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Published online: 11 May 2017 . Aphotochemical avenue to synthesize nitrogen-rich quantum dots (N-dots) using 2-azido imidazole as
. the starting material was established for the first time. A production yield of up to 92.7% was obtained.
. The N-dots were then fully characterized by elemental analysis, IR, XPS, XRD, AFM and TEM. On the
. basis of the N, production and in situ IR results, the underlying mechanism for the photochemical
. formation of N-dots was proposed. These N-dots showed promising optical properties including
. wavelength-dependent upconversion photoluminescence, and were successfully used in upconversion

cellimaging.

: Although semiconductive quantum dots have been widely investigated and used in photonics, electronics, and
. catalysis for many years, their potential long-term toxicity and/or environmental hazards may limit their bio-
. logical and biomedical applications'~*. Therefore, new biocompatible nanomaterials with good optical proper-
© ties need to be further developed. In 2004, Scrivens serendipitously discovered carbon dots (C-dots) during the
© preparation of graphene oxide®. Sun et al. further investigated the optical properties of C-dots with quantum
. effect’. Since then, C-dots have attracted intense attention in many applications such as bioimaging agents®'?
and sensors!'*~!® because of their fascinating photoluminescence properties with wavelength-dependent multiple
color imaging. In addition, C-dots containing a little amount of nitrogen have been reported to show excellent
optical properties'®2!.
The approaches for synthesizing these non-metal quantum dots are mainly classified into two types: top-down
and bottom-up approaches. In the top-down approach, C-dots are prepared from large graphene sheets through
chemical or laser ablation, oxygen plasma treatment, electrochemical oxidation, etc. In the bottom-up approach,
depending on the starting materials, mainly three methods are used: the acidization of certain carbon-containing
: materials, carbonization of natural bioresources, and thermal condensation and further carbonization of some
© organic molecules?>’. However, these methods require harsh conditions (large amount strong acids and high

temperature, et al.). Recently, we serendipitously discovered nitrogen-rich quantum dots (N-dots, up to 34%

nitrogen and 10% more nitrogen than carbon) by heating 2-azidoimidazole in methanol or water. These N-dots

showed excellent photoluminescence. However, large particles were formed and a yield of around 33% was
. obtained. In the present work, we demonstrated, for the first time, a photochemical avenue to synthesize N-dots
. from a small organic compound (2-azidoimidazole) with a large synthetic yield (up to 92.7%). We also proposed
. the mechanism for the photoinduced formation of N-dots. The photoluminescence properties of the N-dots were
. investigated and their applications in upconversion photoluminescence cell imaging were also studied.

The N-dots were synthesized by first irradiating a methanol solution of 2-azidoimidazole (Fig. 1). The

2-azidoimidazole solution (5 mg/mL) solution was irradiated with UV light from an LED (365 nm, 50 mW/cm?).
. Upon irradiation, the color of the solution quickly turned from canary to brown and finally to clear dark brown.
© At the same time, we also observed an intensive cyan-green photoluminescence emission. The ratio of the integral
area of photoluminescence intensity to UV absorption at 365 nm increased with the irradiation time and reached
a plateau in ~20 min, which marked the completion of the N-dot synthesis. The as-prepared N-dots (Fig. 2)
showed the same photoluminescence spectra at varying UV light-irradiation intensities (20, 30, and 50 mW/
cm?). However, the disappearance of the starting materials was highly dependent on the irradiated UV light
intensity. Once the starting materials were fully consumed (around 60, 40, and 20 min for 20, 30, and 50 mW/
. cm?, respectively), the ratios of the integrated photoluminescence intensity to UV absorbance (365 nm) reached
. the plateau, indicating that the N-dots were fully formed. Further irradiation, especially at high UV light intensity
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Figure 1. (a) Synthesis of N-dots. (b) Digital image (left) of 1.0 mg/mL N-dots in water and its photoluminescence
image (right) under hand-held UV lamp (365 nm).
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Figure 2. The photoluminescence emission spectra of N-dots produced at different UV-irradiation intensities:
(a) 20, (b) 30, and (c) 50 mW/cm?.
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Figure 3. (a) TEM image of the N-dots (inset shows the HRTEM image) and (b) size distribution histograms of
N-dots based on TEM.

(50 mW/cm?) slightly decreased the photoluminescence intensity of the N-dots. However, for longer irradiation
with 20mW/cm? UV light, no obvious decrease in the N-dots photoluminescence was observed.

In our previous work, we prepared N-dots by a thermodynamic method and obtained a muddy solution with
the presence of large particles?®. However, through this photochemical avenue, we obtained a clear brown solution
of N-dots. The N-dots could be easily collected by simple filtration and precipitation in ethyl acetate. We obtained
the N-dots (0.241 g) with production yield up to 92.7% (calculated using the amount of 2-azido imidazole used
i.e., 0.260g). This yield was much higher than that obtained in our previous study (33%) and that of C-dots pre-
pared by various methods. The elemental analysis results revealed that the percentage of nitrogen in N-dots was
up to 35.74%.

The as-synthesized N-dots were highly soluble in water. As shown in Fig. Sla, the N-dots showed a typical
UV-Vis absorption spectrum of quantum dots with a broad peak at ~480-530 nm. The photoluminescence spec-
tra shown in Fig. S1b showed that an aqueous solution of N-dots displayed an emission maximum at 480 nm
at the excitation wavelength of 360 nm. We also observed a red-shift in the photoluminescence emission peaks
(up to 525 nm) with a gradual reduction in their corresponding intensities when the excitation wavelength was
increased from 340 to 500 nm in steps of 20 nm. This wavelength-dependent photoluminescence behavior is an
indicative of the gradual evolution of confinement in quantum dots. Without any further surface passivation, the
photoluminescence quantum yield of the photochemically prepared N-dots was found to be 0.055 at the excita-
tion wavelength of 360 nm using quinine sulfate (0.10 M H,SO,) as the reference 29. Some studies have reported
that the photoluminescence quantum yield of C-dots improves when their surfaces are passivated”*°. A similar
trend was expected in the case of our N-dots.

The N-dots were characterized by transmission electronic microscopy (TEM), atomic force microscopy
(AFM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and X-ray photoelectron
spectroscopy (XPS). It can be seen clearly from Fig. 3 that the N-dots had a spherical shape and consisted of
monodispersed nanoparticles with a diameter of 2.43 £ 0.44 nm. These results agreed well with the height his-
tograms obtained from the AFM measurements (Fig. S2). Furthermore, the typical XRD patterns of the N-dots
(Fig. S3) showed that there existed a broad peak centered at 23 °C. The lattice spacing of the core of the N-dots was
0.383 A, as calculated from Bragg’s equation (2d sin §=n)\). The XRD broad peak of the N-dots indicated that
their surface had an amorphous structure. On the basis of the XRD and high resolution transmission electronic
microscopy (HRTEM) results (inset in Fig. 3a), it can be stated that the N-dots had a crystalline internal core with
an amorphous surface.

FTIR spectroscopy was used to analyze the fundamental vibrations and properties of the chemical bonds and
functional groups of the N-dots. The FTIR spectra of the N-dots (Fig. 4a) revealed that the functional groups such
as N-H (3385 and 1544cm ™), C-H (2938 and 2833 cm '), C-O-C (1088 cm ™), and aziridine ring (1660 cm )
were present in the N-dots?**1-%%, XPS is a surface-sensitive quantitative spectroscopic technique. In this study, it
was used to determine the elemental composition, empirical formula, chemical state, and electronic state of the
elements on the surface of the N-dots. Fig. 4b shows the typical XPS survey of the N-dots. It can be observed that
a high nitrogen content (around 32%) was present on the surface of the N-dots. The XPS results in combination
with the elemental analysis results (Table S1) revealed that both the core and surface of the N-dots contained a
high percentage of nitrogen and the core contained more nitrogen than the surface did. This can be attributed to
the amorphous nature of the surface along with the presence of methoxyl moiety on it. The C1s XPS spectrum
of the N-dots (Figs S4-S6 and Table S2) could be deconvoluted into four main components assigned as C-C at
~284.80eV, C=N at ~286.31 eV, N-C-O at ~287.44 ¢V, and C-N or C-O at ~288.83 eV>*. The N1s XPS spectrum
of the N-dots also showed three main deconvoluted peaks at around 398.10, 399.85, and 406.42 eV correspond-
ing to the nitrogen atoms of graphitic structure, pyrrolic N, and small amount of NO, groups, respectively*" .
The pyrrolic N was the most abundant (Table S2). This indicates that the N-dots contained a large number of
C=N groups. The O1s XPS spectrum of the N-dots could be deconvoluted into peaks at ~531.27 eV, ~532.49 eV
and ~534.50 eV, which indicated the presence of oxygen as the form of ~-OH, C-O and small amount of NO,
groups, respectively’"*. Both the FTIR and XPS results showed that the N-dots consisted of a large amount of
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Figure 4. (a) FTIR spectrum (at 50 mW/cm?) and (b) XPS survey spectrum of the photogenerated solid
N-dots.
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Figure 5. (a) Proposed mechanism for the formation of N-dots and In situ IR spectra of a 10 mg/mL solution
of 2-azido imidazole in methanol in the (b) photochemical and (c) thermal N-dot formation methods; (d,e) the
typical IR spectra for (b) and (c), respectively, at different times.
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Figure 6. (a) Upconversion photoluminescence spectra of an aqueous solution of N-dots at various excitation
wavelengths and (b) Integration of the area under the photoluminescence peaks at the excitation wavelengths of
730-950nm in (a).

hydrophilic moieties (such as NH, OH, and C-O). This indicates that the N-dots were highly soluble in water and
there was no need for further surface modification and passivation of the quantum dots.

In our previous study, we proposed a mechanism for the thermal preparation of N-dots by trapping a nitrene
intermediate with methyl acrylate®. In this study also, we tried to use methyl acrylate to trap the photochemically
generated active nitrene intermediate. However, a complicated mixture was formed and no trapped product of
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Figure 7. Representative upconversion photoluminescence images of RAW 264.7 cells incubated with N-dots
(0.5mg/mL) for 6h at 37°C. (a) Bright field image, (b,c) photoluminescence images obtained at (b) 425-475nm
and (¢) 500-550 nm under 770 nm excitation, (d) superimposed image of (b) and (c). Scale bar: 20 um.

the active intermediate could be isolated despite the consumption of the starting material. This is possibly because
of the occurrence of complicated photochemical reactions (for example, 2 + 2 cycloaddition and photooxida-
tion). To confirm that the active intermediate was generated by the photoinduced decomposition of the azido
moiety, the photoinduced nitrogen gas generation from 2-azidoimidazole was monitored (Fig. S7). Once the
starting material (2-azidoimidazole) was completely consumed, the total volume of the generated nitrogen gas
became equal to the theoretically calculated value (Fig. S7). This confirmed that the active nitrene intermediate
was formed by the photoinduced decomposition of the azido moiety. We further investigated the N-dot forma-
tion mechanism by comparing the photochemical and thermodynamic methods using in situ IR spectroscopy
(Fig. 5). As shown in Fig. 5b, a solution of 2-azidoimidazole in methanol showed similar in situ IR spectra in
both the photochemical and thermodynamic processes. Both spectra showed an increase in the intensity of the
peak at 1660 cm ! with time. This peak corresponded to the aziridine ring stretching vibration similar to the
trapped product with methyl acrylate (2-aziridinecarboxylic acid-1-(1H-imidazol-2-yl) methyl ester, see sup-
porting Fig. $8). The only difference was that the intensity of the peak at 1544 cm™" (N-H bending vibration) was
higher in the thermodynamic method than that in the photochemical method. This is because in the thermody-
namic method, the aziridine moieties were attacked by methanol, resulting in the opening of the aziridine rings
to form more -NH bonds®. In the photochemical method, the N-dots were quickly formed with the dominant
unattacked aziridine moieties. On the other hand, the thermal method needed a very long heating time, which
resulted in the opening of a large number of aziridine rings. We believe that the photochemical formation of the
N-dots started with the photoinduced formation of the active intermediate, followed by the self-polymerization
of nitrene and C=C bonds of imidazole with formation of aziridine. Methanol was also involved in N-dots forma-
tion by partially opening the ring of aziridine, which was confirmed by HNMR and CNMR (Fig. S9). The N-dots
were finally formed after the subsequent nuclear burst of polymers.

In addition, these N-dots showed strong photoluminescence emissions when excited by a near-IR
femtosecond-pulsed laser. The upconversion photoluminescence spectra of the N-dots were obtained at excita-
tion wavelengths in the range of 730-950 nm. The wavelength-dependent upconversion photoluminescence
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behavior of these N-dots was also clearly observed. Their emission wavelength red-shifted with an increase in the
excitation wavelength of the IR laser (Fig. 6). When the N-dots were excited by a laser wavelength from 770 to
900 nm, a very broad upconversion luminescence was observed in the range of 400-580 nm, as shown in Fig. 6a.
Interestingly, the N-dots showed a red-shift in the photoluminescence emission (up to 620 nm) with a little bit
sharper peaks upon excitation with pulsed laser wavelengths greater than 900 nm. This phenomenon is similar
to the observation of single photon excitations due to the gradual evolution of the confinement in quantum dots.
The areas under the upconversion photoluminescence peaks at different excitation wavelengths were integrated.
The integral intensity was then plotted as a function of the excitation wavelength. The resulting graph (Fig. 6b)
showed two broad peaks at around 770 and 920 nm. However, the laser power-dependence of the luminescence
intensity did not fit the proposed quadratic relationship of two-photon luminescence (Fig. S11), which is incon-
sistent with the results obtained for C-dots®. Instead, these N-dots exhibited an upconversion luminescence sim-
ilar to that shown by upconversion nanomaterials®” 5.

The upconversion photoluminescence properties of these N-dots were then used for upconversion cell imag-
ing by IR laser excitation with a multiphoton confocal microscope (Fig. 7). The cell viability was first evaluated. As
shown in Fig. S12, the N-dots showed low toxicity at the concentration up to 1000 ug/mL. After their incubation
with RAW 264.7 cells, the N-dots showed a strong upconversion photoluminescence in blue (425-475nm) and
green (500-550 nm) channels when excited by a wavelength of 770 nm, as shown in Fig. 7b-d. The superim-
posed image indicates that the photoluminescence in both the channels came from the same N-dot nanoparticles
(Fig. 7d). In addition, the upconversion photoluminescence images also suggested that the N-dots were mostly
located in the cell cytoplasm instead of the nucleus. This is similar to the cellular distribution of C-dots.

In conclusion, we developed a novel photochemical avenue for the synthesis of a new class of N-dots using
2-azidoimidazole as the starting material. The N-dots could be easily collected and a yield of about 92.7% was
obtained. This yield is much higher than those reported for C-dots and for the N-dots prepared by thermal
method. The resulting N-dots were fully characterized by elemental analysis, XPS, XRD, FTIR, TEM, and
AFM. Their optical properties were also investigated. In addition, we believe that the photoinduced N-dot for-
mation started with the photogeneration of the active nitrene intermediate followed by the nitrene-mediated
self-polymerization and condensation. Moreover, the N-dots exhibited a strong photoluminescence emission
upon IR laser excitation and showed similar wavelength-dependent photoluminescence properties. However, the
IR laser-induced photoluminescence emission of the N-dots was not due to two-photon absorption. Instead, they
exhibited an upconversion photoluminescence. The upconversion photoluminescence of the N-dots was suc-
cessfully used for upconversion photoluminescence cell imaging. The results showed that N-dots are promising
nanoprobes for cell imaging and targeting after further surface modification.

References

1. Michalet, X. et al. Quantum dots for live cells, in vivo imaging, and diagnostics. Science 307, 538-544, doi:10.1126/science.1104274
(2005).

2. Wu, C. E. & Chiu, D. T. Highly fluorescent semiconducting polymer Dots for biology and medicine. Angew. Chem. Int. Ed. 52,
3086-3109, doi:10.1002/anie.201205133 (2013).

3. Jamieson, T. et al. Biological applications of quantum dots. Biomaterials 28, 4717-4732, doi:10.1016/j.biomaterials.2007.07.014
(2007).

4. He, X. W. & Ma, N. An overview of recent advances in quantum dots for biomedical applications. Colloids Surf., B 124, 118-131,
doi:10.1016/j.colsurfb.2014.06.002 (2014).

5. Shen, J. H,, Zhu, Y. H,, Yang, X. L. & Li, C. Z. Graphene quantum dots: emergent nanolights for bioimaging, sensors, catalysis and
photovoltaic devices. Chem. Commun. 48, 3686-3699, doi:10.1039/c2cc00110a (2012).

6. Xu, X. Y. et al. Electrophoretic analysis and purification of fluorescent single-walled carbon nanotube fragments. J. Am. Chem. Soc.
126, 12736-12737, doi:10.1021/ja040082h (2004).

7. Sun, Y. P. et al. Quantum-sized carbon dots for bright and colorful photoluminescence. J. Am. Chem. Soc. 128, 7756-7757,
doi:10.1021/ja062677d (2006).

8. Cao, L. et al. Carbon Dots for multiphoton bioimaging. J. Am. Chem. Soc. 129, 11318-11319, doi:10.1021/ja0735271 (2007).

9. Tao, H. et al. In vivo NIR fluorescence imaging, biodistribution, and toxicology of photoluminescent carbon dots produced from
carbon nanotubes and graphite. Small 8, 281-290, d0i:10.1002/smll.201101706 (2012).

10. Li, H. et al. Water-soluble fluorescent carbon quantum dots and photocatalyst design. Angew. Chem. Int. Ed. 49, 4430-4434,
doi:10.1002/anie.200906154 (2010).

11. Wang, J. et al. High performance photoluminescent carbon dots for in vitro and in vivo bioimaging: effect of nitrogen doping ratios.
Langmuir 31, 8063-8073, doi:10.1021/acs.langmuir.5b01875 (2015).

12. Luo, P.J. G. et al. Carbon “quantum” dots for optical bioimaging. J. Mater. Chem., B 1, 2116-2127, d0i:10.1039/c3tb00018d (2013).

13. Zhu, S. et al. Highly photoluminescent carbon dots for multicolor patterning, sensors, and bioimaging. Angew. Chem. Int. Ed. 52,
3953-3957, doi:10.1002/anie.201300519 (2013).

14. Lu, W. et al. Economical, green synthesis of fluorescent carbon nanoparticles and their use as probes for sensitive and selective
detection of mercury(II) ions. Anal. Chem. 84, 5351-5357, d0i:10.1021/ac3007939 (2012).

15. Cui, X. et al. A fluorescent biosensor based on carbon dots-labeled oligodeoxyribonucleotide and graphene oxide for mercury (II)
detection. Biosens. Bioelectron 63, 506-512, doi:10.1016/j.bios.2014.07.085 (2015).

16. Singh, S. et al. A quantum dot-MUCI aptamer conjugate for targeted delivery of protoporphyrin IX and specific photokilling of
cancer cells through ROS generation. Integr. Biol 8, 1040-1048, doi:10.1039/c61b00092d (2016).

17. Wang, C. et al. Synthesis of cellulose-derived carbon dots using acidic ionic liquid as a catalyst and its application for detection of
Hg2+. J. Mater. Sci. 51, 861-867, doi:10.1007/s10853-015-9410-5 (2015).

18. Xu, J. et al. Carbon dots as a luminescence sensor for ultrasensitive detection of phosphate and their bioimaging properties.
Luminescence 30, 411-415, doi:10.1002/bio.2752 (2015).

19. Tan, M. Q,, Li, X. T., Wu, H., Wang, B. B. & Wu, J. N-doped carbon dots derived from bovine serum albumin and formic acid with
one- and two-photon fluorescence for live cell nuclear imaging. Colloids Surf., B 136, 141-149, doi:10.1016/j.colsurfb.2015.09.008
(2015).

20. Li, W. et al. Simple and green synthesis of nitrogen-doped photoluminescent carbonaceous nanospheres for bioimaging. Angew.
Chem. Int. Ed. 52, 8151-8155, doi:10.1002/anie.201303927 (2013).

SCIENTIFICREPORTS |7: 1793 | DOI:10.1038/s41598-017-01663-x 6


http://S11
http://S12
http://dx.doi.org/10.1126/science.1104274
http://dx.doi.org/10.1002/anie.201205133
http://dx.doi.org/10.1016/j.biomaterials.2007.07.014
http://dx.doi.org/10.1016/j.colsurfb.2014.06.002
http://dx.doi.org/10.1039/c2cc00110a
http://dx.doi.org/10.1021/ja040082h
http://dx.doi.org/10.1021/ja062677d
http://dx.doi.org/10.1021/ja073527l
http://dx.doi.org/10.1002/smll.201101706
http://dx.doi.org/10.1002/anie.200906154
http://dx.doi.org/10.1021/acs.langmuir.5b01875
http://dx.doi.org/10.1039/c3tb00018d
http://dx.doi.org/10.1002/anie.201300519
http://dx.doi.org/10.1021/ac3007939
http://dx.doi.org/10.1016/j.bios.2014.07.085
http://dx.doi.org/10.1039/c6ib00092d
http://dx.doi.org/10.1007/s10853-015-9410-5
http://dx.doi.org/10.1002/bio.2752
http://dx.doi.org/10.1016/j.colsurfb.2015.09.008
http://dx.doi.org/10.1002/anie.201303927

www.nature.com/scientificreports/

21. Gao, Z. H,, Lin, Z. Z., Chen, X. M., Zhong, H. P. & Huang, Z. Y. A fluorescent probe based on N-doped carbon dots for highly
sensitive detection of Hg2+ in aqueous solutions. Anal. Methods 8, 2297-2304, doi:10.1039/c5ay03088a (2016).

22. Roy, P, Chen, P. C,, Periasamy, A. P,, Chen, Y. N. & Chang, H. T. Photoluminescent carbon nanodots: synthesis, physicochemical
properties and analytical applications. Mater. Today 18, 447-458, d0i:10.1016/j.mattod.2015.04.005 (2015).

23. Liu, H,, Ye, T. & Mao, C. Fluorescent carbon nanoparticles derived from candle soot. Angew. Chem. Int. Ed. 46, 6473-6475,
doi:10.1002/anie.200701271 (2007).

24. Zhu, H. et al. Microwave synthesis of fluorescent carbon nanoparticles with electrochemiluminescence properties. Chem. Commun.,
5118-5120, doi:10.1039/b907612¢ (2009).

25. Hsu, P-C,, Shih, Z.-Y,, Lee, C.-H. & Chang, H.-T. Synthesis and analytical applications of photoluminescent carbon nanodots. Green
Chem. 14, 917, doi:10.1039/c2gc16451e (2012).

26. Lu, J. et al. One-pot synthesis of fluorescent carbon nanoribbons, nanoparticles, and graphene by the exfoliation of graphite in ionic
liquids. ACS Nano 3, 2367-2375, doi:10.1021/nn900546b (2009).

27. Hsu, P.-C,, Chen, P.-C,, Ou, C.-M., Chang, H.-Y. & Chang, H.-T. Extremely high inhibition activity of photoluminescent carbon
nanodots toward cancer cells. . Mater. Chem., B 1, 1774, d0i:10.1039/c3tb00545¢ (2013).

28. Chen, X. X,, Jin, Q. Q., Wu, L. Z,, Tung, C. H. & Tang, X. J. Synthesis and unique photoluminescence properties of nitrogen-rich
quantum dots and their applications. Angew. Chem. Int. Ed. 53, 12542-12547, doi:10.1002/anie.201408422 (2014).

29. De, B. & Karak, N. A green and facile approach for the synthesis of water soluble fluorescent carbon dots from banana juice. RSC Adv
3, 8286-8290, d0i:10.1039/c3ra00088e (2013).

30. Luo, P.J. G. et al. Carbon-based quantum dots for fluorescence imaging of cells and tissues. RSC Adv 4, 10791-10807, doi:10.1039/
c3ra47683a (2014).

31. Zhang, Y. Q. et al. One-pot synthesis of N-doped carbon dots with tunable luminescence properties. J. Mater. Chem. 22,
16714-16718, doi:10.1039/c2jm32973e (2012).

32. Li, H. T. et al. One-step ultrasonic synthesis of water-soluble carbon nanoparticles with excellent photoluminescent properties.
Carbon 49, 605-609, doi:10.1016/j.carbon.2010.10.004 (2011).

33. Barman, S. & Sadhukhan, M. Facile bulk production of highly blue fluorescent graphitic carbon nitride quantum dots and their
application as highly selective and sensitive sensors for the detection of mercuric and iodide ions in aqueous media. J. Mater. Chem.
22,21832-21837, doi:10.1039/c2jm35501a (2012).

34. Jia, X. E, Li, ]. & Wang, E. K. One-pot green synthesis of optically pH-sensitive carbon dots with upconversion luminescence.
Nanoscale 4, 5572-5575, doi:10.1039/c2nr31319g (2012).

35. Xu, Y. et al. Nitrogen-doped carbon dots: A facile and general preparation method, photoluminescence investigation, and imaging
applications. Chem. Eur. ] 19, 2276-2283, doi:10.1002/chem.201203641 (2013).

36. Sahu, S., Behera, B., Maiti, T. K. & Mohapatra, S. Simple one-step synthesis of highly luminescent carbon dots from orange juice:
application as excellent bio-imaging agents. Chem. Commun. 48, 8835-8837, d0i:10.1039/c2cc33796g (2012).

37. Chan, C.-F et al. Bifunctional up-converting lanthanide nanoparticles for selective in vitro imaging and inhibition of cyclin D as
anti-cancer agents. . Mater. Chem., B 2, 84-91, doi:10.1039/c3tb21034k (2014).

38. Hemmer, E. et al. Cytotoxic aspects of gadolinium oxide nanostructures for up-conversion and NIR bioimaging. Acta Biomater. 9,
4734-4743, doi:10.1016/j.actbio.2012.08.045 (2013).

Acknowledgements

We thank Prof. Sanzhong Luo for the help of in situ IR experiment. This work was supported by the National
Natural Science Foundation of China (Grant No. 21672015, 21372018 and 21422201), and the National Basic
Research Program of China (973 Program; Grant No. 2013CB933800 and 2012CB720600).

Author Contributions

X. Tang conceived the idea and directed the work. Q. Jin, A. Gubu and X. Chen performed the experiments.
X. Tang and Q. Jin analyzed the experiments and wrote the main manuscript text. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01663-x

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 1793 | DOI:10.1038/s41598-017-01663-x 7


http://dx.doi.org/10.1039/c5ay03088a
http://dx.doi.org/10.1016/j.mattod.2015.04.005
http://dx.doi.org/10.1002/anie.200701271
http://dx.doi.org/10.1039/b907612c
http://dx.doi.org/10.1039/c2gc16451e
http://dx.doi.org/10.1021/nn900546b
http://dx.doi.org/10.1039/c3tb00545c
http://dx.doi.org/10.1002/anie.201408422
http://dx.doi.org/10.1039/c3ra00088e
http://dx.doi.org/10.1039/c3ra47683a
http://dx.doi.org/10.1039/c3ra47683a
http://dx.doi.org/10.1039/c2jm32973e
http://dx.doi.org/10.1016/j.carbon.2010.10.004
http://dx.doi.org/10.1039/c2jm35501a
http://dx.doi.org/10.1039/c2nr31319g
http://dx.doi.org/10.1002/chem.201203641
http://dx.doi.org/10.1039/c2cc33796g
http://dx.doi.org/10.1039/c3tb21034k
http://dx.doi.org/10.1016/j.actbio.2012.08.045
http://dx.doi.org/10.1038/s41598-017-01663-x
http://creativecommons.org/licenses/by/4.0/

	A Photochemical Avenue to Photoluminescent N-Dots and their Upconversion Cell Imaging

	Acknowledgements

	Figure 1 (a) Synthesis of N-dots.
	Figure 2 The photoluminescence emission spectra of N-dots produced at different UV-irradiation intensities: (a) 20, (b) 30, and (c) 50 mW/cm2.
	Figure 3 (a) TEM image of the N-dots (inset shows the HRTEM image) and (b) size distribution histograms of N-dots based on TEM.
	Figure 4 (a) FTIR spectrum (at 50 mW/cm2) and (b) XPS survey spectrum of the photogenerated solid N-dots.
	Figure 5 (a) Proposed mechanism for the formation of N-dots and In situ IR spectra of a 10 mg/mL solution of 2-azido imidazole in methanol in the (b) photochemical and (c) thermal N-dot formation methods (d,e) the typical IR spectra for (b) and (c), respe
	Figure 6 (a) Upconversion photoluminescence spectra of an aqueous solution of N-dots at various excitation wavelengths and (b) Integration of the area under the photoluminescence peaks at the excitation wavelengths of 730–950 nm in (a).
	Figure 7 Representative upconversion photoluminescence images of RAW 264.




