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Carbon dots, a powerful non-toxic support for
bioimaging by fluorescence nanoscopy and
eradication of bacteria by photothermia+t
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Carbon Dots (CDs) are innovative materials which have potential applications in many fields, including
nanomedicine, energy and catalysis. Here CDs were produced by the alkali-assisted ultrasonic route and
characterized by several techniques to determine their composition and properties. Fluorescence
nanoscopy using single-molecule localization microscopy shows that they have very good photophysical
properties and a remarkable blinking behaviour at 405 nm. Moreover, these CDs are a safe material,
non-toxic towards different cell lines (cancer and non-cancer cells) even at very high concentration,
reflecting an excellent biocompatibility. Photothermia, i.e. their heating capacity under laser irradiation,
was evaluated at two wavelengths and at several power densities. The resulting temperature increment
was high (5 < AT < 45 °C) and appropriate for biomedical applications. Bioimaging and photothermia
were then performed on E. coli, a Gram(—) bacterium, incubated with CDs. Remarkably, by photothermia
at 680 nm (0.3, 1 and 1.9 W cm~2) or 808 nm (1.9 W cm~2), CDs are able to eradicate bacteria in their
exponential and stationary phases. Images obtained by 3D super-resolution microscopy clearly show the
different CD distributions in surviving bacteria after mild photothermal treatment. These results confirm
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1. Introduction

Carbon nanomaterials have many interesting applications in
the field of nanomedicine. They are becoming essential mate-
rials due to their diverse forms with different physical, chem-
ical, optical, electrochemical and electrical properties.*
Recently, a new class of carbon nanoparticles, less than 10 nm
in diameter, appeared accidently during the purification of
carbon nanotubes.” These are now described as “Carbon Dots”
(CDs) and have attracted considerable attention because of their
excellent dispersibility,> high chemical stability and photo-
stability,* excellent biocompatibility,® low toxicity® and low cost
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that CDs are multifunctional materials with a wide range of biomedical applications.

of fabrication.” There are, therefore, myriad possibilities for
these nanoparticles in different domains of application, such as
chemical sensing,® photocatalysis,”*® electrocatalysis,"* bio-
imaging,"* drug delivery,"*** photodynamic therapy,'>"
biosensors,*®*? etc.

Moreover, there are several ways of synthesizing them. The
two main approaches are classified as “top-down” and “bottom-
up”. The first one is based on physical or chemical techniques
(laser ablation,* chemical oxidation,> confined combustion,>
etc.) which break down larger graphitic materials into smaller
particles. The “bottom-up” approach has received considerable
attention and is now the most popular way of producing CDs.
The molecular precursors (carbohydrates, urea, citrate, etc.) play
a central role in the formation of CDs through chemical
synthesis or carbonization. Depending of the nature of the
precursors, several methods can be used: chemical or hydro-
thermal oxidation,” microwave pyrolysis** or ultrasonic
treatment.***%’

The bottom-up approach was used in this work to produce
CDs from a low-cost precursor (glucose) by alkali-assisted
ultrasonic irradiation according to a known procedure.***** By
a facile one-step sonochemical route ultrafine, stable fluores-
cent CDs with a homogeneous size distribution in the nano-
range were obtained.* The ultrasonic cavitation process in
liquids induces the formation of gas bubbles that grow and
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collapse, thus producing local 5500 °C hot spots and pressures
of several thousand atmospheres.*® These locally harsh condi-
tions are responsible for the formation of CDs.

A cutting-edge technique, Single-Molecule Localization
Microscopy (SMLM)** was here implemented to validate the
feasibility of using CDs as a multitasking tool for both calibra-
tion and bioimaging. SMLM techniques require the stochastic
photoswitching and the detection of single spatially and
temporally separated fluorophores. To achieve this, most of the
fluorophores are forced into a long-lasting non-fluorescent
state, named “dark state”, allowing only a subpopulation to
emit fluorescence at a given time.** SMLM approaches strongly
depend on the photophysical properties of the fluorophores and
their environment. To date, such photoswitching properties
mainly concern organic fluorophores (such as rhodamines,
cyanines and oxazines), fluorescent proteins (PA-GFP, mEos2,
etc.) and reversibly-binding probes (Nile Red).

Recently, CDs have been reported as photoswitchable fluo-
rescent probes,* making them applicable for nanoscopy and
more especially for SMLM. Nevertheless, their use in the field of
nanoscopy is relatively new and the photoswitching mechanism
is still not yet properly understood.*® Further research and
development on the use of CDs as probes for nanoscopy is
required. Here we demonstrate that CDs can be exploited in
SMLM for both calibrating the system properties (e.g. the
localization precision) and for nanostructural analysis by
bioimaging.

Photothermal therapy (PTT) is based on the use of near-
infrared (NIR) light-absorbing agents that convert laser energy
into heat, causing irreversible cellular damage and destruction
of malignant cells or bacteria. Recently, CDs were used as an
agent for photothermia®*~® to destroy cancer cells. Geng et al.*”
reported high photothermal conversion efficiency for nitrogen
and oxygen co-doped CDs under 808 nm laser irradiation. Bao
et al®® developed sulfur and nitrogen co-doped CDs with high
conversion efficiency in mouse models under 655 nm laser
irradiation. A very limited number of studies* have explored the
photothermal properties of CDs to eradicate bacteria: the
bactericidal effect of CDs on Staphylococcus aureus is enhanced
by 808 nm laser irradiation.

The aim of the present study is to explore possible applica-
tions of CDs in nanomedicine. The CDs were first characterized
by a large panel of techniques: dynamic light scattering (DLS),
Fourier transform infrared spectroscopy (FTIR), transmission
electron microscopy (TEM), UV-visible-NIR spectroscopy, MAS
NMR spectroscopy and X-ray photoelectron spectroscopy (XPS)
to define their composition. Fluorescence emission spectro-
photometry was performed to their photo-
luminescence properties.

Escherichia coli (E. coli) was chosen as a model for the two
nanomedicine applications: nanoscopy and photothermia.
Nanoscopy was used for the bioimaging of E. coli incubated with
CDs and to demonstrate their spontaneous blinking. Their
photothermal properties, namely their heating ability and the
effect of the temperature increment on the viability of E. coli in
vitro in two growth phases (exponential and stationary) were
finally investigated.

evaluate

2572 | Nanoscale Adv., 2019, 1, 2571-2579

View Article Online

Paper

2. Results and discussion
2.1 Synthesis and spectrophotometric study

CDs were prepared from glucose as precursor in alkali medium
under ultrasonic treatment. The conditions were different from
the reported protocol® in that the power was increased; a dark
brown suspension was obtained (Fig. SI-11). The absorption
spectrum (Fig. 1a) shows a shoulder at 360 nm, a band at
270 nm and non-negligible absorption in the visible and NIR
(400-800 nm). The absorption peak at 270 nm is due mainly to
the T—m* and n — 7* transitions of C=C and C=0 bonds,
respectively. When a very dilute suspension of CDs (colourless)
is irradiated with an UV lamp, the suspension is cyan-coloured
(Fig. 1a). When the suspension is excited at 365 nm, two fluo-
rescence emission peaks are observed at 450 and 500 nm. In
Fig. 1b are recorded different photoluminescence (PL) spectra
obtained upon excitation at progressively higher wavelengths
from 270 nm to 620 nm. The brightness and the emission
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Fig. 1 (a) UV-visible absorption spectra (red), emission spectrum
excited at 365 nm (blue) of a suspension of CDs. Insets: CD suspension
under daylight (left) and 365 nm UV irradiation; (b) PL emission spectra
of CDs at 10 ng ml™* recorded for excitation at progressively higher
wavelengths from 270 to 620 nm.
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maximum vary with the excitation wavelength, the maximum
shifting from shorter to longer wavelength as the excitation
wavelength is increased.

To achieve the best fluorescence response of the CDs, their
concentration and pH were optimized. Emission spectra were
recorded at different pHs from 2 to 11. Fig. SI-2{ shows that the
maximum brightness is achieved at pH 8. At low pH, CDs are
weakly charged and probably aggregated. Raising the pH
increases the negative charge and reduces the aggregation,
leading to an enhancement of the fluorescence intensity which
maximises at pH 8, selected as the working pH for the rest of the
study.

2.2 Structure and characterization

The morphology and the size of CDs were examined by trans-
mission electron microscopy (TEM). Fig. 2 shows that the CDs
are spherical and well dispersed. The histogram analysis of the
TEM images gives an average diameter of approximately 2.5 nm
(Fig. 2a and b). The average hydrodynamic size and distribution
of the CDs were also evaluated by DLS (Fig. 2d), showing
a narrow size range from 1 nm to 3 nm, which is consistent with
the TEM results. These studies concur in that the CDs are
roughly monodispersed spherical particles with a diameter
between 2 and 3 nm. Their zeta potential in aqueous media at
pH 8 is negative (£ = (—20 £ 1) mV, Fig. 2¢), due to the presence
of hydroxyl, carbonyl and carboxyl groups on the surface.

The surface groups and the composition of CDs were iden-
tified by X-ray Photoelectron Spectroscopy (XPS) and compared
to the spectra of glucose (Fig. 3). Relative elemental analysis for
CDs shows: C: 63.2%; N: 0.13%; Na: 6.7% and O: 30.0%,
hydrogen not being XPS-detectable. The measured C 1s XPS
spectrum is deconvoluted into 3 peaks centred at 284.8 eV (non-
oxygenated sp®> C and sp> C, i.e. C-C and C=C), 286 eV (C-0),
and 288 eV (C-C=0). The O 1s spectrum is dominated by two
peaks at 531 and 532.5 eV due to C=0 and C-O-H, respectively
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Fig. 2 (a) TEM image; (b) size histogram; (c) zeta potential at pH 8.
Each line represents individual measurements of the same sample,
which were used to obtain an average value; (d) DLS profile.
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Fig. 3 High-resolution XPS spectra of C 1s and O 1s of CDs and
glucose.

whereas for glucose only one peak, corresponding to C-O-H,
appears at 533 eV.

To confirm this result, the CDs were examined by infrared
spectroscopy (FTIR). In Fig. 4, the FTIR spectrum of CDs
(Fig. 4a) is compared to that of glucose (Fig. 4b). The glucose
spectrum (Fig. 4b) shows three main bands: a strong band at
3324 cm™ " for the hydroxyl groups and two smaller ones at 1645
and 750 cm™ " for C-O and C-H stretching, respectively.

The IR spectrum of the CDs (Fig. 4a) suggests the presence of
abundant oxygen-containing functional groups formed during
the carbonization process: broad band for hydroxyl O-H at
3331 ecm™'; COO™ stretching vibrations at 1415 ecm™'; asym-
metric and symmetric stretching of C-O-C in carboxylate
groups at about 1350 cm™ ' and 1080 cm '; C-H stretching
vibrations of sp® carbon at 2920 and 2850 cm™*; C=0 stretch-
ing at around 1600 cm ™.

The solid-state **C MAS NMR spectrum of the particles was
assigned according to Cai et al.*® and Baccile et al.,** and is in
full agreement with the IR spectra, showing well defined bands
for C-H, C-O-C, C-OH, O-C-O and C=O type carbons, with
only a weak resonance for C=C carbon (Fig. 5). The resonances
are consistent with the presence of carboxylate groups, ether
and alcohol functions as well as aliphatic carbons.

Glucose

OHb

CH C-0-C

Absorbance

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber cm™') Wavenumber (cm™")

Fig. 4 (a) FTIR spectra of the CDs and (b) glucose measured from 500
to 4000 cm™™,
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Fig. 5 C MAS NMR spectrum of CDs.

From the elemental analysis, the XPS, FTIR and NMR
spectra, we infer the existence of oxygen-rich functional groups,
such as carboxyl and hydroxyl, consistent with the high hydro-
philicity and stability in aqueous media of the CDs.

Oxygen-containing functional groups are located at the
surface of the CDs, and the corresponding surface states may
induce intra-gap states between the 7 band (valence band) and
the =* band (conduction band). The excitation wavelength-
dependent photoluminescence (see above) is attributed to the
surface groups which have various energy levels, resulting in
a series of emissive traps.

2.3 Photothermia

The spectrophotometric study has highlighted the optical and
photoluminescence properties of the CDs. The heat-producing
ability under illumination with laser radiation (photothermia)
was investigated. The surface-confined charges of the CDs are
expected to contribute to the optical properties in the first
biological visible/NIR window from 680 nm to 980 nm.*

Notably, their absorption at these wavelengths should be
attributed to electron transitions between the trap-state energy
levels on the surface. These trap-states play a major role in
generating phonons (heat) through Shockley-Read-Hall elec-
tron-hole recombination or other defect-related paths.*

A fixed concentration of CDs (40 pg mL™') at pH 8, was
irradiated at two different wavelengths (680 nm and 808 nm).
Different laser power densities were investigated for each
wavelength: 0.3, 1 and 1.9 W cm 2. In Fig. 6, each sample was
thermostated at 37 °C and after switching on the laser, the rise
in temperature was plotted as a function of time. A plateau was
reached after 8 minutes, whereupon the laser was switched off
and the decrease in temperature was registered for a further 8
minutes. The highest temperature increments, 30 and 40 °C,
were observed for 680 nm at 1 and 1.9 W cm ™, respectively.
Smaller increments were obtained for 808 nm at 1.9 W cm ™2 (16
°C), for 680 nm at 0.3 W cm ™2 (10 °C) and 808 nm at 1 W cm >
(10 °C). Irradiation at 808 nm and 0.3 W cm™? gave the lowest
increase (3 °C). The heating can therefore be easily tuned
through the laser power density and wavelength to attain the
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Fig. 6 Heating curves of CDs (40 png mL™Y) in PT mode under 808 and
680 nm laser (power: 0.3, 1, and 1.9 W cm™2).

temperature range required for therapeutic applications at low
CD concentrations. Overall, the excellent heating capacities of
CDs make them good candidates for photothermal therapy.

2.4 Cytotoxicity

To check whether the use of CDs is favourable for medical
applications, cytotoxicity was tested in two different cell lines:
cancerous (Prostate cancer cells, PC-3) and non-malignant cells
(Madin Darby Canine Kidney, MDCK.2). Methylene blue assay
was used to perform the viability test at different CD concen-
trations from 0 to 500 ug mL . PC-3 cells show a small decrease
in viability (5%) starting at very high concentration (400 and 500
pug mL™") (Fig. 7). There is no significant loss in viability of
MDCK.2 cells even at higher concentration. This result is
consistent with the potential use of CDs to treat different
pathologies such as cancer or bacterial infection.

2.5. Applications: multifunctionality of CDs

2.5.1 A single tool for calibration and bioimaging. Super-
resolution microscopy or nanoscopy techniques comprise
fluorescence microscopy with resolutions that are not limited
by the diffraction of light.** Among them, SMLM is the only light
microscopy technique that enables the imaging of individual
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Fig.7 Methylene blue assay for cell viability after incubation with CDs
at different concentrations (0—500 pg mL™3) for 24 h of (a) cancer cells
(PC-3); (b) non-malignant cells (MDCK.2). Error bars indicate the mean
standard deviations (n = 3).
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fluorescent molecules, achieving nanoscale precision (down to
15 nm). Recently, Bourg et al.** proposed a novel technology
based on the detection of super-critical angle fluorescence,
making it possible to retrieve 3D isotropic localization of indi-
vidual molecules. In most cases, lateral and axial detection with
such a precision requires a robust and accurate calibration to
validate the experimental measures obtained with the instru-
ment. Here, we propose CDs as a powerful non-toxic tool for
enabling both calibration and bioimaging. To date, calibration
has been performed using either photoswitching fluorescent
molecules deposited on a coverslip (such as AF647 (ref. 45)) or
fluorescent microspheres, of well-known diameter (generally
40 nm to 15 pm) loaded or coated with fluorophores.* However,
the fluorescent molecules used in the first case tend to quickly
photobleach, while in the second case the microsphere
dimension is high, and the number of fluorophores is not
accurately controlled. Using CDs, continuous imaging over
a period of 5 minutes showed that the number of photons
emitted under low laser irradiation (wavelength 639 nm, 40
mW) was constant (with an average of 1.2 K photons per
detection over 50 ms of the camera integration time), indicating
very good brightness accompanied by negligible photo-
bleaching (Fig. 8a). Similar measurements performed on the
commonly-used AF647 show lower brightness (760 photons per
detection) and rapid photobleaching.*

Interestingly, when the 639 nm laser power (as used in
SMLM) is increased (200 mW) together with continuous 405 nm
irradiation at low power, CDs exhibit spontaneous photo-
switching (Fig. 8b; Video SI-11). To the best of our knowledge,
this intriguing phenomenon of reversible photoswitching has
only been reported for photoswitchable fluorescent proteins®*
and very recently for the first time for CDs.'>*® Excitation at
405 nm switches on CDs and 639 nm quenches them, while
continuous excitation at 405 nm (1 mW) induces spontaneous

View Article Online
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photoswitching of CDs. In contrast to commonly-used photo-
switchable organic fluorophores, where blinking is induced by
means of a specific imaging buffer (consisting usually of a thiol
and oxygen-scavenging enzyme systems), the CDs spontane-
ously blink under continuous UV irradiation.

Given their photoswitching properties and their small size
(2-10 nm), CDs are highly suitable for characterizing the
performances of SMLM, in particular the localization precision
o (Fig. 8c), which to a first approximation is proportional to the
standard deviation of the point spread function (the response of
an imaging system to a point source) over N, the number of
photons detected.” Fig. 8c shows the dispersion of localizations
in 3D, indicating a localization precision of 10 nm for both the
lateral and axial directions.

These photophysical properties make CDs particularly
interesting fluorescent probes for SMLM and open up many
applications in live-cell bioimaging, since in this case there is
no need for specific imaging buffers which are, moreover,
cytotoxic.***® As a proof-of-concept for bioimaging, we used E.
coli MG1655, a non-pathogenic Gram(—) bacterial strain. As
shown in Fig. 8d, CDs were internalized and homogenously
localized within the bacteria. A clustering analysis using the
DBSCAN algorithm* led to an estimate of about 22 000 locali-
zations per bacterium. These CDs can thus be used to obtain
images of biological samples such as eukaryotic cells or
bacteria, for example, with the same fluorophore used for
calibration.

2.5.2 Photothermal treatment: the case of E. coli. E. coli
contains a cell wall under a lipopolysaccharide layer. Certain
strains of this bacterium are pathogenic and can cause urinary
or gastrointestinal tract infections. A critical health problem>
has arisen from the increasing resistance of E. coli to antibi-
otics. In general, bacteria can live in any environment as long as
they have food as an energy source. Here, we investigate the

bright stable fluorescence
spontaneous photoswitching

Low laser power
High laser power

Fig. 8 Carbon dots as multi-tasking tools for single-molecule localization microscopy. (a) Representative images of a time series showing
a stable bright fluorescence or (b) UV-induced blinking under continuous excitation at 639 nm; (c) TIRF image extracted from a time series (see
ESI Video SI-17) showing blinking of CD solution (left) and reconstructed image of xy localization (right). Inset shows xy dispersion for a single CD
showing a standard deviation o, , = 10 nm (bottom, left, Video SI-27). 3D visualization of xyz localization (box size: x, y, z = 55 nm) (bottom, right).
Axial localization distribution for a single CD. g, represents the standard deviation of the axial distribution. Colour bar corresponds to the axial
position from 0 to 55 hm; (d) fluorescence nanoscopy image of E. coli incubated with CDs.
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ability of CDs to eradicate E. coli by photothermia and how it
depends on the bacterial growth phase, either exponential
(when bacteria are actively dividing) or stationary (when the
number of new cells produced balances the number of cells that
die). This latter is characterized by significant physiological
changes (such as membrane rigidification, slower metabolism)
that occur due to nutrient loss. These physiological changes
make bacteria in the stationary phase more resistant to external
aggressions (antibiotics, nanoparticles, etc.*). In particular, E.
coli has been shown to exhibit heat resistance when in the
stationary phase.*

Exponentially-growing and stationary phase E. coli were
incubated with CDs for 30 minutes at 37 °C and photothermal
treatment was then performed by irradiating the sample for 8
minutes with a laser (680 nm or 808 nm). The temperature
increment induced by irradiation of the CDs was then deter-
mined in each case and related to the survival rate (log N) of the
bacteria (Fig. SIt). A bactericidal effect was defined as a 3-log
reduction in bacterial counts compared to the control (without
CDs). Fig. 9a shows that the exponential phase is sensitive to the
temperature increment (Fig. SI-3,f 12 < AT < 45 °C) resulting
from the irradiation with a 680 nm laser: while the effect was
bactericidal at 0.3 or 1 W ecm™ %, complete eradication was only
found at 1.9 W em 2. Irradiation at 808 nm was ineffective at
lower powers but led to a complete eradication at 1.9 W cm ™2,
Against stationary phase cells, irradiation at 680 nm was inef-
fective at 0.3 W cm™> and bactericidal at 1 W cm™ 2. Complete
eradication was achieved with both wavelengths at 1.9 W cm 2.
Consistently with previous literature data,** bacteria are more
resistant to local heat increase in the stationary phase than in
the exponential phase. The temperature increment induced by
the CDs strongly correlates with bacterial killing. When the
laser was applied to E. coli in the absence of CDs, bacteria
continued to grow without any toxicity or alteration of log N in
both growth phases (Fig. 9b). This shows that laser irradiation
alone has no impact on bacterial development even at high
power densities.

E. coli vs. CDs/Laser

a
9
—~ 8
E7
é i - - = Control (No CDs/ No Laser)
% s -1RET_. NN m CDs alone
23
) L | [ | 680 nm - 0,3W
Exponential phase Stationary phase 680 nm - 1W
b E. coli vs. Laser = 680 nm - 1.9W
z — = 808 nm - 0,3W
E7 808 nm - 1W
2 6
N = 808 nm - 1.9W
% 4
3
2

Exponential phase Stationary phase

Fig. 9 CFUs/mL of E. coli either in the stationary or the exponential
growth phase, after laser irradiation (a) with or (b) without CDs, at two
laser wavelengths (680 or 808 nm) and different powers (0.3, 1 or
1.9 Wcm™).
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Using 3D nanoscopy before photothermal treatment, we
show that the CDs are mainly internalized inside bacteria
without any toxicity or damage (Fig. 10a, before photothermia).
When E. coli were incubated with CDs, there are two possible
situations after photothermal treatment: (i) complete eradica-
tion, and (ii) bactericidal effect with a subpopulation of
surviving bacteria. In the case of complete eradication (log N <
3), no bacteria were visible under the microscope (figure not
shown). In the intermediate case (Fig. 10a, after photothermia),
CDs are preferentially localized at the bacterial poles and at the
septum. The number of CD localizations per bacterium,
assessed by the DBSCAN algorithm, is about 9000 at the poles
and about 700 at the septum. This change in CD localization
within bacteria could be explained by the fact that the poles of
rod-shaped bacterial cells play an important role in various
molecular processes, including DNA segregation, metabolic
regulation and aggregate clearance.*

3. Experimental section
3.1 Synthetic procedures

CDs were synthesized directly from p-(B)-glucose by a one-step
alkali-assisted ultrasonic treatment adapted from a reported
method.* Briefly, a 1 M solution of p-(B)-glucose was prepared in
a 0.5 M aqueous solution of NaOH. The mixture was then ultra-
sonicated for 4 hours (frequency 35 kHz, power 100% (750 W))
using an Elma TI-H-15 sonicator. The resulting CDs were ob-
tained as a very stable and highly dispersed colloidal suspension,

a

After photothermia

Before photothermia

\’
I~ | 1um

Fig. 10 (a) 2D nanoscopy images of bacteria before and after pho-
tothermia in the presence of CDs; (b) 3D visualization of carbon dots in
bacteria (same as shown in (a)).

This journal is © The Royal Society of Chemistry 2019
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dark brown in our case and yellow according to the previous
report (Fig. SIT). Excess glucose was removed in 24 h by means of
a Float-A-Lyzer G2 dialysis device (MWCO 0.5-1 kDa). Finally the
dark brown suspension of CDs was stored in the dark at 4 °C.

3.2 Materials and methods

3.2.1 Spectrophotometric = measurements. Absorption
measurements were performed at 37 £+ 0.5 °C on a Cary 4000
spectrophotometer equipped with Pelletier-thermostated cell-
carriers. Fluorimetric measurements were performed at 37 +
0.5 °C on a Fluorolog 3, Horiba Jobin Yvon spectrophotometer
equipped with a thermostated cell-carrier. Emission spectra
were measured in the 300-700 nm range for different excitation
wavelengths () from 270 to 620 nm with an increment of
10 nm.

3.2.2 X-ray photoelectron spectroscopy (XPS). The
elemental composition and the bonding of the CDs were
determined on a Thermo VG Scientific ESCALAB 250 equipped
with a monochromatic Al Ka X-ray source at 1486.6 €V; spot size:
650 pm.

3.2.3 Fourier-transform infrared spectroscopy (FTIR). FTIR
transmission spectra were acquired on a Nicolet Magna-IR 860
spectrophotometer in the range 400-4000 cm ™.

3.2.4 '3C MAS NMR. The NMR spectrum was recorded on
a 700 Avance Bruker spectrometer operating at 16.4 Tesla. The
corresponding Larmor frequency was 175 MHz. A 4 mm-
diameter zirconia rotor was filled with lyophilized CD powder
and then spun at the magic angle at 14 kHz. A 30° flip-angle
pulse was used at a radio-frequency of 65 kHz. The recycle
delay was 10 s. The **C chemical shifts were referenced to TMS
(0 ppm).

3.2.5 Dynamic light scattering (DLS) and zeta potential.
The hydrodynamic diameter and the charge on the CDs were
measured on Malvern Nano Zetasizer equipment at different pH
values, using 10> M KNO; as the background electrolyte.

3.2.6 Transmission electron microscopy (TEM). Trans-
mission electron microscopy (TEM) was carried out to charac-
terize sample morphology and size using a JEOL-100 CX
microscope operating at 100 kV.

3.2.7 Cell toxicity. Human prostate cancer (PC-3) cell line
(ATCC® CRL-1435™) and Madin Darby Canine Kidney
(MDCK.2) cell line (ATCC® CRL-2936™) were cultured in Dul-
becco’s modified Eagle's medium (DMEM) containing 10% fetal
bovine serum, 1% penicillin, in a 5% CO, atmosphere at 37 °C.
The cells (10° cells) were seeded into 24-well plates and allowed
to adhere for 24 h. Then, a series of diluted CDs at different
concentrations from (0 to 500 pg mL ") were added into the
wells. After incubation for 24 h, the medium with the residual
CDs was discarded and the cells were washed by PBS 3 times
and fixed by methanol for 20 min at room temperature, washed
three times in PBS and stained by 5% methylene blue for
30 min. After three subsequent gentle washes in PBS, methylene
blue was eluted in 1% HCI for 4 h at ambient temperature.
Optical density (OD) was then measured at 630 nm.

3.2.8 Bacterial strains and growth conditions. The E. coli
strain used in this study was “Escherichia coli MG1655”.
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Previously stored at —80 °C in Luria Broth Miller (LB Miller,
DIFCO, France) containing 20% (vol/vol) glycerol, the frozen
cells were then subcultured twice in LB (one 8 h culture, fol-
lowed by an overnight culture at 37 °C, 200 rpm). Working
bacterial cultures were either in the stationary phase (harvested
from an overnight culture) or in the exponential growth phase
(obtained with a 1 : 100 subculture grown 3 h in LB).

3.2.9 Photothermal treatment. Photothermia (PT) was
induced by a continuous NIR laser at 680 nm or 808 nm (LASER
Components S.A.S., France). The CD suspension (40 pg mL;
volume = 50 pL), was used alone (as control) or incubated with
bacteria at 37 °C for 30 minutes before irradiation. The sample
was set at 37 °C by a home-made device and was illuminated for
8 minutes by a 1 cm” laser spot at different power densities: 0.3,
1 and 1.9 W em > The distance between the laser and the
sample was 4 cm. The temperature elevation was recorded in
real time with an infrared thermal-imaging camera (FLIR
SC7000).

To assess the effect of the photothermal treatment on
bacteria, each sample was centrifuged for 10 min at 5000g in
order to eliminate the excess CD. The bacterial pellet was
dispersed in 40 pL sterile NaCl (150 mM), centrifuged again and
dispersed under the same conditions. Successive 10-fold dilu-
tions were then made. For each dilution, three drops (10 pL)
were deposited on Luria Broth agar (LB agar) plates, and incu-
bated at 37 °C for 24 h. Colony Forming Units (CFUs) were
counted and averaged for each dilution at each time. The
detection limit of viable culturable cells was 100 CFU mL™".

3.2.10 Fluorescence nanoscopy using single-molecule
localization microscopy. The use of carbon dots for super-
resolution microscopy was tested either on CD solutions alone
or on bacteria incubated with CDs. (i) 50 uL of CD solution was
deposited on a coverslip and directly imaged to characterize
photophysical properties and blinking behaviour. (ii) Bacterial
suspensions incubated with CDs with and without irradiation
were fixed in 1% paraformaldehyde (Sigma) for 5 min at room
temperature. Bacteria were then pelleted for 10 min at 5000g
and twice washed with phosphate buffer.

3.2.11 Imaging and analysis. All 2D and 3D images were
taken using an inverted bright-field Olympus IX83 microscope
equipped with a 100x oil-immersion objective with a high
numerical aperture (1.49). To perform fluorescence nanoscopy
experiments, a SAFe360 module (Abbelight, France) was added
to the camera port of the microscope. This detection module
couples Single-Molecule Localization Microscopy (SMLM),
Supercritical Angle Fluorescence (SAF) and astigmatism® in
a dual-view setup coupled with sCMOS cameras (Orcaflash v4,
Hamamatsu). Prior to each acquisition, bright-light and
diffraction-limited images were acquired. (i) Time lapse photos
of CDs suspensions were taken at 2 Hz using continuous exci-
tation at 639 nm in the TIRF mode; the fluorescence of bright
spots was followed over a time period typical of biological
STORM experiments, 20 000 frames. To induce blinking
behaviour, irradiation at 405 nm was added at different time
intervals. (ii) Bacteria were imaged by using continuous excita-
tion at 639 nm, in the HiLo mode. Most of the fluorescent CDs
were induced into a dark state until a sufficient density was
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obtained (typically 1 molecule per bacterium per frame). Image
series were recorded with a 50 ms exposure time. Resulting
coordinate tables and images were processed and analyzed
using SAFe NEO software (Abbelight, France).

4. Conclusions

CDs prepared from glucose by ultrasonic treatment open up
many possibilities in several domains. We have established that
they can be used as a tool for calibration and bioimaging,
thanks to their remarkable photoluminescence and photo-
switching properties. Photothermia by means of a laser at
680 nm produces enough heat to completely eradicate E. coli at
relatively low power density. Further research could increase
even further the absorption of CDs in the NIR region (800-1000
nm) by doping with heteroatoms in order to tailor them for
applications in bioimaging and in the photothermal treatment
of diseases, such as cancer or bacterial infection. Furthermore,
functionalizing the surface of CDs, for instance, with proteins
could enhance their targeting ability for these applications.

The exact molecular mechanism of photoswitching is still
not fully understood. A better understanding of the structure—
property correlation and the mechanism of blinking is the key
to the development of applications of CDs in 3D fluorescence
nanoscopy.
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