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Abstract: Carbon nanodots( carbon dots) are a new type of nanoJduminescent materials which have
such characteristics as excellent luminescence performance good biocompatibility low toxicity

good water solubility and easy surface functionalization and have shown potential application value
in the fields of optoelectronic devices biological imaging and photothermal therapy. However there
are a variety of precursor materials for the synthesis of carbon nanodots and the synthesis methods
are different leading to the complex and diverse luminescence mechanisms. This article mainly aims
at preparing of nitrogen doped carbon nanodots by using citric acid as a carbon source or ammonia
and urea as nitrogen source and solvent and microwave thermal methods exploring the luminous
mechanism of the carbon and inhibition of carbon accumulation induced fluorescence quenching
method and further research points of carbon in solid state lighting visible in the field of optical

communication biological imaging and treatment of field application prospect.
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Fig. 1 (a) Fluorescence spectra excited by various wave—
lengths of the rat urine after drinking the carbon nan—
odots water solution for five weeks. (b) Fluores—
cence spectra excited by various wavelengths of the
rat urine after stopping drink the carbon nanodots

water solution for five weeks.
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Fig.2 PL spectra of CNDI( a) and CND2( b) at different excitation wavelengths. ( ¢) Time resolved luminescence decay

curves collected at 580 nm for CND1 and CND2 ( 540 nm excitation) ( IRF instrument response function) .

(d) UV-is

absorption spectra and PL spectra ( 540 nm excitation) of CNDI and CND2 dilute ethanol solution.
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light( top) and UV light( bottom) . ('b) Corresponding PL spectra at 375 nm excitation.

2.4 .
* ( 4(a))-
(60% )
(60% 7d)

(d) Supra-CND (e) — Supra-CND
—_CND 8000 | —CND

. =]

g < 6000
E ]
2 Z 4000

3 E
2 = 2000f
0
1 1 L 1 1 1 Il 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 1100 350 400 450 500 550 600 650
A/nm A/nm
4 () () (a) . (b (¢ ;
(d) 340 nm PL (e)o

Fig.4 Optical images of CNDs ( left) and supra-CNDs ( right) in the solid state( a) in solution( b) under UV irradiation
(). (d) Absorption spectra( normalized at the absorption maxima in the UV region) of CND and supra-CND. (e) Flu-

orescence spectra of CND and supra-CND (0.28 mg * mL™") excited at 340 nm.
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Fig.5 Fluorescence spectra obtained for multiphoton excitation associated with incident intensities at 1 200 nm excitation( inset:

2.5

photograph showing excitation at 1 200 nm and 22 mW) (a) and 1 400 nm excitation( inset: photograph showing excita—

tion at 1 400 nm and 46 mW) ( c) . Power dependence of emission( shown on logarithmic scales) at 1 200 nm excitation

(b) and 1 400 nm excitation( d) .
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Fig.6 (a) Top-view TA data ( magic angle) of CDots in water. The black solid line shows the shift of SE peak. (b) Static ab—
sorption ( black solid squares) PL ( black empty squares) and TA spectra delayed 1 ps after pump pulse ( black solid
line) of CDots in water. (¢) TA kinetic traces of CDots in water probed at different wavelengths ranging from 500 to 600
nm. (d) The correlation function plotted as a function of time for CDots in water. Inset: a schematic illustration of solva—
tion dynamics. Arrows represent the directions of dipoles. (e) TA kinetic traces of CDots probed at 500 and 600 nm
dispersed in water and ethanol (25% 50% and 75%) aqueous solutions. (f) Correlation functions plotted as a func—

tion of time for CDots in different solvents.
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Fig. 8 Temperature-dependent PL spectra( a) PL peak(b) and FWHM( ¢) of the starch/g-CD phosphors ( mass ratio: 70: 1)

at the temperature ranging from 90 to 370 K ( excitation at 405 nm) .

(d) Thermal stability performances of the starch/

g-CD phosphors ( mass ratio: 70: 1) during holding at the temperature of 90 and 370 K for 2 h in air.
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Fig.9 (a) PL intensity decay curves of g-CDs@ starch phosphors ( black curve) r-CDs@ PVP phosphors ( red curve) and flu—
orescent dye ( blue curve) under UV light. Tmages of luminescent bulk materials which are composed of ( b) g-CDs@
starch phosphors and epoxy-silicone resin under blue light with a 495 nm filter ( long pass) and ( ¢) r-CDs@ PVP phos-
phors and epoxy-silicone resin under green light with a 550 nm filter ( long pass) . ( For interpretation of the references to

colour in this figure legend the reader is referred to the web version of this article. )
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Fig. 10 Comparison of the thermal stability among g-CND g-CND@ BaS04 hybrid phosphors and commercial fluorescein sodium.
(a) TGA thermogram of the initial g-CND. Insets in (a) are photographs of pure g-CND powders after being heated at300 °C
for 30 min. (b) Variation of the in situ measured PL intensity of the g-CND@ BaS04 hybrid phosphors versus temperature.

The temperature is increased from 20 to 300 °C in steps of 20 °C ( red circles) ; after storing the sample at 300 °C for 30 min
it is cooled down to room temperature ( black squares) . Solid lines are solely provided as a guide to the eye. Fluorescence images

of (¢) the g-CND@ BaSO4 hybrid phosphors and (d) fluorescein sodium versus temperature. The scale bar is 100 pum.
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Fig. 12 Fluorescence image of the starch/CNDI1 phosphors under fluorescence microscope ( green light excitation) (a) and a
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ic diagram of the small-signal frequency—response and data transmission measurements. ( d) Spectrum of the white light

generated using blue laser diode ( spike at 442 nm) and ox-CDs phosphor. Inset: photograph of plate that dope ox-CDs
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and generated white light ( right) . (‘e) Frequency response of the ox-CDs ( black line) and
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Fig. 15 (a) Normalized emission spectra of CNP2 ethanol aqueous solution( 6 mg * mL™") under various optically pumped
pulse densities. ( b) Pumping density dependence of output peak intensity ( [J) and FWHM value ( *) of CNP2 etha—
nol aqueous solution (6 mg * m™') . (¢) Measured reflectance spectra of the fabricated mirrors on a cuvette. ( d)
Emission spectra of the operating CNP-based laser device at the excitation power of 274 kW * ¢cm ~*( inset shows the de—
pendence of the spectral peak intensity on the pumping density) . (e) Farfield output beam profile at the excitation
power of 274 kW « em ™. (f) Relationship between the emission intensity and the polarization angle at the excitation
power of 274 kW « ¢cm ~*( angle between collection polarizer and the pumping laser beam) . (g) High—resolution emis—
sion spectra of the operating CNP-based laser device at the excitation power of 274 kW * ¢cm ~*( inset shows a portion of
the same spectrum under higher resolution) . ('h) Plots of PL intensity of C545T ethanol solution( 0.1 mg * mL™") and
CNP2 ethanol solution( 0. 1 mg * mL™") wversus irradiation time under a laser beam irradiation( A =355 nm pulse width
1 ns 200 Hz repetition rate 75 wJ output) at room temperature.
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Fig. 16  Fluorescent images on commercially available paper of characters composed from C-dot aqueous solutions and commer—
a)
and exciter filter BP 510 =550 nm BA 590 nm exposure time 150 ms( b) . Optical image( ¢) and fluorescent images
captured in exciter filter BP 450 —480 nm BA 515 nm exposure time 50 ms( e) and exciter filter BP 510 — 550 nm

—

cially available green fluorescent ink captured in exciter filter BP 450 —480 nm BA 515 nm exposure time 50 ms

BA 590 nm exposure time 150 ms( g) of adjacent cotton threads and nylon fibers that do not have a C-dot coating. Op-
tical image( d) and fluorescent images captured with exciter filter BP 450 —480 nm BA 515 nm exposure time 50 ms
(f) and exciter filter BP 510 =550 nm BA 590 nm exposure time 150 ms( h) of adjacent cotton threads and nylon fi-

bers that have a C—dot coating.
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Fig. 17 Excitation-emission maps of the purified v-CDot ethanol solution( a) and m-CDot ethanol solution( b) . ( ¢) Time re—
solved PL decay curves of v-CDots( black) and m-CDots( red) . ( d) Fluorescence images of characters written on paper

using v-CDots m-CDots and commercially available green fluorescent organic ink( see text for details) .
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( “ots”) composite. (b) Photographs of the combined patterns realized with the mentioned three kinds of composites
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Fig. 19 (a b) Photographs of printed image of supra-CDs coated paper using purely waterilling (3 mL) and HP 46 tricolor
cartridges under daylight (a) and under UV and daylight ( b) ( scale bar is 1 em) . (¢) Photographs of printed image of
supra-CDs coated paper only using purely water-filling (3 mL) cartridges under a UV lamp ( scale bar is 1 em) . (d) A
handwritten image of “C” on commercially available filter paper with a supra-CDs toluene solution filled fountain pen
before and after water-spraying treatment under UV excitation ( scale bar is 5 mm) . (e) Photostability of water induced
luminescent image of “C” written with supra-CDs toluene solution ( left) and luminescent image of “C” written with

commercially available highlighter pen ( right) ( scale bar is 1 mm) .
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Fig.20 ( a) Photograph of a fingerprint image printed onsupra-CD-coated paper ( scale bar is 5 mm) . ( b) Fluorescence micro—
scope images of the magnified fingerprint area marked in ( a) using a Photoshop programme for a better subsequently su—
perimposed image ( scale bar is 2 mm) . (¢) Superimposed image of contrast-enhanced luminescent dots on a digital
fingertip image ( scale bar is 2 mm) . ( d) Magnified image of the marked area in ( ¢) ( scale bar is0.5 mm). (e f)
Two independently printed contrast-enhanced luminescent microscope fingerprint images deposited by same donor. The
red (e) and blue (f) coloured images are intentionally generated using a Photoshop programme for comparison purposes
( scale bar is 2 mm) . (g) Superimposed images displayed in (e) and (f) ( scale bar is2 mm) . (h) Magnified image

in the marked area in ( g) ( scale bar is 0.5 mm) .
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Fig.21 (a) Fluorescence spectra excited by various wavelengths of the rat urine after drinking the carbon nanodots water solu—
tion for five weeks. ('b) Fluorescence spectra excited by various wavelengths of the rat urine after stopping drink the
carbon nanodots water solution for five weeks. (¢) Photos of the bean sprouts growing in the carbon nanodots water so—
lution under various light irradiation ( from left to right: white UV blue green) .
High
Low
22 (a) CD/PVP PL ;(b) CD/PVP “CIOMP” () 732 nm
800 nm () ; PVP (¢) (d) o
Fig.22 (a) Absorption and PL spectra of CD/PVP film ( signal of 732 nm laser was removed and replaced with dots) .

an 800 nm long pass optical filter under excitation of a 732 nm laser ( lower) .

Photograph of characters “CIOMP” written by using CD/PVP ink in daylight ( upper) and a fluorescence image through
(¢ d) In vivo NIR fluorescence images

of a mouse before ( ¢) and after ( d) gavage injection of CDs in PVP aqueous solution. ( Ex: 671 nm Em: 750 nm

long pass optical filter/200 ms)
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Fig. 23 Cytotoxicity and biodistribution of the CDs. ('a) Relative cell viabilities of HeLa cells that were incubated with aqueous

CD solution at various concentrations (0 — 1000 pg * mL™") for 24 h. (b) Confocal fluorescence images of HeLa cells

that were incubated in PBS solution and aqueous CD solution (200 pg * mL™") after irradiation by the 655 nm laser at

1 W+ cm ™ for 10 min; scale bar: 200 wm. ( ¢) NIR fluorescence images of dissected major organs from mice without

and with intravenous injection of aqueous CD solution (0.2 mL 1000 g+ mL™") after various time points ( left) and

bright field and NIR fluorescence images of urine that was collected at the corresponding time points ( right) . The NIR

fluorescence images were acquired using a Fluor Vivo Model-300 in vivo optical imaging system with xenon lamp excita—

tion. The excitation wavelength was 639 —713 nm and the fluorescence collection channels were 714 —780 nm.
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Fig.24 Passive targeting of CDs in vivo. (a) NIR fluorescence images of mouse bodies after intravenous injection of CDs ( 0.2

ml. 1000 pg* mL™") at various time points. (b) NIR fluorescence of H22 tumors that were dissected from mice at

various postinjection time points. (¢) NIR fluorescence of major organs and H22 tumors that were dissected from mice

at 3 h postinjection. ( d) PA MAP images and B-scan PA images of 4T1 tumors in mice after intravenous injection with

CDs at various time points.
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Fig.25 Photothermal therapy via intravenous injection based on CDs. (a) IR thermal images of mice with intravenous CDs in—
jected at 10 60 120 180 240 300 s under irradiation at the tumor region by 655 nm laser at 1 W/cm®. (b) Tem—
perature at mouse tumor sites as a function of the irradiation duration. ( ¢) Photographs that document H22 tumor devel—
opment on several days in live mice under various treatment conditions. ( d) Tumor growth curves of H22 tumors in
mice and survival rates of the groups after therapy. ( e) Hematoxylin and eosin ( H&E) —stained slices of heart liver

spleen lung and kidney tissues of mice after PTT and control treatments. Scale bar: 50 pm.
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