescence quantum yields of PEls—CDots suggest relatively
inefficient competing processes for the excited state energies,
which must have benefited the ROS generation by the CDots
(essentially bound to the targeted bacterial cells) to be more
competitive and efficient. The combination of the ROS-like (by
the initially formed redox pairs from the rapid charge separation
following photoexcitation) and classical ROS actions on different
time scales may be credited for the observed uniquely effective PDI
against the MDR Enterococci.

The photo-generated ROS are known to damage various cell
components such as carbohydrates, DNA, and/or lipids and pro-
teins, leading to the cell death.>*** For CDots, their photodynamic
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Fig. 6
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killing of cancer cells has been demonstrated.>*” In this work, the
elevated intracellular ROS level was detected in both E. faecalis and
E. faecium cells upon their treatment with PEI¢,,-CDots, increasing
3.8 and 3.2 fold in comparison to control samples, respectively,
after the cells were treated with 1.2 pM CDots for 1 h.

Both intracellular and extracellular ROS are capable of disrupt-
ing cell membranes,***° and the resulting cell structural damages
can be visualized by using electron microscope. In the transmission
electron microscopy (TEM) imaging experiment, the structural
changes in the CDots-treated E. faecium cells were probed in
reference to the untreated control cells. As compared in Fig. 6,
while the treated cells still maintained their shape, without obvious
disruption in cell morphology, there were apparently significant
changes in the cytoplasm with the distinct condensed areas (the
light area mostly in the center of cell, Fig. 6). The condensation of
the cytoplasm must be due to the denaturing and precipitation of
proteins and other cytoplasmic constituents induced by the PDI
treatment with CDots, as similar condensed cytoplasm was
observed in cells treated by other bactericidal agents,** ™ for which
an example is the condensation in Listeria innocua cells treated with
electrolyzed water and acidic sanitizers.*' Also consistent with the
cell membrane damages and increased permeability was the
observed release of more extracellular vesicles by the treated cells
than the control cells.

In conclusion, CDots as structurally and composition-wise
simple carbon-based nanomaterials could readily be activated by
visible light to inactivate effectively and efficiently different strains
of MDR Enterococcus. Mechanistically the inactivation is credited
to the photodynamic effect, for which a special advantage of CDots
is for the initially produced redox pairs upon photoexcitation to
contribute substantially to the killing of the targeted bacterial cells
(in addition to the actions of ROS generated in processes similar to
those found in traditional photosensitization). The reported
results further establish CDots as a new class of promising
visible/natural light-activated broad spectral antibacterial agents,
including especially their being capable of killing MDR bacterial
pathogens in addition to various non-resistant bacterial species
previously reported. With their simple structure and composition
and their preparation from benign and abundant precursors,
CDots may find broad applications in combating MDR bacterial
infections through effective inactivation of MDR pathogens at
various contaminated sites in their spread/transmission routes.

Indcad magfcaton: MAx  Opwator: VA Acquien dute 1BANNE

TEM images of E. faecium cells (A) without treatment, and (B) post-treatment with 1.2 M PElgoo—CDots under the 11 W visible LED for 1 h.
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