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Phosphorous and nitrogen co-doped carbon dots (P,N-CD) with satisfactory quantum yield have been
prepared through one-step acidic oxidation of pumpkin by H;PO, at low temperature (90°C). The as-
prepared P,N-CD is relatively monodisperse with a narrow size distribution. The P,N-CD displays a
remarkable emission enhancement in the yellow fluorescence region (A, = 550 nm) when the pH is
increased from 1.5 to 7.4. The pK, of P,N-CD was found to be 4.17 and it shows linear response to
physiological range of pH 4.7—7.4, which is valuable for near-neutral cytosolic pH research. It is observed
that P,N-CD is a superior fluorescent bioimaging agent in animals and cells thanks to its excellent
solubility and ultra-low toxicity. In addition, P,N-CD displays a notably large Stokes shift of 125 nm,
good reversibility and could effectively avoid the influence of autofluorescence in biological systems.
The confocal fluorescent microscopic images of subcellular distribution and the detection of pH in MCF-
7 cells were achieved successfully, suggesting that P,N-CD has excellent cell membrane permeability and
is further applied successfully to monitor pH fluctuations in live cells with negligible autofluorescence.

Introduction

Carbon dots (CD), a rising star of fluorescent nanomaterials, with
high aqueous solubility, tuneable photoluminescence (PL), robust
chemical inertness, easy functionalisation, low environmental
hazard, and excellent biocompatibility,* have attracted
tremendous attention due to their promising applications in
bioimaging,*? drug delivery,® ink,””? sensors, '
optoelectronics,'*'® and photocatalysis.'”'* To date, there have
been remarkable advances in research on the synthesis of CD and
their synthesis methods can be divided into two major types:
chemical and physical methods.”> Chemical methods consist of
electrochemical,”’! thermal treatment,”® hydrothermal or acidic
oxidation,”*? microwave,”**® ultrasonic,>*° and cage-opening of
fullerene.’’ Physical methods include arc discharge,” laser
ablation,**** and plasma treatment.*> Out of these methods, acidic
oxidation has been proved to be an effective and convenient way
for synthesis of CD with sufficient fluorescence quantum yield
(®,) without elaborate apparatus.

Currently, with the rapid development of synthesis methods,
functionalised or doped CD has become a hot topic since
functionalising or doping heteroatoms into CD can effectively
tune the intrinsic properties of CD. Kwon et al.*® synthesised
sulfur-incorporated CD with a very strong long-wavelength
absorption band. Dong et al.*’ devised polyamine functionalised
CD with high &, by carbonising citric acid with branched
polyethylenimine in one-step procedure. Zheng et al.*® fabricated
reduced state CD via sodium borohydride. The &; of the reduced
state CD could increase from 2 to 24% and the maximum PL
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wavelength is shifted from 520 to 450 nm. Zhang et al.”’
prepared nitrogen (N)-doped CD with tuneable luminescence by
adjusting the N contents. Similarly, Qian ez al.** improved the @,
of CD by incorporating N atoms and speculated that the
fluorescence enhancement is originated from the polyaromatic
structures induced by the doped N. To our knowledge, synthesis
of phosphorous and nitrogen co-doped CD emitting yellow
fluorescent with a narrow size distribution has rarely been
reported. Chandra et al.*' synthesised phosphate functionalised
fluorescent carbon nanoparticles (CNPs) by microwave
irradiation. The size distribution of the as-prepared CNPs was 3—
10 nm and they showed a PL at 454.5 nm. Unfortunately, the size
distribution and PL properties of these CNPs were not well
enough to apply in bioimaging directly. So they further
functionalised them with organic dyes to improve the PL
properties of CNPs. However, the development of fast and cost-
effective ways to synthesise nontoxic phosphorous and nitrogen
co-doped yellow fluorescent carbon dots (P,N-CD) from natural
sources is still challenging.

Recently, there has been a trend to synthesise doped CD from
natural biomass as they are inexpensive, inexhaustible and
nontoxic. Several successful demonstrations were given to
prepare nanomaterials using biomass materials which had many
potential applications.”*** We are interested in developing
convenient ways to synthesise P,N-CD from environmentally
friendly materials and simple apparatus. As we all know,
pumpkin abounds with carbon, nitrogen, oxygen, phosphorus,
sulfur, and hydrogen elements owing to the existence of
carbohydrate, protein, lipid, and glutathione. Thus, we anticipate
that this natural material should be a promising precursor for

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 |1



Journal of Materials Chemistry B

o

S

S

S

@

synthesising P,N-CD.

Herein, for the first time, we report a more convenient,
economical, and green preparative strategy to synthesise P,N-CD
by an acidic oxidation of pumpkin at low temperature (90°C).
Interestingly, we successfully obtained P,N-CD emitting yellow
fluorescence without post surface passivation. In addition, the as-
prepared P,N-CD is monodisperse with a relatively narrow size
distribution and possesses favourable PL properties. In addition,
their PL stability under various external conditions such as high
ionic strength and xenon arc light irradiation has been studied.
The as-synthesised P,N-CD have been successfully utilised to
fluorescent sensing of pH. The biocompatibility of the P,N-CD
was assessed and their potential applications in in vitro and in
vivo bioimaging agent were explored. Finally, the obtained P,N-
CD shows application in oestrogenic differentiation. Phosphates
had been reported to play an important role in mineralised tissue
development such as bone formation.** We anticipate that our
P,N-CD could possibly function as an excellent supercapacitor as
Lu er al*® have reported that P-rich microporous carbons
prepared by a simple H;PO, activation could possess an
extraordinary supercapacitive property.

Experimental
Materials

Yellow pumpkin was purchased from a local market in Taiyuan,
China. Concentrated phosphoric acid (H;PO,), sodium hydroxide
(NaOH), potassium chloride (KCI), and sodium chloride (NaCl)
were from Aldrich (Milwaukee, WI, USA). Dimethyl sulfoxide
(DMSO), Dulbecco's modified Eagle's medium (DMEM), festal
bovine serum (FBS), trypsin, ethylenediaminetetraacetic acid
(EDTA), and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Solarbio (Beijing, China). Other reagents were from Beijing
Chemical Reagents Company (Beijing, China). All reagents of
analytical reagent grade or above were used as received without
further purification. All aqueous solutions were prepared with
ultrapure water (> 18.25 MQ-cm) from a Milli-Q Plus system
(Millipore, Bedford, MA, USA).

Synthesis of phosphorous and nitrogen co-doped carbon dots

Pumpkin was washed, peeled and seeds were removed by a
stainless steel knife. The peeled pumpkin was thinly sliced and
kept at -20°C before use. To prepare P,N-CD, 2.0 g of freeze-dry
pumpkin was dispersed in 5.0 mL of ultrapure water, and 10 mL
of 85% H;PO, was added. After sonication for 10 min, the
solution was heated at 90°C for 60 min. The pH was neutralised
with NaOH (1M). The crude product was dialysed against water
72 h (molecular weight cut-off, MWCO: 500-1000 Da) and then
filtered. The final product was freeze-drying until further use.

Characterisation

The  elemental  analysis was conducted on an
ElementarAnalysensystemevario EL cube elemental analyser
(Hanau, Germany). Analyses were performed in triplicate and the
average values were obtained. The transmission electron
microscopic (TEM) images were acquired on a JEOL JEM-2100
transmission electron microscope (Tokyo, Japan) with an
accelerating voltage of 300 kV. The Fourier transform infrared
spectra (FTIR) were recorded on a Bruker Tensor II FTIR
spectrometer (Bremen, Germany). The X-ray photoelectron
spectra (XPS) were acquired on an AXIS ULTRA DLD X-ray
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XPS v.2.3.12 software using a peak-fitting routine with
symmetrical Gaussian-Lorentzian functions. The UV-vis spectra
were performed on a Varian Cary 300 Scan UV-vis absorption
spectrophotometer at 200-600 nm. The PL spectra were recorded
on an Edinburgh FLS 920 spectrofluorometer (Livingston, UK).

Fluorescence assay of pH

The detection of pH was performed in 10 mM phosphate buffer
saline (PBS containing 150 mM NaCl) at various pHs. In a
typical run, 100 pL of P,N-CD dispersion (2.0 mg/mL) was
added into 1.90 mL of PBS at various pHs. The fluorescence
emission spectra were recorded after 3 min at room temperature.
The measurements were conducted in triplicate.

MTT assays and cell imaging

For the cell cytotoxicity test, human breast adenocarcinoma
MCF-7 cells were first plated on a Costar® 96-well cell culture
cluster and cultured at 37°C with 5.0% CO, in air for 3 h to
adhere cells onto the surface. The well without cells and
treatment with P,N-CD was taken as the zero sets. The medium
was then changed with 200 pL of fresh DMEM supplemented
with 10% FBS containing P,N-CD and the cells were allowed to
grow for another 24 and 48 h, respectively. At least six parallel
samples were performed in each group. Cells not treated with
P,N-CD were taken as the controls. After adding 20 pL of 5.0
mg/mL MTT reagent into every well, the cells were further
incubated for 4 h. The culture medium with MTT was removed
and 150 uL of DMSO was added. The resulting mixture was
shaken for ca. 10 min at room temperature. The optical density
(OD) of the mixture was measured at 490 nm with a SunRise
microplate reader (Tecan Austria GmbH, Grodig, Austria). The
cell viability was estimated as: Cell viability (%) =
(OD Treated/ OD Control) x 100%, where OD Control and OD Treated WEIC
obtained in the absence and presence of P,N-CD, respectively.

Human breast adenocarcinoma MCF-7 cells were cultured in
DMEM supplemented with 10% FBS, and the cells were seeded
in the culture dish at 37°C in a 5% CO, atmosphere for 48 h.
Then the culture medium was removed and the cells were washed
with PBS. P,N-CD dissolved in ultrapure water was added into
different PBS (pH 7.4, 4.7 and 1.5) and incubated with cells for
an additional 60 min at 37°C. The concentration of P,N-CD in the
buffer solutions was controlled at 0.40 mg/mL. After that, the
cells were washed three times in PBS (pH 7.4, 4.7 or 1.5) to
remove excess P,N-CD. Fluorescence images were collected on a
confocal laser scanning microscope.

In vivo zebrafish imaging

The zebrafish obtained from zebrafish core facility center,
National Tsing Hua University, were used in all the experiments.
All experiment were performed in compliance with the use of
Regulation for Administration of Laboratory Animals. This is a
regulation which was approved by the State Council and
promulgated by State Ministry of Science and Technology in
1988, China. In vivo imaging was carried out with a multispectral
fluorescent vivo molecular imaging system (S-0010A). The
zebrafish was put in an aqueous solution containing P,N-CD (2.0
mg/mL). After different time intervals, the zebrafish was
thoroughly rinsed with distilled water and imaged on the in vivo
imaging system. Spectral fluorescence images were obtained
using the appropriate filters for P,N-CD (excitation: 435 or 470
nm; emission: 525 or 570 nm long-pass filter; acquisition
settings: 500-750 nm in 10 nm steps). Exposure times were
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photoelectron spectrometer (Kratos, Tokyo, Japan) with AlKa ' automatically calculated and the acquisition setting was 1500 ms.

o radiation operating at 1486.6 eV. Spectra were processed by Case
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Results and discussion

To diagnostic detection and in many other areas, the main
challenge in fluorescence-based analysis is to generalise the use
of a common source which is widely available.” The objective of
this study was to introduce a widely available natural product as a
source to obtain PN-CD. Here, we used the natural product,
pumpkin to synthesise P,N-CD with yellow fluorescence
emission.

The synthesis of PN-CD was performed according to the
acidic oxidation with pumpkin as the carbon source and H;PO, as
the oxidizing agent which was similar to carbonisation of
ascorbic acid at 90°C.* Fig. 1 displays the general scheme to
illustrate the synthesis of P,N-CD. The formation mechanisms of
our PN-CD based on the previous work of heteroatoms doped
CD from small molecules™* are postulated as: (1) hydrolysis,
dehydration and fragmentation of small molecules, (2)
polymerisation of the products formed in stepl and aromatisation
of the polymers, (3) nucleation and growth of carbon substances,
and (4) oxidation of grown carbon substances.

H,PO,
90°C, 60 min

o

Aem =550 nm
Fig. 1. Scheme illustrates the synthesis of phosphorus and nitrogen co-
doped carbon dots.

Fig. 2a depicts the size distribution and morphology of the P,N-
CD characterised by TEM. The PN-CD are quasispherical and
monodisperse with a narrow size distribution with the statistical
diameters in the range of 3.75 £+ 0.20 nm. The size distribution of
the PN-CD agrees well with the Gaussian distribution and the
full width half maximum of the fitted curve is 1.05 nm, which
further confirms the narrow size distribution of the as-prepared
PN-CD.

To probe the chemical composition and content of the as-
synthesised PN-CD, the elemental analysis and XPS
measurements were obtained. Table S1Af summarises the
elemental analysis of PN-CD which is consistent with the results
of XPS (vide infra). The doping concentrations of P and O are
about 21.60 and 65.50% respectively which are much higher than
those reported in the literature.***® The elemental contents are
expressed in terms of relative number of atom as depicted in
Table S1B7. The empirical formula for P,N-CD is approximately
C13H4oN,P 3074 Fig. 2b shows the survey XPS scan of P,N-CD
sample, revealing the presence of C, N, O, and P as well as
limited H without any other impurities. The binding energy peaks
at 131.5, 190.0, 285.0, 398.2, and 531.0 eV correspond to P2p,
P2s, Cls, Nls, and Ols, respectively. Therefore, the P,N-CD can
be temporarily thought as phosphorus and nitrogen
functionalised. Fig. 2c¢ displays the high-resolved Cls spectrum
which can be deconvoluted into six peaks at 284.8, 285.3, 286.0,
286.34, 287.4, and 288.2 eV, representing Cls states in C—C, C—
OH/C-O-C, C-N, C=N, C=0, and COOH bonds,
respectively.****3-32 The N1s spectrum (Fig. Slat) shows three
peaks at 399.7, 399.9 and 400.3 eV which are associated with C—
N-C, pyrrolic-like N and N-(C); functionalities, respectively.’'
The Ols of PN-CD spectrum (Fig. S1bt) are deconvoluted into
four peaks at 531.2, 531.5, 532.1, and 532.93 eV, which are

attributed to O=C-O, P=0, C-OH/C-O-C, and O=C-O,
respectively.’’*? The high resolution P2p peak in Fig. 2d shows
the P—C-binding motifs of the PN-CD. The P2p peaks at about

o 134.4 and 133.6 eV indicate the phosphorus species to be tetra-
coordinated phosphorous(V).***** The phosphate, PO,>, is
modified on the surface of graphite core of P,N-CD by bidentate
bonding, with C—OP=O(OH), as the surface ends.>* The
phosphate on the PN-CD may be derived from the thermal

s dehydration of hydroxyl phosphate moieties between —OH on the
surface of carbon core and —P=0 (OH) of the H3PO,.
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Fig. 2. (a) TEM image and particle size distribution (bottom inset) of the
as-synthesised P,N-CD. (b) XPS survey scan of P,N-CD. (c) Cls XPS and

(d) P2p XPS of PN-CD. (e) FTIR spectrum of P,N-CD.
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Fig. 2e displays the FTIR of PN-CD. The existence of a broad
peak centred at 3440 cm represents the stretching vibrations of
so O—H or N—H bonds.>"** Several sharp peaks at 1360, 1576, 1780,
and 2869 cm’' corresponding to —CH; umbrella bend, C=N, C=0
stretching, and —CH, respectively.’'>® They can be assigned to
phosphorus and phosphocarbonaceous moieties in the phosphoric
acid activated carbons.’® A broad peak between 3250 and 2500
ssem’’, corresponding to the P-OH bending of phosphate is
observed, indicating that P,N-CD contains surface-attached
phosphate moiety. Peaks at 1160, 1075 and 950 cm™ are related
to the stretching vibration of hydrogen-bonded P=O groups from
phosphates or polyphosphates, P—O—Cyomaicy and P-O-H,
respectively.*®>>>" The functional groups identified by the FTIR
are in good agreement with XPS, illustrating that the surface of
P,N-CD is functionalised with phosphoric groups.
In quest of exploring the optical properties of the as-prepared
P,N-CD, the UV-vis absorption and PL spectra were acquired and
os depicted in Fig. 3. As shown in the UV-vis absorption spectrum
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(black line in Fig. 3a), we propose that the strong absorption peak
of PN-CD at 283 nm is corresponding to the n—n transition of
C=0 bond and the weak absorption peak at 228 nm is attributing
to the m—m" transition of aromatic sp® bond.*’ The PL spectra of
P,N-CD are shown in Fig. 3a (red and blue lines). It can be seen
that the optimal excitation (A.) and emission (A.,) wavelengths
are located at 425 and 550 nm, respectively. The photograph of
the P,N-CD dispersion under UV light (365 nm) exhibits strong
yellow emission (inset of Fig. 3a).

Absorbance

Wavelength (nm)

Wavelength (nm)
Fig. 3. (a) UV-vis absorption, PL excitation (A.) and emission spectra of
P,N-CD. The inset displays photographs of the P,N-CD under daylight
(left) and UV irradiation (right) in aqueous solution. (b) PL spectra of
P,N-CD at different A, 320-500 nm. The concentration of P,N-CD is
0.20 mg/mL.

To further explore the optical properties of the as-prepared P,N-
CD, the A-dependent PL behaviour was conducted and depicted
in Fig. 3b. The PL spectra are bathochromically shifted with the
increase in the A.,, indicating that the PL band can be tuned by
adjusting the Ao. The A, are red-shifted from 439 to 636 nm for
the PN-CD when the A, moves from 320 to 500 nm. The A,-
dependent PL behaviour is common with carbon dots. 2’2"
This behaviour is contributed to the surface state affecting the
band gap of CD. The surface state is analogous to a molecular
state whereas the size effect is a result of quantum dimensions,
both of which contribute to the complexity of the excited states of
30 CD.>® The Aex-dependent PL behaviour is useful for multicolour
imaging applications (vide infra). Furthermore, using quinine
sulfate (Fig. S2at) as a reference, the fluorescence @; of the as-
synthesised P,N-CD (Fig. S2b}) was measured to be 9.42 %. The
as-prepared P,N-CD exhibits excellent stability which is essential
for practical applications. The effect of the ionic strength in terms
of concentration of KCl on the PL stability of the P,N-CD was
investigated. No significant changes in PL intensity or peak
characteristics under different concentrations of KCl1 (Fig. S37)
was observed which is important because it is necessary for P,N-
CD to be used in the presence of physical salt conditions in
practical applications.

50000 -‘

(b)

50000

400004
40000+

300004 30000{ PpKa=4.47

200004 20000

PL Intensity (a. u.)
PL Intensity (a. u.)

10000 10000

Wavelength (nm) pH

Fig. 4. (a) The PL spectra of 0.20 mg/mL P,N-CD as pH decreases from
7.4 to 1.5 at A of 425 nm. (b) The relationship between the PL intensity
at Aex/Aem 0f 425/550 nm and pH. The inset displays the linear plot of (F—
F)/Fyagainst pH (4.7-7.4).

As pH plays a pivotal role in many chemical and biological
systems, its detection is of critical importance. Fig. 4a depicts the
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change in PL spectra of PN-CD at a broad pH range of 1.5-7.4

0 under A 0of 425 nm. The PL intensity decreases as pH decreases.

The PL intensity can be related to the protonation and
deprotonation of the P,N-CD.*®> When pH increases from 1.5 to
7.4, the carboxylic acid moieties on the surface of P,N-CD are
deprotonated to carboxylates and then a negative charged
“protective shell” is formed on the surface of PN-CD which
lowers the non-radiative recombination rate of the photo-excited
state of P,N-CD;*® consequently enhancing the PL intensity.
This optically pH-sensitive property renders the PN-CD as an
attractive fluorescent probe for pH-monitoring in biological and
biomedical applications. The PL spectra of P,N-CD at pH 1.0-14
is depicted in Fig. S4+.

Fig. 4b displays the plot of PL intensity against pH (1.5-7.4). A
well fitted sigmoidal curve using the Boltzmann equation is
obtained. The near-neutral pH range is investigated since the
normal physiological hydrogen ion concentration varies within
narrow limits and P,N-CD can be used to achieve the expected
goal. Interestingly, a good linear relationship between PL
intensity and pH (4.7-7.4) is found based on: (Fy—F)/Fy=1.362—
0.299pH, 7 =0.991, where Fyand F are the PL intensities of the
PN-CD at pH 7.4 and other pHs, respectively (inset of Fig. 4b).
The pK, of 4.17 + 0.07 and the slope of 4.78 £ 0.13 were
obtained by fitting the PL intensity with the Henderson-
Hasselbalch equation. These results indicate that the P,N-CD can
be applied to detect the intracellular pH quantitatively within the
near neutrality range. In addition, the stability of this pH probe
was tested by measuring the PL response for 200 min.

Fig. SSat shows the time course of fluorescence intensity of
the pH sensor at pH 7.4, 4.7 and 1.5 on exposure to a 75 W xenon
arc lamp. The PL intensity is continuously monitored and
recorded. The results indicate that the pH probe can instantly
response to the change of H' concentration and the probe solution
possesses good photostability. Thus, the probe can be used to
real-time monitor pH. Furthermore, it is well-known that
reversibility is highly desirable for monitoring pH changes in
living organs. The pH of the solution is switched back and forth
between 7.4 and 4.7 by using aqueous NaOH and HCI solutions.
Fig. S5bf clearly reveals that the PL intensities are fully
reversible. The response and recovery times in different pH
solutions are rapid and within seconds.

The application of P,N-CD as a new fluorescent marker for in
vivo and in vitro imaging was explored. For effective bioimaging,
it is required that the selected fluorescent marker has not only
optical merits but also low cytotoxicity. To evaluate the
cytotoxicity of the PN-CD, the viability of human breast
adenocarcinoma MCF-7 cells treated with P,N-CD was measured
by the MTT method. Fig. S6+ shows MCF-7 cells incubated with
different doses of P,N-CD for 24 and 48 h. The viability remained
greater than 88.6% even incubated with ultrahigh concentration
(400 pg/mL) of PN-CD for 48 h, demonstrating low toxicity of
the PN-CD (without any further functionalisation) and inferring
their potential use in vivo and in vitro imaging.

Given the low cytotoxicity, we further tested the toxicity and
feasibility of PN-CD as bioimaging agents in animals. The
potential use of P,N-CD as luminescent probes for in vivo
imaging was carried out on zebrafish. Zebrafish was placed in an
aqueous solution containing 2.0 mg/mL P,N-CD at 23°C for 0.0—
120 min and the images were taken under bright field and A¢,/Aer,
of 470/570 nm as depicted in Fig. 5(a)-(e) and ()—()),
respectively. No abnormal morphology was found for the
zebrafish after exposure to P,N-CD for 120 min. The zebrafish
still survive after the experiment.

Fig. S71 shows the A,-dependent fluorescence image of
zebrafish at Aq /Ao, of 435/525 nm (green) and 470/570 nm
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(yellow). Under a multispectral fluorescent vivo molecular
imaging system, the head, stomach and tail of zebrafish exhibit
strong characteristic yellow luminescence from PN-CD (Fig.
5(g)—(j)), illustrating that P,N-CD could permeate throughout the
animal cells and had no perceptible effect on animals. The
fluorescence intensity of the zebrafish increases gradually with
the increase in the exposure time to PN-CD and reaches the
highest at about 60 min. These results suggest that the P,N-CD
without the modifier/surface passivated agent can stain zebrafish

10 easily and show no obvious toxicity.
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Fig. 5. In vivo zebrafish imaging of P,N-CD under bright field for (a) 0.0,
(b) 15, (c) 30, (d) 60, and (e) 120 min. In vivo zebrafish imaging of P,N-
CD under Aex/Aem of 470/570 nm for (f) 0.0, (g) 15, (h) 30, (i) 60, and (j)
120 min.

In order to explore the potential application of P,N-CD for in
vitro imaging of living cells, MCF-7 cells were exposed to P,N-
CD aqueous solutions at pH 7.4, 4.7 and 1.5 as shown in Fig. 6.
The cells stained with P,N-CD display strongest yellow emissions
at pH 7.4 (Fig. 6A and G). PN-CD were well-dispersed in the
cytoplasm region between the nucleus and the cell membrane.
When the pH decreases to 4.7, the yellow emissions decrease
(Fig. 6B and H). When the pH drops to 1.5, it is hardly found the
yellow emissions (Fig. 6C and I). However, when the pH
switches back to 7.4, the yellow emission is recovered,
demonstrating the reversibility of emission of P,N-CD in the
cells. Fig. 6(J) displays the intracellular fluorescence intensities
of PN-CD at pH 7.4, 4.7 and 1.5. The intensities of 28 cells in the
red circle lines were measured. Ay /Aqy, are 515/570 £ 25 nm. It is
obvious that the cells show the emission intensity at pH 7.4 >
4.7 > 1.5. Fig. S87 depicts the A -dependent fluorescence of the
P,N-CD-stained cells at pH 7.4, 4.7 and 1.5. The cells display
blue, green, yellow and red emissions at A, of 405, 488, 515, and
543 nm, respectively. Again, the cells intensity follows at pH
7.4 > 4.7 > 1.5. These results further demonstrate that P,N-CD is
an efficient fluorescent pH probe for reversibly monitoring the
pH in live cells.

Conclusion

For the first time, PN-CD has been synthesised from a fast,
simple and “green” route with pumpkin as the carbon source and
H;PO, as the oxidation agent at low temperature (90°C). The
morphology and chemical structures have been investigated
extensively by TEM, XPS, FTIR, UV-vis absorption, and PL
spectroscopy. The as-synthesised P,N-CD shows strong and
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stable PL which is dependent on A.,. Moreover, P,N-CD displays
pH-dependent behaviour. The PL intensity is very strong at pH
7.4 but very weak at pH 1.5. PN-CD also shares some other
desired properties such as high fluorescence @;, yellow emission,
large Stokes shift, good reversibility, excellent photostability and
cell membrane permeability. Since the P,N-CD hold these perfect
properties and ultra-low toxicity, empowering their use in in vitro
and in vivo cells imaging. It can be applied as an emission
fluorescent probe to noninvasively monitor physiological pH in
living cells. It is anticipated that PN-CD is a promising candidate
for real-time tracking of the intracellular pH especially under
physiological conditions in the disease diagnosis, biosensors,
biomedical and biological fields.
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Fig. 6. Confocal fluorescence images of 0.40 mg/mL P,N-CD in MCF-7
cells at pH (A) 7.4, (B) 4.7 and (C) 1.5. (D) Bright field image, and (G)
merged image of A and D at pH 7.4. (E) Bright field image, and (H)
merged image of (B) and (E) at pH 4.7. (F) Bright field image, and (I)
merged image of (C) and (F) at pH 1.4. (J) Intracellular fluorescence
intensities of P,N-CD at pH 7.4, 4.7 and 1.5. Data are expressed as mean
+ standard deviation. The intensities of 28 cells in the red circle lines were
measured. Aey/Aem are 515/570 =25 nm.
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Graphical Abstract
A simple and high-output strategy for the fabrication of yellow fluorescent
phosphorous and nitrogen co-doped carbon dots (P,N-CD) is developed. The P,N-CD
is biocompatible, has low toxicity, and shows distinctive photoluminescence
properties. The P,N-CD is inexpensive to be synthesised and is potentially useful for

versatile applications such as pH sensor, in vitro and in vivo imaging.
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