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Abstract Hydrothermal treatment of a mixture of ethylene
diamine, phosphoric acid and citric acid under ambient pres-
sure generates fluorescent carbon dots that are co-doped with
phosphorus and nitrogen. These have features such as (a) both
green fluorescence (peaking at 430 nm; 30% quantum yield)
and red fluorescence (peaking at 500 nm, quantum yield
78%), (b) wavelength-dependent emission peaks, and (c) in-
sensitivity to changes of pH values, dot concentration and
ionic strength. The C-dots are useful for both fluorescent
(FL) and photoacoustic (PA) imaging of living tissue. PA im-
aging warrants better spatial resolution and allows deeper tis-
sues to be imaged compared to most optical imaging tech-
niques. It is essential to assign a photoacoustic contrast agent
as most of the diseases do not show a natural photoacoustic
contrast in their early stage. The dually emitting C-dots are
shown to be a useful contrast agent for PA and FL imaging of
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mice tumors. Intravenous administration of the C-dots result-
ed in strong signals in both PA and FL imaging.
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Introduction

Excellent optical properties, high water solubility, surface
modification flexibility, low toxicity, biocompatibility,
photostability and easy synthesis make fluorescent carbon
dots (CDs) attractive materials for use in chemical and
biological sensing and bioimaging [1-4]. Synthetic ap-
proaches for CDs are mainly of the top-down or bottom-
up approach [5, 6]. By the breaking down of large carbon
source materials (like graphene sheet, graphite etc.)
through arc discharge, laser ablation, chemical or electro-
chemical oxidation process used in top-down methods.
Other C-dots are formed from molecular precursors under
chemical reactions with different conditions in bottom-up
methods. Due to the simplicity and the easy ability to pro-
duce different types of CDs, bottom-up method are pre-
ferred [7]. However, high emission quantum yields, low
toxic, easy synthesis process of quantum dots are very rare
and scientists are still struggling to develop the process.
Normally carbon quantum dots emit blue color range un-
der ultraviolet excitation [5, 7-9]. According to most of the
reports the carbon dots absorb/emit in the visible region
with a few exceptions [10]. The green, yellow and red
fluorescence emission of CDs has been considered as a
key requirement for the broad application in bioimaging
but this tunability was achieved only rarely [8, 11, 12].
The emission of CDs are regulated by chemical surface
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modifications and doping with other elements [6, 8].
Nitrogen is a very common doping element used along
with boron, sulphur and phosphorus [13]. Excitation inde-
pendent fluorescence emissions of CDs reported are very
few where their emission is restricted blue to green only [1,
14]. So it is still difficult to synthesize a broad range of
green to red fluorescence emissions CDs using a current
strategy. However, the application of C-dots from the cur-
rent synthesis methods is primarily subject to some limita-
tions [10—12]. Till date focus has been on their fluorescent
applications only [15], but their potential Photoacoustic
(PA) imaging applications have not been widely explored
yet. Fluorescence (FL) and photoacoustic (PA) molecular
imaging techniques have different sensitivities, spatial res-
olutions, and imaging depths [16]. Due to the limited pen-
etration depth fluorescence imaging technique is unsatis-
factory in in-vivo applications. To overcome this inbuilt
limitation of fluorescence imaging, multi-modal imaging
probes like PA imaging or photothermal imaging are re-
quired to develop [17]. PA imaging has emerged as an
innovative technique that enable imaging above the optical
diffusion limit by integrating optical excitation with ultra-
sonic detection based on the PA effect, providing deeper
tissue-imaging penetration and higher spatial resolution
[18]. The combination of fluorescence and PA imaging
into a single probe will be beneficial for tumor detection
as it allows deeper tissue penetration while retaining im-
aging sensitivity compared to a single optical imaging
methodology. PA imaging offers high-resolution structural
images and fluorescence imaging provides high sensitivity
to specific molecular probe for accurate true of tumor [19].
Instead of this various metal nanomaterials, dyes and fluo-
rescence proteins have widely been employed as FL and
PA imaging agents [20]. Thus current studies are ongoing
in the search of low cytotoxic and rectified photostable
nanomaterials for better imaging. Therefore, the develop-
ment of an effective method to produce green and red dual
emission P and N co-doped carbon quantum dots (PN-
CQDs) as PA and fluorescence imaging agent for cancer
diagnosis may reveal a new path for biomedical uses.
Overall, these findings open up a new class of carbon
quantum dots that are biocompatible and potentially can
be employed in a wide range of biomedical applications.

Experimental
Chemicals and materials
All chemicals and materials used were purchased from Sigma-

Aldrich (www.sigmaaldrich.com) and were used without
further purification. Deionized water (Millipore Milli-Q
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grade) with resistivity of 18.2 M{2-cm was used in all
experiments.

Physical characterization

The element binding environment of the samples was ana-
lyzed with an X-ray photoelectron spectroscopy (ESCALAB
250 spectrometer with a mono X-Ray source Al Ko excitation
(1486.6 ¢V). The spectra were corrected for background using
the Shirley approach, and the surface composition of the sam-
ples was determined by measuring the ratio of Cls to N1 s,
Ols or P2p intensities (integrated peak area) normalized by
their respective sensitivity factors [1]. The morphology and
microstructure of the synthesized sample PN-CQDs were
characterized by a High-resolution transmission electron mi-
croscope (HRTEM) was carried out with JEM-2100F micro-
scopes operating at 200 kV. The d-spacing of the sample was
determined using Digital Micrograph software. Fluorescence
spectroscopy was performed with a CARY Eclipse 5,5 fluo-
rescence spectrophotometer and fluorescence spectra were
measured using a 4 mL glass cuvette. UV-vis absorption spec-
tra were obtained using a CARY 50 Conc UV-vis spectropho-
tometer. IR spectra were taken on a Nicolet Nexus Aligent
1100 series FT-IR spectrophotometer. The fluorescent images
were taken at fluorescence microscopy (Carl Zeiss vert.Al
microscope, Carl Zeiss Micro imaging GmbH, 07740, Jena,
Germany) using different band pass filtered 461 nm, 560 nm
and 633 nm excitations and 5X, 10X, 20PX Objectives. The
thermo gravimetric analysis (TGA) of the sample was per-
formed on NETZSCH, TG 209 F3 Tarsus instrument in air
from room temperature to 800 °C with a heating rate of 5 °C
min "', It was calibrated with calcium oxalate.

Synthesis of phosphorous and nitrogen co-doped carbon
quantum dots (PN-CQDs)

PN-CQDs were synthesized by hydrothermal treatment.
Carbon source material citric acid (1.5 g) diluted in 10 mL
of water and mixed well in stirrer, after addition of 10 mL
H3PO,4, amine source 1 mL ethylenediamine (EDA), and
0.01 mg EDC as a coupling agent the mixture was trans-
ferred into an 80 mL Teflon-lined stainless-steel autoclave
and was heated at constant temperature of 250 °C for 2 h.
After the reaction is over, the autoclave was cooled down
naturally. Then, the resultant solution was centrifuged at
11200 x g for 10 min and collected materials redissolved
in ethanol and again centrifuged. Typically, this purifying
procedure was repeated for three cycles. And the resultant
PN-CQDs solution was filtered through Millipore 0.22 pum
filter paper and then dispersed in water for further charac-
terization and evaluation.
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Cellular toxicity

Mouse leukemic monocyte macrophage cell line RAW 264.7
cells (1 X 10* cells/well) were cultured first for 24 h in an
incubator (37 °C, 5% CO,) and for another 24 h after the
culture medium was replaced with 100 uL of Dulbecco’s
modified Eagle’s medium (DMEM) containing the PN-
CQD:s at different doses (mg/mL). Then, 20 puL of 5 mg/mL
MTT solution was added to every cell well. The cells were
further incubated for 4 h, followed by removing the culture
medium with MTT and then 100 uLL of DMSO was added.
The resulting mixture was shook for 10 min at room temper-
ature. The optical density (OD) of the mixture was measured
at 490 nm. The absorbance measured for an untreated cell
population under the same experimental conditions was used
as the reference point to establish 100% cell viability.

The cell viability was estimated according to the following
equation:
Cell Viability (%) = <—) x 100%

(Where OD control was obtained in the absence of PN-
CQODs and OD treated obtained in the presence of PN-CQDs).

Fluorescence imaging in vitro

The Mouse leukemic monocyte macrophage cell line
RAW 264.7 cells were cultured in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin. 0.1 mg
mL™" concentrated of PN-CODs solution were prepared
in DI water. After the well dispersion, an aliquot (typi-
cally 100ul) of the suspension was added to culture
plate, then incubated at 37 °C in a 5% CO, incubator
for 24 h. Prior to fixation of the cells on the slide for
inspection with a fluorescence microscope, the excess
PN-CQODs were removed by washing 3 times with phos-
phate buffer (Ph-7). The bioimaging was taken at Zeiss
inverted fluorescent Microscope (Carl Zeiss vert. Al mi-
croscope, Carl Zeiss Micro imaging GmbH, 07740, Jena,
Germany).

Fluorescence/PA imaging in vivo

The fluorescence and PA images of a nude mouse bearing a
subcutaneous tumor at the flank region of the right hind leg
were acquired with a Maestro in vivo spectrum imaging sys-
tem (Cambridge Research & Instrumentation, Woburn, MA).
The tumor model used was established upon subcutaneous
injection of SGC7901 cells (~5 X 10%) into male BALB/c
nude mice (4 to 6 weeks old) at the flank region of the right
hind leg. Nude mice bearing SGC7901 tumor xenografts were
anesthetized, and then the probe was intravenously injected

into the tumor (PN-CQDs (1 mg/mL, 100 L) when the tumor
size reached approximately 25 to 30 mm®. All animal exper-
iments reported herein were performed according to a protocol
approved by the Peking University Institutional Animal Care
and Use Committee. The fluorescent scans were performed at
various time points (0, 0.2, 1, 3, 6, and 24 h) post injection.
The tumor-bearing mice were sacrificed by exsanguinations at
24 h post-injection, the tumor and major organs were harvest-
ed (heart, liver, spleen, kidneys, and Lung), cut into small
pieces and then directly subjected to fluorescence/PA study.
The excitation filter was a narrow-band filters to allow light
with wavelength 0f 455, 523, 595, 605 nm to pass through; the
emission filters was a 490, 560, 635 and 645 nm long-pass
filter respectively. The exposure time for acquiring each fluo-
rescence image was set at 300 ms. The Maestro optical system
consists of an optical head that includes a liquid crystal tun-
able filter (with a bandwidth of 10 nm and a scanning wave-
length range of 500 to 900 nm) with a custom-designed, spec-
trally optimized lens system that relays the image to a
scientific-grade megapixel CCD. Prior to intravenous admin-
istration of the PN-CQODs (1 mg/mL, 100 pL), we first obtain-
ed pre-contrast data with excitation wavelength from 500 nm
to 900 nm. Then, post-contrast data were acquired at various
time points (0, 0.2, 1, 3, 6, and 24 h) after intravenous admin-
istration of PN-CQODs under the same scan wavelength ranges.
The captured images can be analyzed by the vendor software,
which uses spectral unmixing algorithms to separate auto fluo-
rescence from chromophore signals.

Quantum yields (QY) measurements

Quinine sulphate (0.1 M H,SOy as solvent; excited at 360 nm,
QY = 0.54) and fluorescein (dissolved in 0.1 mol/l NaOH,
excited at 440 nm, QY = 0.95) was chosen as standard. The
QY of PN-CQDs (in water) was determined by slope method
[2] by the reference of quinine sulphate and fluorescein: com-
pared the integrated photoluminescence intensity and the ab-
sorbance value [several values (less than 0.1 at excitation
wavelength) gave the curve] of the samples with that of the
references.

Then used the equation: x = st(Kx/Kst)(nx/nst)*.

Where ¢ is the QY, K is the slope determined by the curves
and 7 is the refractive index. The subscript “st” refers to the
standards and “x” refers to the unknown samples. For these
aqueous solutions, mpx/nst = 1.

Statistical analysis
All data presented in this study are the average + SE of the

experiments repeated at least three times. Paired Student’s t-
test was performed.
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Results and discussion

Encouraged by our findings, in this study, we prepared novel
carbon quantum dots (PN-CQDs) by an easy, rapid and single
step hydrothermal method of synthesis. The PN-CQDs shows
dual wavelength emissions like green and red where quantum
yields are 30% and 78% respectively. According to our best
knowledge we are the first to report the P and N co-doped
green and red dual fluorescence emission carbon quantum
dots synthesis with high quantum yield red emission. The dual
emission properties lay the foundation for the use of PN-
CQDs in ratiometric sensing or other applications that can
take advantage of a material with dual wavelengths emission
properties [12].

Here 1.5 g citric acid diluted with 10 mL DI water solution,
10 mL ortho-phosphoric acid (for carbonization and phospho-
rous source), 1 mL ethylenediamine (EDA for nitrogen
source) and 0.01 mg EDC as a coupling agent well mixture
was heated in a teflon coated hydrothermal at 250 °C. Upon
cooling in room temperature, the mixture become brownish.
Then, the brownish solution was centrifuged at 11200 x g for
10 min and collected materials redissolved in ethanol and
again centrifuged. Typically, this purifying procedure was re-
peated for three cycles. The palate following centrifugation
contained the PN-CQDs which is highly soluble in DI water.
The homogeneous solution is stable at room temperature for
years. The transmission electron microscopy (TEM) image
(see ESM Fig. Slat) shows that the size and morphology of
the prepared PN-CQDs is distributed in the range from 2 to
7 nm, with an average size of 4.5 nm (see ESM Fig. Slc¥).
The particles are near about spherical in structure. High-
resolution TEM (HRTEM) images (see ESM Fig. S1b¥) sug-
gest that multiple types of particles are present and that single
PN-CQDs may also possess domains of different structures.
All particles showing crystallinity, with lattice spacing of
0.28 nm, 0.36 nm, and 0.56 nm, corresponding well to the
spacing of the planes of carbon materials, respectively.
Powder XRD spectra of the PN-CQDs confirmed the d-spac-
ing obtained by HRTEM (see ESM Fig. S2+). Dynamic light
scattering results shown in ESM Fig. S1df reveal that the
nanoparticles in DI water, phosphate buffer (pH -7) and serum
(10%) exhibit a single scattering peak that slightly changed in
serum but after the particle solution was stored at room tem-
perature for 60 days that is unchanged. The excellent colloidal
stability of the resultant PN-CQDs nanoparticles make them
reliable for medical imaging application. The chemical envi-
ronment of elements in the materials has been investigated by
X-ray photoelectron spectroscopy (XPS) and the results (see
ESM Fig. S3a ) indicate that the PN-CQDs are mainly com-
posed of carbon, nitrogen, Phosphorus and oxygen i.e. sug-
gestive of the incorporation of all reagents into the particles
(see ESM Fig. S3at). The high resolution spectrum of Cls
exhibits five main peaks (see ESM Fig. S3b7). The binding
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energy peak at 284.6 eV confirms the graphitic structure (sp2
C-C) of the PN-CQDs. The peak at about 285.2 eV suggests
the presence of C-N, the peak around 286.4 is assigned to C-P.
Another two peaks are centered at ca 287.0 eV and 288.7 eV
which denote C-O and O-C = O bonds respectively. The O 1 s
peaks were deconvoluted into four components (see ESM
Fig. S3c¥), corresponding to oxygen bonded to carbon (C -
0)(531.3 eV) and non-bridging oxygen in the phosphate
group (P = 0)(532.0 eV), singly bonded oxygen (—O-) in C-
O and in C-O-P groups (532.9 eV), chemisorbed oxygen (car-
boxylic oxygen, COO) and water (533.6 eV), and OH groups
like in cyclohexanol or phenol (537.8 eV) [21]. The peak at
532.9 eV confirm that P-O possesses the largest amount of
phosphorus groups.

The N 1 s spectrum (see ESM Fig. S3d¥) reveals the pres-
ence of tertiary amines of the type X5—N (400.5 eV, X=C, N,
or P), N-Q (Quaternary-N, 401.7 eV) and N-H (402.4 eV)
groups, respectively [21]. The fine structure of P2p peak
(see ESM Fig. S3et) points to the presence of three major
phosphorus groups differentiated by their binding energies:
C3-P groups (133.0 eV); C-POszand/or C2-PO, groups(
134.5 eV); and C-O-P type groups (135.2 eV), such
as(CO);PO, (CO),PO, and (CO)PO; [22-24]. Furthermore,
in ESM Fig. S3f¥, the Fourier transform infrared (FTIR) spec-
trum of PN-CQDs shows the characteristic peak at 536 cm ™
emerges, which reflects the formation of vibration in plane of
secondary amines -NH-; The appearance of 987 cm ' and
1162 cm™" assigned to vibration of P-O-C and P = O phos-
phate group, suggests the presence of phosphoric acid. The
absorption band at 1417 and 1516 cm ™" is related to the plane
blending vibration and the stretching vibration of C-N, N-H
from EDA. Other stretching are C-O (1658 em ), C=0
(1709 cm ™), CH, (2984 ¢cm ') and OH (3429 cm ') (see
ESM Fig. S3f}). This FTIR result highly supports the XPS
results. Moreover, the TGA analysis of the sample (see ESM
Fig. S47, Supporting Information) has shown that the sample
is burned off completely after ca. 700 °C in air. The TGA
results further confirm that highly surface modification of
PN-CQDs. Thus, we hypothesize that citric acid, EDA, and
H3PO, condensed and partially carbonized under the strongly
acidic, likely dehydrating, and oxidizing conditions (oxygen
was not excluded during the synthesis), likely forming multi-
ple chromophores type where EDC worked as coupling agent.
Nitrogen is the most common dopant for fluorescent CDs [2,
3]. Co-doping a second heteroatom into N-doped carbon
nanomaterials can modulate the electronic properties, tune
the carbonaceous structure, polarizability and affect the cata-
lytic activity [25]. Phosphorus-doping was introduced for the
synthesis of almost all previously reported green fluorescent
CDs [8, 9, 26]. Theoretical studies have predicted that defects
induced by P doping or PN co-doping can lead to the presence
of a highly localized state close to the Fermi level [27].
Possibly co-doping of nitrogen and phosphorus affects the
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degree of polymerization and graphitization. A higher graph-
itization degree induces a red-shift of fluorescence, resulting
from the enhanced degree of 7-conjugation and the decreased
band gaps [28]. Other researchers proposed that formation of
p—n type photochemical diodes through nitrogen and phos-
phorus co-doping into carbon dots increased quantum yield
greatly [29]. We also believe that the co-doping of nitrogen
and phosphorus into the PN-CQDs gives rise to their bright
dual emission, but the exact structures and emission mecha-
nisms of the PN-CQDs remain elusive. In ESM Fig. S5af, the
UV-vis absorption spectrum of a diluted sample of PN-CQDs
in water exhibits an broad absorption band 200 to 800 nm (in
inset of Fig. 3a visible to NIR region 400 to 800 nm) where
one intense peak centred at 346 nm (Abs-1), attributed to
mi—7t* transitions of C = C, C = N, or N = P groups.
Although at lower intensities, one more band centred at
450 nm (Abs-2) was also observed, indicative of extended
conjugation (aromatic) structures [30]. These transitions cen-
tered about 340 nm and 450 nm due to the trapping of excited
state energy by the surface states results in strong emission
[31, 32]. The two maximum excitation wavelength 340 nm
and 450 nm of the PN-CQDs are shown in ESM Fig. S5b,
clearly demonstrating the presence of two major chromo-
phores, with emission maxima at 430 and 500 nm respective-
ly. The excitation wavelength-dependent emission spectra of
the PN-CQDs at the excitation wavelengths from 340 to
570 nm are shown in ESM Fig. S5c. With an increase of the
excitation wavelengths (340 to 370 nm), only one emission
peak (centred at ~430 nm) is observed. Further increasing the
excitation wavelengths (380, 390 nm) excites both emission;
other hand excitation wavelengths (400-450 nm) only the
emission peak (centred at about 500 nm) but after with the
increasing of higher excitation (460 to 570 nm) the emission
peak centre increasing. Above 580 nm, no fluorescence emis-
sion is recorded. The dual fluorescence emission of the PN-
CQDs in the visible region of the spectrum is also clearly
visible to the unaided eye (Fig. la). Different excitations
wavelengths indicated elicited dual coloured emissions
(green, and red). To our delight, the emitters are very bright,
and the quantum yield of the two main emission bands are
very high. The strongest red fluorescence emission centred at
500 nm (Aexcitation = 450 nm) possesses a high quantum yield
0f'0.78, while the other strongest green fluorescence emission
band centred at 430 nm (Aexcitation = 340 nm) has a quantum
yield of 0.30. Thus, the quantum yields of the PN-CQDs are
higher than those of most previously reported CQDs and the
highest for green and red CQDs emitters [5, 8,9, 26, 33]. This
is the best quantum yield performance according to the best of
our knowledge (Table 1).

The halochromic responses of the emissions of the PN-
CQDs at two wavelength in the range between pH 2 and 13
are shown in Fig. 1b and c. The PN-CQDs possess robust
emissions that are only modulated to a minor degree (by about
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Fig. 1 a Photographs of PN-CQD:s solutions (diluted in water), showing
their excitation dependent emission properties. Excitation wavelengths
indicated. Normalized fluorescent intensity of the PN-CQODs in the
different pH range (b) fluorescent intensities at 430 nm (Aexcitation
=340 nm) and (c) at 500 nm (Aexcitation =450 nm). The error bars
represent standard error (n = 3)

23% and 50% at the extremes for excitation 340 nm and
450 nm respectively) by very high or low pH values. The
absence of a very strong halochromic response is surprising
in light of the fact that most previously reported CDs exhibit
pH-dependent emission properties [1].

In case of the PN-CQDs it may indicate the absence of
(many) amine-type nitrogens. On the other hand, the
phosphoramide-type nitrogens proposed to be present in the
PN-CQDs are expected to be much less pH-sensitive, thus the
pH-insensitivity provides another evidence for the presence of
this functionality [12]. Furthermore the fluorescence stability
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Table 1 Comparative performance chart of some carbon dots
Material used Applications Exc/Em maxima Quantum References
yield

Carbon dots Cellular bioimaging 300/375 nm (single emissive) 11% [34]

N,P doped carbon dots Fluorescent cell imaging 340/418 nm (single emissive) 17.5% [35]
Boron doped carbon dots Determination of ferric ion 359/437 nm (single emissive) Unknown [36]
Carbon dots doped with nitrogen and ~ As a fluorescent probes and detection of 380/ 481 nm (single emissive) 10% [37]

sulphur biothiols

Carbon dots Intracellular imaging of mercury(Il) 340/440 nm, (single emissive) 13% [38]
Carbon dots As a fluorescent probes 360/451 nm (single emissive) 8-12% [39]

N,P doped carbon dots Fluorescence and photoacoustic tissue 340/430 nm and 450/500 nm (dual 30-78% This work

imaging

emissive)

of PN-CQDs to the effects of the ionic strength was investi-
gated. There was no change in fluorescence intensity or peak
characteristics at different ionic strengths (see ESM Fig. S67),
which is significant because it is necessary for PN-CQDs to be
used in the presence of physical salt concentrations in practical
applications especially important for pharmaceutical applica-
tions. In order to investigate the biocompatibility of the syn-
thesized PN-CQDs, a MTT assay was performed to assess the
cytotoxicity of PN-CQDs by using mouse leukemic monocyte
macrophage cell line RAW 264.7 and the results are shown in
Fig. 2a. Cell viability was hardly affected when PN-CQDs
concentration varied from 0 to 1 mg mL-" for 24 h. The cell
survival rates still exceeded 97% at all the experimental

concentrations, indicating that the PN-CQDs have no apparent
toxicity and are cyto-compatible with RAW 264.7 cells, which
makes them a potential candidate for imaging in in-vivo. Here
the RAW 264.7 cells were incubated with a PN-CQDs con-
centration of 1 mg mL™" and the imaging performance was
examined to assess the cell viability by inverted fluorescence
microscopy.

As shown in (Fig. 2b and c) all the RAW 264.7 cells
exhibit the green and red-emissive where excitation 461
and 566 nm respectively. Under microscope no damage
was observed in PN-CQDs treated cells without any photo
bleaching for a long time period. The PN-CQDs are mainly
incorporated into the cytoplasm region surrounding the

Fig. 2 In vitro FL imaging (a) a 1001

relative viability of mouse

leukemic monocyte macrophage S 801

cell line RAW 264.7 cells Z ol

incubated with a series of gradient 8

concentrations of PN-CQDs (0— = 401

I mg mL "), The error bars o

represent standard error (n = 5). 20+

Real time in vitro fluorescence

images of RAW 264.7 cells in 000 02 04 06

different time period (b) green
emission images and (c) red
emission images, excitation at
460 nm and 562 nm respectively.
d Real-time in vivo red
fluorescence images after i.v.
injection of PN-CQDs in nude
mice at different time points
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20 um
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nucleus (Fig. 2b and c). All the above results reveal that
PN-CQDs can be taken up by RAW 264.7 cells and serve
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Fig. 3 Photoacoustic (PA) imaging (a) PA signals intensity range of
0.1 mg mL~' PN-CQODs (in water under different excitation wavelength
indicated). b PA signals of PN-CODs with different concentrations. ¢
Linear relationship between PA signal intensities and with different PN-
CQODs concentrations. The error bars represent standard error (n = 5). d
Real-time in vivo PA images after i.v. injection of PN-CQODs in nude mice
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as a challenging bio-imaging agent. Figure 2d exhibits real-
time in-vivo red fluorescence images after i.v. injection of
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bottom: heart, liver, spleen, lung, kidneys, and tumor). f Fluorescence
intensity comparative graph of different harvested tissues. The error bars
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interest) in mice after i.v. injection with PN-CQDs at different time points.
h Intensities of the mean signal and maximum mean signal of the ROI at
different time points (0—24 h) after i.v. injection
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C-dots in nude mice at different time points and ESM
Fig. S7t represent the green and red emission in in-vivo
imaging of tumor bearing nude mice. To denote the perfor-
mance of PA imaging using the PN-CQDs, we studied the
PA signal intensity spectrum of PN-CQDs under different
excitation 455, 523, 595 and 605 nm where the emission
spectrum of the PN-CQDs solution has a wide range in the
visible to NIR region with red emission from 500 to 800 nm
with a peak at 560,640,665 and 682 nm respectively
(Fig. 3a). These results suggest that the PN-CQDs have
stronger red emission character than green emission prop-
erties. In Fig. 3b the PA signals increased with the PN-
CQDs concentration. Moreover, the PA signals were also
observed to be linearly dependent on the concentration (R
2=0.9921) from 0 to 100 pg mL™! (Fig. 3c). Based on these
results, we next examined the PN-CQDs for PA imaging in-
vivo. We studied the performance of PN-CQDs for in vivo
PA imaging, in which tumor-bearing nude mice were se-
lected as the animal model. Figure 3d shows the real time
in-vivo PA images of mice intravenous (i.v.) injected with
PN-CQDs (1 mg:mL™", 100 uL). The nude mice not
injected with PN-CQDs were selected as controls. After
injection, the PN-CQDs spread all over the body organs
as well as accumulated in the tumor area through the en-
hanced permeability and retention (EPR) effect (sometimes
called passive targeting) [40].

The PA images of the tumors, which were recorded at
various time points, predicted that PN-CQDs can extrava-
gantly amassed in the tumor while preserving relatively
constant PA signals after extended circulation in blood
vessels during the whole imaging process. The dispersion
of the long-circulating PN-CQDs in the tumor can render
increased and distinct PA imaging of tumors in living mice.
In supporting information Fig. S8 represent the significant
deposition of PN-CQDs in tumor area. The mice were
sacrificed at 24 h post-injection, major organs (heart, liver,
spleen, lung, and kidneys) and tumors were removed and
imaged to evaluate the fluorescence intensities within or-
gans and tissues properly (Fig. 3e). The removed tumor
and liver tissue showed strong fluorescence intensity,
where the spleen and heart showed low signals (Fig. 3f).
These in vivo results are similar with others previously
reported C-dots [41, 11]. PN-CQDs deposition in the tu-
mor as a region of interest (ROI) was further quantified by
measuring its fluorescence intensity (Fig. 3g). The fluores-
cence signal in the tumor areas quickly increased within
0.2 h (12 min) post-injection due to the rapid deposition of
PN-CQDs. The intensities of the mean signal of tumor
increases with time after injection and reaches maxima at
near about 3 h and 6 h post-injection for green and red
emission respectively (Fig. 3h). This observation reveals
a continuing deposition of PN-CQDs at the tumor area
via blood circulation. So, the green and red-emissive PN-
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CQDs will be used as a fluorescence imaging agent as well
as NIR light-triggered PA imaging agent in vivo.

Conclusions

The synthesized nitrogen and phosphorus co-doped carbon
quantum dots with high quantum yielding green (QY-30%)
and red (QY-78%) dual emission. A highly reproducible, sin-
gle-pot, rapid hydrothermal process was used to condense
citric acid, phosphoric acid and EDA in aqueous solution.
The PN-CQDs show only dual (green and red) fluorescence
emission under different excitation wavelengths, with very
high quantum yields, that are unaffected by changing pH
values and strong ionic strength. Their high reproducible of
synthesis using competitive nano materials contributes itself
to increase proportionally. The unique emission characteristics
are assigned to the interactive effect of co-doping of nitrogen
and phosphorus into the carbogenic material. The green and
red-emissive PN-CQDs have the following characteristics: (1)
broad absorption in the region from 400 to 800 nm, (2) active
agents in PA and fluorescence imaging, (3) high pH and ionic
tolerance strength and (4) visible light excitation (350—
700 nm) for fluorescence and PA imaging in living mice.
Based on the excellent photoluminescence properties, aque-
ous dispersibility, narrow size distribution, and low cytotoxic-
ity, PN-CQDs can serve as promising probes for bioimaging
applications. This study showed that the prepared PN-CQDs
can be used as active agents in fluorescence and PA imaging,
therefore importantly expanding the biomedical applications
of C-dots like tumor detection and etc.
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