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ABSTRACT: Antibiotic resistance is an imminent threat to human health, requiring the
development of effective alternate antibacterial agents. One such alternative includes nanoparticle
(photo)catalysts that are good at producing reactive oxygen species (ROS). Herein, we report the
design and preparation of nitrogen-doped carbon dots functionalized with atomically dispersed
copper centers by Cu—N coordination (Cu/NCD) that exhibit apparent antibacterial activity
toward Gram-negative Escherichia coli (E. coli) under photoirradiation. The growth of E. coli cells is
found to be markedly inhibited by Cu/NCD under 365 nm photoirradiation, whereas no apparent
inhibition is observed in the dark or with the copper-free carbon dots alone. This is ascribed to the
prolonged photoluminescence lifetime of Cu/NCD that facilitates the separation of photo-
generated electron—hole pairs and ROS formation. The addition of tert-butyl alcohol is found to
completely diminish the antimicrobial activity, suggesting that hydroxyl radicals are responsible for
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microbial death. Consistent results are obtained from fluorescence microscopic studies using CellROX green as the probe. Similar
bactericidal behaviors are observed with Gram-positive Staphylococcus epidermidis (S. epidermidis). The copper content within the
carbon material is optimized at a low loading of 1.09 wt %, reducing the possibility of toxic copper-ion leaching. Results from this
study highlight the significance of carbon-based nanocomposites with isolated metal species as potent antimicrobial reagents.

B INTRODUCTION

Antibiotic resistance is on the rise and considered one of the
greatest health threats facing humanity.'™* p-Lactam anti-
biotics are the most frequently prescribed antibiotics in
hospital settings; however, this type of antibiotics is shown
to become easily resisted by bacteria through bacterial enzymes
known as S-lactamases.” Although researchers have provided
short-term mechanisms to overcome this type of antibacterial
resistance, the use of such antibiotics is proving to be an uphill
and losing battle.” Significant research has therefore been
dedicated to developing alternate antibiotic agents that can
overcome bacterial resistance through unique bactericidal
pathways. One such alternate route includes the use of light-
sensitive nanomaterials capable of producing destructive
reactive oxygen species (ROS), such as superoxide (0O3),
singlet oxygen (O3), hydroxyl radical (*OH), and hydrogen
peroxide (H,0,).°® The mechanism of attack involves various
destructive pathways, such as the degradation of bacterial DNA
and bacterial cell membrane.” It is inherently difficult for
bacteria to overcome such destructive mechanisms of attack
and therefore less likely for the bacteria to resist ROS-
generating nanomaterials. Toward this end, graphene deriva-
tives represent a unique functional nanomaterial.'’""" In a
recent study,'® we examined and compared the bactericidal
activity of graphene oxide quantum dots before and after
chemical reduction and found that the oxidized forms were
preferred for improved antibacterial activity under UV
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photoirradiation. This was attributed to oxygenated structural
defects within the graphene oxide quantum dots that led to the
ready production of ROS under photoexcitation.
Copper-based photocatalysts have also been rather exten-
sively studied for their ability to produce ROS upon
photoirradiation.w_30 However, the materials used in these
studies typically contain high levels of copper, which can cause
leaching of copper ions and devastating biological effects
including copper toxicity.”" To facilitate ROS production and
concurrently prevent uncontrolled ion leaching, metal loading
should be minimized and stabilized but without compromising
the antibacterial efficiency. One route to this end involves
metal species atomically dispersed within carbon-based
support materials. For example, Gong et al.”> observed ROS
production by atomically dispersed gold—carbon dots and
found that the optimal Au loading of 15.3 wt % resulted in
nearly complete glutathione degradation, owing to high Au
atomic dispersion. When the Au loading was increased to 45.7
wt % and large Au nanoparticles were formed, glutathione
degradation was found to decrease. The increased activity by
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the material containing single Au atoms was attributed to
mitochondrial targeting, glutathione depletion, and ROS
production within bacterial membranes. Such atomic dis-
persion of metals can be readily realized with nitrogen-doped
carbon dots by, for instance, a facile wet impregnation
procedure with the formation of metal—nitrogen coordination
linkages.”>** The surface enrichment of the active metal
centers can lead to the effective production of ROS due to
enhanced separation and migration of the photogenerated
electron—hole pairs.”>~>” This unique feature may be exploited
for the development of high-performance antimicrobial
reagents, in comparison to the conventional homogeneous
organometallic complexes. This is the primary motivation of
the present work.

Herein, nitrogen-doped carbon dots with atomically
dispersed copper (Cu/NCD) were prepared by a solid-state
thermal route. The copper content was found to be around 1
wt % in all samples. Transmission electron microscopy (TEM)
and elemental mapping measurements suggest atomic
dispersion of copper within the carbon matrix by the formation
of Cu—N bonds, as manifested in X-ray photoelectron
spectroscopy (XPS) measurements. Steady-state photolumi-
nescence (SSPL) measurements showed that the emission was
markedly quenched with the incorporation of copper into the
carbon dots, consistent with the increased lifetime as observed
in time-resolved photoluminescence (TRPL) measurements.
The bactericidal activity of the obtained composites was then
tested using Gram-negative Escherichia coli as the initial
illustrating example. It was found that the bacterial growth
was apparently inhibited under 365 nm photoirradiation,
whereas no inhibition was observed in the dark, and the
inhibition activity increased with increasing sp* carbon content
in the sample, possibly due to improvement in electron—hole
migration. Consistent results were obtained in scanning
electron microscopy (SEM) measurements of the bacterial
cell morphologies. In addition, the bactericidal activity was
found to diminish markedly upon the addition of tert-butyl
alcohol, suggesting that hydroxy radicals were responsible for
the antimicrobial activity, which was further confirmed in
fluorescence microscopic measurements using CellROX green
as the probe. A similar bactericidal performance was observed
with Gram-positive Staphylococcus epidermidis.

B EXPERIMENTAL SECTION

Chemicals. Melamine (99%, Acros Organics), citric acid
anhydrous (Certified ACS, Fisher Chemicals), copper(Il) acetylacet-
onate (Cu(acac),, 98%, Acros Organics), phosphate-buffered saline
tablets (PBS, Acros Organics), sodium chloride (NaCl, Fisher
Chemicals), yeast extract (Fisher BioReagents), agar (Fisher BioRe-
agents), tert-butyl alcohol (TBA, >99.5%, Sigma-Aldrich), tryptone
(Fisher BioReagents), and CellROX green (ThermoFisher) were used
as received. All solvents were obtained through typical commercial
sources and used without further purification. Water was supplied by a
Barnstead Nanopure water system (18.3 MQ cm).

Characterizations. TEM measurements were performed on a
JOEL JEM 2100F microscope. UV—vis measurements were
performed on a PerkinElmer Lambda 35 UV—vis spectrometer with
a scan rate of 240 nm min~' and a slit width of 1 nm. SSPL
measurements were performed on a PTI fluorospectrometer. TRPL
spectra were acquired using a Horiba QM-3304 instrument at a
pulsed laser excitation of 337 nm in the time-correlated single-photon
counting (TCSPC) mode. XPS measurements were performed with a
Phi 5400/XPS instrument equipped with an Al Ko source operated at
350 W and 107 Torr. X-ray diffraction (XRD) measurements were
conducted on a Rigaku Smartlab Powder and thin-film diffractometer

with Cu Ka (4 = 1.54 A) radiation. Inductively coupled plasma-
optical emission spectrometry (ICP-OES) measurements were carried
out with a PerkinElmer Optima instrument.

Synthesis of Nitrogen-Doped Carbon Dots with Atomically
Dispersed Copper. The samples were prepared by adopting a solid-
state method reported previously.”® Briefly, citric acid (0.8 g),
melamine (1.6 g), and Cu(acac), (0, 0.25, 0.5, or 1.0 mmol) were
mixed into a homogeneous powder by a mortar and pestle. The solid
was then added into a Teflon-lined autoclave and heated to 180 °C
for 5 h. Under these reaction conditions, citric acid and melamine
underwent dehydration reactions to produce nitrogen-doped carbon
dots.*® Cu(acac), was chosen for its thermal stability. Once cooled to
room temperature, the Teflon liner was opened, and the product was
dispersed in water by sonication. The dispersion was centrifuged at
6000 rpm for 10 min to remove insoluble aggregates. The resulting
brown supernatant was purified with a dialysis membrane (3.5 K
MWCO) for 72 h, condensed through rotary evaporation, and dried
in a vacuum oven at 60 °C overnight. For the sample prepared in the
absence of Cu(acac),, it was hereon referred to as NCD, whereas
those with the addition of an increasing feed of Cu(acac), as Cu/
NCD-1, Cu/NCD-2, and Cu/NCD-3, respectively.

Preparation of Bacterial Suspension. E. coli (ATCC 25922)
and S. epidermidis (ATCC 12228) streaked on sterile Luria—Bertani
(LB) agar plates were incubated overnight at 37 °C. A single colony
was selected and inoculated in sterile LB (3 mL) at 37 °C for 18 h
with shaking. The resulting liquid culture was centrifuged at 8000 rpm
for 1 min, followed by washing with sterile 1X PBS three times. The
resulting bacterial suspension was diluted to an optical density (OD)
of 0.1 at 600 nm and used in the following antibacterial experiments.

Bacterial Growth in the Dark. Bacterial growth in the dark was
monitored using a sterile 96-well plate with a final volume of 200 uL
in each well. NCD or Cu/NCD (120 ug) was loaded into each well
through serial dilution of a 1 mg mL™" stock solution in 1X PBS to
obtain a final concentration of 600 ug mL™". The previously prepared
bacterial suspension (40 uL, 0.1 OD) was added to each well to
obtain identical starting bacterial concentrations to those in the
photocatalytic studies (below). LB (20 uL) was added to each well
and the wells were incubated at 37 © for 24 h, with data collection
performed at 600 nm in 2 min intervals.

Photocatalytic Antibacterial Studies. Photocatalytic antimicro-
bial measurements were performed using a modified method adopted
from previous reports.'”* Briefly, NCD and Cu/NCD solutions (1
mg mL ") were prepared by dissolving purified samples in 1X PBS.
This solution (600 xL) was added to a 1.5 mL centrifuge tube. A
bacterial suspension (200 uL, 0.1 OD) of either E. coli or S.
epidermidis was added to each sample tube, and the final volume was
brought to 1 mL using 1X PBS to obtain a final NCD or Cu/NCD
concentration of 600 g mL™". After photoirradiation (100 W, 1000—
1500 lumen with a peak emission of 365 nm, Dongguan Hongke
Lighting Co., China) for a varied period of time (up to 7 min), 100
UL of the resulting solution was taken and diluted by a factor of 1072
The diluted solution (10 uL) was dropped onto an LB agar plate and
dispersed using sterile glass beads. The resulting LB agar plates were
grown for 18 h at 37 °C in a dark incubator. The colony-forming units
(CFUs) on each plate were counted and recorded as a function of
time. These experiments were repeated for a total of three times to
produce time point averages and standard deviations.

To test the formation of hydroxyl radicals, TBA (10 uL, 1 g L")
was added to the suspension before dilution to a final volume of 1 mL
with 1x PBS. This gave a TBA concentration of 10 mg L™ during the
photodynamic experiments.

Scanning Electron Microscopy Studies. SEM images of the
bacterial cell morphologies were acquired with an FEI Quanta 3D
field-emission scanning electron microscope. For the control experi-
ment, 100 uL of E. coli suspension (0.1 OD in 1X PBS) was drop-cast
onto a sterile glass slide in the dark. The droplet was set to dry just at
the edges for approximately 15 min before serial washing in solutions
of 10, 25, 50, 75, 90, and 100% ethanol to dehydrate the sample. Once
in 100% ethanol, the sample was placed in a critical point dryer
(CPD) where ethanol was exchanged with CO,. The fully dried
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sample was then sputtered with gold to improve the contrast and
resolution during SEM imaging. Two more samples were prepared in
the same manner but in the presence of Cu/NCD-3, one in the dark
and the other under photoirradiation at 365 nm for 7 min.

Fluorescence Microscopy Studies. The bacterial suspensions
(300 puL), prepared as previously described, were added to centrifuge
tubes and diluted to 1 mL using either PBS alone, NCD in PBS, or
Cu/NCD-3 in PBS to obtain a final nanoparticle concentration of 600
ug mL™". These centrifuge tubes were irradiated with light (395—400
nm) positioned 10 cm above the light base for 1 min. CellROX green
(1.8 uL, 2.5 mM in dimethyl sulfoxide (DMSO)) was added to each
of the resulting irradiated centrifuge tubes to obtain a final
concentration of 25 yM and incubated for 10 min at 37 °C. CellROX
green-stained cell suspension (1 yL) was added to an agar pad (1 cm?,
1% H,0). Fluorescence images were collected using 470 + 40 nm
excitation and 525 + 50 nm emission filters, a 63X water immersion
lens, and three regions of interest (ROIs) per sample. The integrated
fluorescence intensity after background subtraction was averaged
across the three ROIs.

B RESULTS AND DISCUSSION

The successful production of carbon dots was first confirmed
by TEM measurements. From Figure la, one can see that for
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Figure 1. Representative TEM images of (a) NCD and (b) Cu/
NCD-3. Scale bars are both S0 nm. (c) XRD patterns of NCD
(black), Cu/NCD-1 (red), Cu/NCD-2 (blue), and Cu/NCD-3
(magenta). Reference XRD patterns are provided along the X-axis for
copper (orange, 00-001-1241), CuO (dark red, 00-002-1040), and
Cu,O (green, 00-003-0892).

the copper-free sample (NCD), carbon dots are very well
dispersed without apparent agglomeration, with a roughly
spherical shape, most likely due to abundant oxygenated
functional moieties on the carbon dot surface that rendered
them soluble in water, as observed previously.z's’36 Statistical
analysis based on ca. 100 nanoparticles shows that the particle
size falls mostly in the range of 12—37 nm, with an average of

22.8 + 7.2 nm, as manifested in the core size histogram in
Figure S1. For the copper-containing carbon dots, the
morphologies remained virtually invariant, as evidenced with
Cu/NCD-3 in Figure 1b, which shows a somewhat smaller
average core size of 15.8 + 3.0 nm. Notably, high-resolution
TEM measurements of both samples show no well-defined
lattice fringes (Figure S2) that can be ascribed to either carbon
or copper (oxide), suggesting only short-range ordering of the
carbon skeletons into which copper was most likely atomically
dispersed. Consistent results are obtained in elemental
mapping measurements (Figure S3).

This notion is further confirmed in XRD measurements.
From the XRD patterns in Figure lc, one can see that within
the 20 range of 10—80°, all samples display only a single broad
peak centered at 260 = 18°, which is a characteristic of
amorphous carbon including the combination of sp> and sp®
carbons.” The lack of any other diffraction features in the
XRD patterns suggests the absence of crystalline particles
containing copper metal or copper oxide within the produced
materials. This is consistent with the absence of lattice fringes
observed in TEM measurements (Figure S2).

The elemental compositions and valence states of the
samples were then examined by XPS measurements. In the
survey scans (Figure S4), the elements of C, O, and N can be
readily identified in all samples, with Cu also in Cu/NCD-1,
Cu/NCD-2, and Cu/NCD-3. The absence of other elements
suggests the high purity of the samples. Figure 2a depicts the

(b) _pcu/nco-3
u/NCD-2

398 400 402
Binding Energy (eV)

Cu/NCD-1

280 282 284 286 288 290 930 940 950 960
Binding Energy (eV)

Binding Energy (eV)

Figure 2. High-resolution XPS spectra of (a) C 1s, (b) N 1s, and (c)
Cu 2p electrons of the NCD and Cu/NCD samples. Solid curves are
experimental data, and shaded peaks are deconvolution fits.

corresponding high-resolution XPS spectra of the C Is
electrons. Deconvolution yields three components for all
samples, (green) sp® carbon at ca. 284.5 €V, (orange) sp®
carbon at 285.6 eV, and (purple) oxidized carbon (ie.,
COOH, C=0) at 287.5 eV (Table S1). Notably, the sp*
carbon content is found to increase with increasing Cu(acac),
feed from 36.31 atom % for NCD to 39.18 atom % for Cu/
NC-1, 40.32 atom % for Cu/NC-2, and 46.94 atom % for Cu/
NC-3; and the Csp?/Csp? ratio increases accordingly from 2.4
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to 3.3, 3.4, and 7.3, respectively, whereas the amount of
oxidized carbon remains relatively constant among the entire
series of samples (Table S2). This implies enhanced
graphitization of citric acid and melamine by Cu(acac),
under the thermal conditions.

Figure 2b depicts the high-resolution XPS spectra of the N
Is electrons. For the NCD sample, deconvolution yields a
primary peak (shaded in green) at 399.3 eV and two minor
ones at 398.0 and 400.5 eV, which can be assigned to erolic,
pyridinic, and graphitic N, respectively (Table $1).*"** This
suggests successful doping of N into the carbon skeleton. With
the addition of Cu(acac), in sample preparation, the binding
energies of these peaks remain virtually unchanged, likely
because of the low contents of the Cu dopants (Table S2). In
addition, the N dopant concentrations were found to be rather
consistent among the samples, at 15.24 atom % for NCD,
13.44 atom % for Cu/NCD-1, 13.00 atom % for Cu/NCD-2,
and 15.61 atom % for Cu/NCD-3 (Table S2).

The high-resolution XPS scans of the Cu 2p electrons are
shown in Figure 2c. One can see that for the Cu/NCD
samples, two well-defined peaks can be resolved, at 932.2 and
952.0 eV for Cu/NCD-1, 932.3 and 952.1 eV for Cu/NCD-2,
and 932.4 and 952.2 eV for Cu/NCD-3, with a spin—orbit
coupling of A = 19.8 eV (Table S1).*’ These can be assigned
to the 2p;/, (orange) and 2p,;, (green) electrons of Cu(I)
(further confirmed in UV—vis absorption measurements, vide
infra), as the lack of well-defined satellite peaks rules out the
formation of Cu(II) species.** This suggests (partial)
reduction of Cu®' in the thermal synthesis of the samples,
yet the degree of reduction became lesser with increasing
Cu(acac), feed, as manifested by a slight increase of the Cu
2ps,, binding energy from Cu/NCD-1 to Cu/NCD-3 (Table
S1).* Furthermore, the copper content within the samples was
found to be very low, only 1.57 wt % (0.32 atom %) for Cu/
CND-1, 1.07 wt % (0.22 atom %) for Cu/CND-2, and 1.09 wt
% (0.22 atom %) for Cu/CND-3 (Table S2). Consistent
results were obtained in ICP-OES measurements, where the
copper loading was estimated to be 1.55 wt % for Cu/NCD-1,
1.06 wt %, for Cu/NCD-2, and 1.12 wt % for Cu/NCD-3. A
comparison between the XPS and ICP-OES results can be seen
in Figure SS.

The optical properties of the samples were then examined by
UV-—vis and photoluminescence spectroscopy measurements.
Figure 3a depicts the normalized UV—vis and SSPL spectra for
the series of samples. In the UV—vis absorption measurements,
all samples exhibit a primary absorption peak centered at ca.
335 nm, which can be attributed to the n — 7% transitions of
the C=0, C=C, and C=N moieties in the carbon dots that
have been identified in XPS measurements (Figure 2).* In
SSPL measurements, all samples display a pair of well-defined
excitation and emission peaks, at 4, = 372 nm and 4., = 451
nm for NCD, 364 and 430 nm for Cu/NCD-1, 366 and 435
nm for Cu/NCD-2, and 372 and 450 nm for Cu/NCD-3. One
can see that the normalized photoluminescence intensity is
apparently quenched with the incorporation of copper into the
carbon scaffold, by 37% for Cu/NCD-1, 53% for Cu/NCD-2,
and 42% for Cu/NCD-3."” Note that in the copper-free carbon
dots, the photoluminescence most likely arose from the C=0
and C=N functional moieties,”>*® whereas in the Cu/NCD
samples, it is probably the Cu—N coordination structure that
was responsible for the emission.” In fact, by subtracting the
UV—vis absorption spectrum of NCD from those of the Cu/
NCD samples, the resulting difference spectra exhibited

Excitation _Emission (a )

1.0

Normalized (abs.)

Wavelength (nm)
1800

= (b)

10 o NCD Raw

NCD Fitting
Cu/NCD-3 Raw
Cu/NCD-3 Fitting

1200

1000

Photon Counts (arb.)

Time (ns)

Figure 3. (a) UV—vis and SSPL spectra of NCD (black), Cu/CND-1
(red), Cu/CND-2 (blue), and Cu/CND-3 (magenta). The UV—vis
spectra are normalized to the respective absorbance at 203 nm, and
the fluorescence spectra are normalized to the corresponding optical
absorbance at the excitation wavelength and then normalized to the
emission intensity of the NCD sample. All measurements are
performed in 1X PBS. (b) TRPL emission spectra at the excitation
of 365 nm for the NCD and Cu/NCD-3 samples. Symbols are
experimental data and solid curves are exponential fits.

multiple peaks within the range of 400—650 nm (Figure S6),
which are characteristic of the Cu—N moieties in conventional
copper(I)—pyrrole/pyridine complexes.** " The fact that the
NCD sample exhibited a markedly higher quantum yield than
the Cu/NCD series suggests more facile recombination of
photogenerated electron—hole pairs in the former.

Consistent behaviors were observed in TRPL measure-
ments. Figure 3b depicts the TRPL profiles of NCD (black)
and Cu/NCD-3 (magenta) after pulsed laser excitation at 365
nm, which were fitted to single-exponential decay kinetics, I(t)
= Ae™"". The calculated decay time constant (7) was estimated
to be 2.2 ns for NCD and 3.6 ns for Cu/NCD-3. The extended
lifetime from 2.2 to 3.6 ns with the addition of copper is in
good agreement with diminished emission observed above in
SSPL measurements and results reported in previous
studies.”>* This prolonged lifetime is conducive to the
separation of photogenerated electron—hole pairs, leading to
enhanced performance in ROS production (vide infra).

To quantify the antibacterial properties of the produced
materials, a series of photodynamic experiments were
performed under photoirradiation with the peak wavelength
at 365 nm, as shown in Figure 4a. Two control experiments
were also included for comparison, one with E. coli alone (light
green) and the other with CuCl, (orange) at a copper
concentration equivalent to that of Cu/NCD-3. The
corresponding photographs of the colonies grown on LB
agar plates are shown in Figures 4b and S7. There are three
aspects that warrant special attention. (i) In the two control
experiments, no appreciable loss in CFUs was observed after 7
min of photoirradiation. (ii) NCD led to only a minimal loss of
bacterial growth. (iii) Apparent photoinduced antibacterial
activity can be seen with the Cu/NCD series, and the activity
increased in the order NCD < Cu/NCD-1 < Cu/NCD-2 <
Cu/NCD-3, highlighting the importance of copper dispersion
into the carbon dots to the bactericidal action. For instance,
among the series of samples, a complete loss of all CFUs can
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Figure 4. (a) Antibacterial studies under photoirradiation at the peak
wavelength at 365 nm. Two control samples are included: E. coli alone
in 1x PBS (light green), and CuCl, in 1x PBS (orange) at a
concentration equivalent to that of Cu/NCD-3 (12.8 ppm). A second
sample of Cu/NCD-3 is tested in the presence of a hydroxyl radical
quencher, TBA at 10 mg L™ (dark green). All samples have been
tested in triplicate, and the data points display the corresponding
average and standard deviation. (b) Photographs depicting E. coli
grown on LB agar plates at different photoirradiation time points (0,
1,2, 4, and 7 min) in the absence (bottom) and presence (top) of
Cu/NCD-3. SEM images of (c) E. coli control, (d) E. coli with Cu/
NCD-3 after photoirradiation, for 7 min, and (e) E. coli with Cu/
NCD-3 in the dark. The scale bars indicated in red are 1, 1, and 2 um,
respectively.

be seen after 6 min of photoirradiation with Cu/NCD-2 and
only 2 min with Cu/NCD-3, whereas the appreciable growth
of bacteria can still be seen with NCD and Cu/NCD-1. This
suggests that Cu/NCD-3 possesses the greatest photoinduced
antibacterial activity among all samples. This coincides with
the longest lifetime of photogenerated electron—hole pairs of
the sample, as demonstrated in TRPL measurements,
suggesting that the Cu—N moieties likely facilitated the
separation of the electron—hole pairs and the subsequent
formation of ROS. Additional contributions may arise from the
high Csp*/Csp® ratio in Cu/NCD-3 that facilitated charge
migration within the carbon dots. These results also suggest
that copper leaching, if any, does not make any meaningful
contribution to the antimicrobial activity.

The difference of the bactericidal activity can also be readily
visualized in SEM measurements of the bacterial cell
morphologies. From Figure 4c—e, one can see that the E.
coli cells sustained significant membrane damages in the
presence of Cu/NCD-3 under photoirradiation for 7 min
(panel d), whereas in the dark, the cell morphology remained
largely intact (panel e), in comparison to the control (panel c).

Notably, Cu/NCD-3 lost all bactericidal activity in the
presence of a common hydroxyl radical scavenger, TBA
(Figures 4a and S7), suggesting that hydroxyl radicals were
responsible for the antimicrobial activity of Cu/NCD-3, which
are generally produced by the photoreduction of oxygen and/
or photodissociation of water.”>>>* A similar trend was
observed when a common Gram-positive strain of bacteria,
S. epidermidis, was used in place of E. coli under otherwise

identical experimental conditions. Results from this Gram-
positive test are shown in Figure S8.

It is interesting to note that no apparent antimicrobial
activity was observed with NCD or Cu/NCD in the dark.
Figure 5 depicts the corresponding E. coli growth curves
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Figure S. Bacterial growth curves in the dark. Each measurement is
repeated in triplicate, with 1X PBS as the solvent. Sample
concentrations are all 600 ug mL™', identical to those in photo-
dynamic experiments in Figure 4.

acquired in the dark. The growth rates during the log phase
growth, between 3 and 6 h of incubation, in essence, show little
to no change between the samples and between trials. This
suggests that bacterial growth in the absence of photo-
irradiation is unaffected by the presence of the NCD or Cu/
NCD samples. These findings are consistent with the notion
that photoirradiation plays a critical role in the antibacterial
activity of the carbon dots.

Fluorescence microscopy studies were then carried out to
quantify the intracellular ROS generation using CellROX green
as the fluorescence probe. Note that CellROX green is
commonly utilized to measure the oxidative stress of living
cells. It is nonfluorescent in the reduced state but may bind to
DNA and emit green fluorescence upon oxidation by, for
instance, ROS. Thus, it may be used to visualize ROS
production during bactericidal actions. Figure 6 shows the

(a) PBS|(b) NCD

() cu/Nco-3[ER

[ CuiNCD-3 I

Figure 6. Representative fluorescence micrographs of E. coli cells
stained with CellROX green after 1 min of photoirradiation at a peak
wavelength between 395 and 400 nm in the presence of (a) PBS only,
(b) NCD (600 ug mL™" in PBS), and Cu/NCD-3 (600 pg mL™" in
PBS). (d) Bar charts of the average fluorescence intensity of the
bacterial cells after photoirradiation.

3
2
1
[

representative fluorescence micrographs of the E. coli cells
stained with CellROX green after 1 min of photoirradiation
(395—400 nm) in (a) PBS only (as a control), (b) NCD, and
(c) Cu/NCD-3. One can see that the green dots are far more
abundant and intense in panel (c) than in panels (a) and (b).
Figure 6d shows the graphical representation of the
fluorescence intensity for each sample averaged over three
ROIs for PBS alone (green), NCD (black), and Cu/NCD-3
(magenta). One can see that there is no significant statistical
difference in the fluorescence intensity between the PBS
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control and NCD, suggesting a minimal contribution from the
carbon dots alone to the photogeneration of ROS. By contrast,
Cu/NCD-3 exhibited a fluorescence intensity that was almost
fourfold greater than those of the other two samples. This
confirms the notion that ROS production was greatly
facilitated by the atomic dispersion of Cu into the NCD
skeleton, and such enhanced photocatalytic activity led to a
marked improvement of the antibacterial activity of Cu/NCD-
3, which was likely aided by the enrichment of bacterial cells
around the carbon dots (Figure S9).

Bl CONCLUSIONS

Carbon dots doped with Cu—N coordination moieties were
readily prepared by a solid-state thermal process, with the
particle size ranging from 12 to 37 nm in diameter. Copper was
found to be in the Cu(I) oxidation state with no apparent
copper crystallinity, and the loadings ranged from 1.07 to 1.57
wt %. Photoluminescence studies showed that the atomic
dispersion of copper centers into the carbon dots markedly
quenched the emission and prolonged the photoluminescence
lifetime. The photoinduced antibacterial activity was found to
increase in the order NCD < Cu/NCD-1 < Cu/NCD-2 < Cu/
NCD-3, which is consistent with an increase of the sp> carbon
content. This may be due to improved photoinduced
electron—hole pair migration and separation leading to
hydroxyl radical formation, as evidenced in fluorescence
microscopic studies with CellROX green as the probe and
control experiments using TBA as the hydroxyl radical
scavenger. The produced materials were found to have little
to no effect on bacterial growth in the absence of photo-
irradiation. These functional nanocomposites may see
important applications in wound care devices and may help
alleviate the current role of f-lactam-based antibiotics.
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