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Abstract

Chemical heteroatom doping of carbon dots (CDs) provides effective progress of physicochemical
as well as photochemicl properties of CDs. Inspired by the diverse drug compounds with various
heteroatoms (such as N, S, P) in the drug library, facile synthesis of a new kind of bright and color
tunable N-doped carbon dots (NCDs) has been reported by using a popular antibiotic—
aminosalicylic acid as precursor. The N doping of CDs enable effective advaced progress of
photoluminescence (PL) efficiency and tunability of PL emission, but also enrichs surface
functional groups to broaden its application. The as-prepared NCDs possess tunable PL and shows
a quantum yield of 16.4%, which is the result of PL improvement effect of introduced nitrogen
atoms among CDs. The cellular toxicity on H1299 cancer cells indicates that the NCDs have
properties of negligible cytotoxicity, excellent biocompatibility, and great resistance to
photobleaching. Moreover, the drug derived NCDs showed excellent sensitivity in detection of
Fe3* in living cells, which indicates the potential application in diagnosis and related biological
study.
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INTRODUCTION

Fluorescent nanomaterials, such as fluoresence nanoclusters and graphene quantum dots
(QDs), have been research hotspots recently.!~* QDs have great promise for diverse
applications, ranging from bioimaging,> biosensing,® photocatalysis’ to optoelectronic
devices.8- 9 However, the toxicity issue of QDs is a big concern. Continuous efforts are being
made to develop better fluorescent nanomaterials. Now, carbon dots (CDs) have gained ever-
increasing attention with superior merits of high water solubility, good biocompatibility, low
cytotoxicity and unique photoluminescence (PL) properties.® 10-19 Very recently, CDs have
been used for real-time molecular tracking in live cells, which shows some advantages over
organic fluorophores and semiconductor QDs38. However, there are some bottlenecks for
preparing CDs with long-wavelength and multicolor emission properties.20 Thus, it is still
highly urgent to develop novel methods to resolve the challenges.”- 21-24 Recently,
heteroatom doping presented a promising strategy for addressing the issues3?. It is well
known that nitrogen (N) is the popular atom for synthesis of heteroatom-doped CDs due to
the similarity of atomic size of N and C and the strong bonding between them. Inspired by
the diverse drug compounds with various heteroatoms (such as N, S, P) in the drug library,
we proposed an effective method to prepare bright and color tunable N-doped CDs (NCDs)
with long wavelength emission from drugs. Herein, we report a facile hydrothermal process
to prepare multicolor NCDs (with red, yellow, and green emission) from a popular antibiotic
—aminosalicylic acid (ASA). As proof of concept demonstration, the as-prepared NCDs
have been used for cell imaging and sensitive detection of Fe3* in living cells.

EXPERIMENTAL SECTION

Chemical and materials

4-Aminosalicylic acid was purchased from Sigma-Aldrich. Hydrochloric acid (HCI, 39%)
was of analytical grade and purchased from local suppliers. Fetal bovine serum (FBS) was
purchased from ATCC. RPMI-1640 Media were supplied by Gibco Invitrogen. The H1299
and MCF-7 cell line was ordered from ATCC. For cell cultures, collagen G, Eagle’s
medium, L-glutamine, gentamycin, penicillin and streptomycin were purchased from ATCC.
Other reagents related to cell experiments were purified and sterilized. Millipore DI water
was used for whole experiments.

Measurements

Transmission electron microscopy (TEM) images were captured by Philips CM200 UT
(Field Emission Instruments, USA). UV-vis spectra were recorded by AueaMate 8000
spectrometer. The fluorescence spectra were obtained Cary Eclipse fluorimeter, respectively.
The Raman spectrum was recorded on a LABRAM HR800 excited by 532 nm laser.
Dynamic Light Scattering (DLS) measurements were measured by Nano ZS equipped with a
solid-state He-Ne laser (A=633 nm). X-ray Diffraction (XRD) characterization was achieved
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by Rigaku Miniflex 600. Leica SP8 Point Scanning Confocal laser fluorescence microscope
was used for relative cell imaging.

Synthesis of NCDs

Aminosalicylic acid (0.2 g) was first dissolved in 20 mL ethanol and transferred into PTFE
autoclaves. After heating at 200 °C for 18 h, dark brown aqueous solution was obtained. The
solution was purified with a dialysis bag (MWCO ~ 3.3 KDa) for 1 day to dialysis the non-
reactive molecules. The DI water would be replaced every 3 h, and finally NCDs were freeze
dried to form black solid. We found NCDs are soluble in aqueous solution and most organic
solvents including DMSO, ethanol and DMF.

Determination of quantum yield (QY)

Cell Imaging

Rhodamine B (ethanol; relative QY ~ 0.56) was chosen as a reference. The QY of NCDs
were calculated:

I 9

} N A T
O=@ X — X — X
' I 44 '?}..l

b

where as ¢ is QY of the NCDs, I is the integrated emission intensity of NCDs, n is the
solvent refractive index (1.36 for ethanol) and A represent the optical density, respectively.
The superscript “,” indicated the reference data. For achieving the precious results, various
concentrations of NCDs and referenced samples were adjusted the absorption below 0.10

(fluorescence cuvette). The PL spectra were recorded with the fluorimeter.

NCDs solution was freeze dried to form black solid in the vacuum freeze dryer. The
resulting NCDs powder was re-dispersed into cell culture medium as stocking medium. The
stocking medium (NCDs ~50 ug uL.~!) was pulsed to the H1299 cancer cells (total medium
~2 mL). After 4 hours incubation at 37°C and 5% of CO,, the cancer cells were washed
with PBS for three times before the cell imaging. For Fe3* detection 7n vitro, the cells were
co-cultured with 25 ug uL=! NCDs with 0.1 mM or 0.25 mM Fe3*, respectively. After
incubation for 8 h, the cells were washed with cold PBS for the cell imaging.

Cytotoxicity assay

The cytotoxicity of NCDs for H1299 cells in vitro was performed by the standard MTT
assay. H1299 cells were seeded into the 96-well plate at the density of 1.0x10° per mL for
24 hours. Then the cells were removed with DMEM medium containing the NCDs with
various concentrations for another 24 hrs. After that, the cells were pulsed with 20 pL of
MTT (5 mg mL~! in PBS) for 4 hrs. Then, 150 uL. DMSO was injected into each well.
Finally, the absorption could be recorded at the wavelength of 490 nm.
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RESULTS AND DISCUSSION

3.1. Characterization of NCDs

The preparation of NCDs can be accomplished by heating ASA in ethanol at 200°C for 18
hours and then purifying using tubular dialysis membrane (Figure 1a). The resulted NCDs
could be homogeneously dispersed into various solvents. It was shown that NCDs were
dispersed in water and phosphate buffer solution (PBS), producing a brown solution and a
dark red solution, respectively (Figure 1b). Transmission electron microscopy (TEM) was
used to investigate the morphology of asprepared NCDs. As revealed in Figure 1c, NCDs
have an average size of about 6 nm with uniform spherical structure. The high-resolution
TEM (HRTEM) of NCDs clearly indicated that the as-prepared NCDs have high crystalline
structure with well-resolved lattice fringes with the relative interplanar distance around 0.21
nm, corresponding to that of the (001) plane of graphite (Figure 1d).25 As shown in Figure
2a, the XRD pattern is evident that there is a broad diffraction peak centred at 26 = 22° with
the interlayer spacing of 0.395 nm, which is broader than that of graphite (0.34 nm). The
broader interlayer space is attributed to richen surface oxygen groups of NCDs.26: 27
Moreover, the NCDs were investigated by using 'H NMR spectroscopy. The 'H NMR
spectrum shown in Figure S1, indicating the signal regions located at 1-3 ppm (for sp> C-H
protons), 3—6 ppm (for the protons attached with hydroxyl and carbonyl groups), 6-9 ppm
(for the aromatic or sp2 protons). In addition, Fourier transform infrared (FT-IR) spectra
were used to investigate surface functional groups of NCDs. As shown in Figure 2d, the
NCDs possessed verities of absorption bands of O-H and N-H stretching vibrations of amine
groups (3425 cm™1), C-O (1225 cm™1), C-H bending (1457 cm™!), C-O-C vibrations in
esters or epoxy (1072 cm™1), C=C (1512 cm™!) and N-H bending (1627 cm™), indicating
the existence of amino bending and aromatic ring structures. Moreover, absorption bands of
carbonyl C=0 vibrations was also included in this broad band (~ 1652 cm™1).40-41 Thege
results indicate the successful doping of N atoms into NCDs. In addition, the resultant CDs
with profuse surface hydrophilic groups (hydroxyl, carbonyl, and amino) were endowed
with promising PL properties along with good polarity and aqueous dispensability. In
addition, the zeta potential of the NCDs was shifting from 8.02 mV (positive charge) to
—25.41 mV (negative charge) along with pH increasing from 2 to 11, suggesting the
protonation and deprotonation of surface groups (Table S1).

The as-prepared NCDs were also characterized using X-ray photoelectron spectroscopy
(XPS). As shown in Figure 2b, full-scan XPS spectra presented distinct peaks locating at
284.0, 398, and 530.6 eV, which are attributed to Cls, N1s, and Ols, respectively. In
addition, atomic ratio of Cls, N 1s and O 1s was 74.28%, 8.47% and 16.13%, respectively,
indicating that high fraction of N atoms was successfully doped into NCDs. The detailed
XPS spectra of C 1s (Figure S2a), N 1s (Figure S2b) and O 1s (Figure S2c¢) further
confirmed the existence of C-C/C=C, C-N, C-O-C, C-0O, and N-H bonds in NCDs. The
Raman spectrum of NCDs was featured by two obvious peaks: the D band (sp3-hybridized)
at 1350 cm™! and the G band (sp2-hybridized) at 1590 cm™! (Figure 2¢).28: 29 The intensity
ratio of the D- to G- bands (Ip/Ig) is often proportional to defect degree in graphite carbon.
The Ip/Ig was 0.83, indicating NCDs contained high degree of defects.
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Figure 3a exhibited UV-Vis absorption spectra of the NCDs and ASA. NCDs showed
relatively rare broad visible range absorption bands, indicating the existence of some
electronic absorption transitions.3? In UV-Vis absorption spectra (from 200nm to 300 nm,
Figure S3), the broad absorption band located at 292 nm corresponding to aromatic 1t
system, which is similar to that of polycyclic aromatic hydrocarbons. The expected
excitation-dependent multicolor emission feature was obviously observed in Figure 3b.
Following the increase of excitation wavelength from 360 nm to 600 nm, the emission
wavelength increases from 416 nm to 646 nm, as in case of most of carbon nanodots. The
excitation-dependent multicolor emission property may be corresponding to to surface
chemical functional groups!?-31-32 and surface state.28: 2% 33 As shown in XPS and FTIR,
the synthesized NCDs exhibited abundant functional groups, including C-O, C-O-C, C=0 on
the surface which resulted in emissive traps between 1t and n* state of C=C. These emission
traps could dominate the emission of NCDs. In particular, it has been demonstrated that the
PL origin of CDs may be from the molecule-like state that contain carboxyl, carbonly and
amide-based hybrid surface structures. Both the surface state and functional groups are
attributed to the complexity of excited states of NCDs!%- 31, The quantum yields (QYs) of
as-prepared NCDs were measured to be 16.4% and 5.8% with excitation at 365 nm and 510
nm using Rhodamine B as reference, respectively (Figure S4).

3.2. Photostability and Cytotoxicity Study of NCDs

For biomedical applications, the drug derived NCDs should have superior biocompatibility,
satisfactory photostability and low cytotoxicity. As shown in Figure S5, NCDs were
homogeneously dispersed in water, PBS and cell culture medium without any aggregation.
Further dynamic light scatting (DLS) testing indicated that the size distribution of NCDs
was almost unchanged even after one week (Figure S6), showing the excellent stability of
NCDs. Moreover, PL intensity of NCDs could remain stable at relative high ionic strengths
(up to 20 mM PBS) or under broad pH ranges (pH 4-11) (Figure S7a and S7b). Besides, the
NCDs exhibit better photostability compared to CdSe/ZnS QDs. As shown in Figure 3d, the
PL of CdSe/ZnS QDs is quickly quenched in one hour UV irradiation due to
photobleaching, while the fluorescence of NCDs is extremely stable, preserving ~ 86% of
the initial intensity after one hour of UV irradiation (Figure 3c). Such remarkable
photostability is attributed to the surface structure and composition of NCDs. The
cytotoxicity of the NCDs was further investigated by the standard MTT assay. More than
92.8 % cells could survive after incubation with NCDs even at concentrations rising from
1.0 to 75 ug mL~! for 24 h, indicating the negligible cytotoxicity of the NCDs (Figure 4).
Since the NCDs have demonstrated good biocompatibility, excellent antiphotobleaching
ability as well as low cytotoxicity, NCDs were expected to have great potential for
biomedical applications including bioimaging and biosensing.

3.3. Cellular Uptake Measured by Confocal Laser Scanning Microscopy

The high PL stability and low cytotoxicity confirm the suitability of these NCDs for
bioimaging applications. Figure 5 shows that after pulsing with 50 ug mL~! of NCDs for 4
h, the confocal laser fluorescence microscope (CLSM) images were achieved with distinct
lasers excitation. The CLSM displayed intense green, yellow, and red emissions in H1299
cells (Figure 5) under 405, 488, and 542 nm laser excitation, respectively. Here, the cell
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nuclei were stained by DAPI as reference. The merged images revealed that the emission
was mainly from the cytoplasmic area, demonstrating that the NCDs exhibit efficient
endocytic uptake of cultured H1299 cells and successfully localization into cytoplasm. The
NCDs are negatively charged particles when pH around 7, so it is highly unlike that they
enter cells by passive processes because of the electrostatic repulsion. It is due to the
endocytotic process of NCDs and subsequently trafficked along the endosomal network. The
as-prepared NCDs were excluded from the nucleus and concentrated at cytoplasm. For
further investigation of endocytotic process of NCDs, the intracellular trafficking images
were further evaluated. It was known that some NPs could escape from the endosomes into
the cytoplasm by vesicle breakdown after endocytosis. In order to track the NCDs
internalized pathway, we labeled H1299 cancer cells with Lyso-Tracker (lysosome stain) and
Cytoskeleton-Actin (Actin stain). The cells labeled with NCDs and Lyso-Tracker need to be
separately incubated to avoid Forster resonance energy transfer (FRET). The quantitative co-
localization analysis of NCDs-labeled structure generally showed a less colocalization with
Lyso-Tacker (Pearson’s correlation coefficient, p=0.227) but higher colocalization with
Cytoskeleton-Actin (Pearson’s correlation coefficient, p=0.54), suggesting that the particles
exhibit minimal endolysosomal trapping3# 33 (Figure 6a). Moreover, the fluorescence
microscopy of H1299 cells showed that most of NCDs remained at the cell cytoplasm
(Figure 6b), which was evidenced by rare overlap fluoresence signals. The above
observation was verified by quantifying fluorescence intensity of the line scanning profiles
(Figure 6b). In Figure 6c, the cross-sectional CLSM images for the H1299 cells incubated
with the NCDs also verified that particles were located at the regions, a further confirmation
of their effective endosome escape. The endosome escape most probably because that the
untreated amino group of NCDs could provide high buffering capacity to trigger the osmotic
swelling and physical rupture of the lysosomes in acid vesicle (well-known as proton-
sponge).36- 37 However, compared with the negatively charged MSNGs that have a better
endosomal escape ability, NCDs may need more time to escape from endosomes and
lysosomes because of positive surface charge. In the present experiment, the positively
charged NCDs enriched around the Cytoskeleton-Actin, possibly because the membrane
potential is the major driving force which allows the entrance and accumulation of the
cationic species into cell plasma. In addition, MCF-7 cells were also incubated with NCDs
for 4 h and then imaged with CLSM (Figure S8). As expected, MCF-7 cells also showed
multicolor emissions, further evidencing the potential of NCDs to serve as a good
bioimaging agent for biolabeling.

3.4. Intracellular Imaging of Fe3*

Besides, NCDs exhibited great promising in biological analysis. As Fe3* commonly
distributes in a variety of intercellular environment and plays ability to interact in biological
reactions, it is extremely critical to establish a sensitive method for Fe3* detection. Here we
explored an effective approach to detect intracellular Fe3* using NCDs as probe. The PL of
the NCDs could be effectively quenched by Fe3*. In this work, we propose Fe3* ion could
interact with phenolic hydroxyl groups and further coordinate with amino groups. Excited
electrons could effectively transfer from the excited state to the half-filled 3D orbitals of
Fe3* ion, resulting in PL quenching. It is probably because of the nonradiative electron-hole
annihilation. To investigate the mechanism of PL quenching of NCDs in the presence of
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Fe3*, fluorescence lifetime was conducted. As shown in Figure S9, for NCDs, the average
lifetime of the fluorescence decay at 520 nm was 6.7 ns, which was longer than that of the
treated with Fe3* (2.8 ns). These results suggested that the dynamics quenching occurred
between the surface of NCDs and Fe3*. Figure 7a showed that the PL spectra of the NCDs
after adding different concentration of Fe3*. The PL intensity of NCDs at 623 nm decreased
gradually with increasing concentrations of Fe3*, indicating that the PL intensity of NCDs
was effective Fe3* concentration-dependent quenched. This quenching efficiency exhibited a
linear detection range from 1 uM — 250 uM towards Fe3*, with a low detection limit of 0.52
UM (calculated according to S/N=3) (Figure 7b).

Moreover, the complexity of intracellular environment makes great challenges for
intercellular Fe3* detection. Therefore, the relative selectivity experiments were realized. As
shown in Figure 7c, the relative selectivity experiments, including many other metal ions and
protein substrates, were realized and have shown that they had negligible influence on NCDs
quenching, including Mn?*, Co?*, Ni%*, Na*, K* and Mg2*, suggesting this approach is
feasible and reliable for Fe3* detection. However, we found that Cu2* may slightly influence
the fluorescence emission of NCDs (Figure S10). In previous studies, functional amino
groups could bind with Cu?* ions to form cupric amine, resulting in quenching of
fluorescence intensity of CDs through inner filter effect. Notably, Ag* ions cannot inhibit the
PL emission of CDs even it has similar reactivity with Cu?*. It may result from there is no
absorption in the PL emission spectra of NCDs for Ag-amine complexes, thus retain the PL
emission of NCDs. We also found that Fe3* exhibit greater binding affinity and chelating
kinetics with NCDs than Cu?*. As shown in Figure S10, with adding of Fe3* of 50 uM, the
fluorescence intensity of NCDs could be slightly quenched. With incubating of Cu?*, the
fluorescence intensity became further weaker. Here, we introduced triethanolamine (TEA)
as chelating agent to circumvent quenching effect of Cu?*. As shown in Figure S10, the
mixture of Cu?* and TEA has negligible influence on Fe3* detection. All the results
indicated that the NCDs could serve as probe to meet the selective and sensitive
requirements for biological sensing. Consequently, NCDs were further demonstrated the
availability for intracellular Fe3* detection in MCF-7 cells. MCF-7 cells were pulsed with
NCD:s for 8 h, significant PL emission for the cytoplasm region could be clearly observed
(Figure 7d and Figure S11). Pulsed a variety of concentrations of exogenous Fe3*, this
induced gradual PL intensity weaken, incorporating introducing of higher concentrations of
exogenous Fe3* into NCDs treated MCF-7 cells. The results indicated that the NCDs-based
probe could be used for semi-quantitative detection of Fe3* in cancer cells.

CONCLUSION

In summary, we presented a facile method to prepare bright and color-tunable NCDs from a
specific kind of drug. Owing to the unique PL features and excellent biocompatibility, the
as-prepared NCDs have great promise in cell imaging and sensitive detection of Fe>* in
living cells. Considering the huge number of drugs in the drug library, this approach can
bring promising hints to develop a variety of high- quality drug derived NCDs for desired
applications.
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Figure 1.
(a) Preparation of the NCDs using ASA as precursor; (b) Photographs of NCDs dispersed in

water (left) and PBS (right) with the concentration of 1 mg mL~!in daylight; (c) TEM and
(d) HRTEM image of NCDs.
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(a) XRD; (b) XPS spectrum; (c) Raman spectrum and (d) FTIR spectra of NCDs. It contains

the -OH, C=C, NH and C-OH groups.
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Figure 3.
(a) UV-Vis absorption spectra of NCDs (black line) and aminosalicylic acid (red line). (b)

Fluorescent spectra of NCDs under different excitation wavelengths. (c) Excitation
dependence of emission of NCDs in aqueous solution. (d) Photographs of CdSe/ZnS QDs
and NCDs aqueous solution under UV irradiation for different times. All sample are
continuously irradiated by a 500 W xenon lamp.
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Figure 4.
Cellular cytotoxicity of the NCDs.
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Figureb5.
CLSM fluorescence images of H1299 cells labeled with NCDs. Images were obtained with

405 nm and 542 nm laser. The scale bar is 50 um.
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Figure 6.
(a) 3D projection showing Z-stack images of H1299 cells pulsed with NCDs (2 ug mL~!) for

4 h, followed by staining with Cytoskeleton-Actin (red), Lyso-Tracker (yellow) and DAPI
(Blue). CLSM images of overlay channel (1), Cytoskeleton-Actin (2), NCDs (3), DAPI
stained nucleus (4) and Lyso-Tracker deep red stained lysosome (5). (b) Cellular uptake of
NCDs under CLSM imaging. H1299 cells were incubated with NCDs for 4 h before
measurement. 3D reconstructional CLSM images of the overlay channel of cellular NCDs
(left); the quantification of fluorescent intensity of the line scanning profiles in the
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corresponding CLSM images (right). (c) CLSM images of multiple cross-sections,
exhibiting various locations of the NCDs within the cancer cells.
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Figure7.
(a) Fluorescence quenching in the presence of Fe3* ion. The arrow exhibits the downward

trend of fluoresence intensity as the concentration of Fe3* increasing. (b) The calibration

curve plotted on fluorescence intensity of NCDs treated with different concentrations of

Fe3*. (¢) Comparison of fluorescence emission of NCDs after the addition of different metal
ions. (d) CLSM fluorescence images of MCF-7 cells incubated with different concentration
of NCDs/Fe3* at 37 °C for 12 h. The top panels show the fluorescence images of MCF-7
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cells without ion incubation. The central and bottom panels are cell images taken at ion
concentration of 0.1 mM and 0.25 mM, respectively.
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