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ARTICLE INFO ABSTRACT

Keywords: A novel ratiometric emission N, S dual-doped carbon dots (N, S-CDs) were facilely developed for pH visual
N sensing via one-step hydrothermal method. The proposed N, S-CDs displayed intrinsic pH-sensitive behavior and
S-CDs exhibited ratiometric fluorescence emission (Fsgs nm/Feas nm) characteristic with the variation of pH values.
Ratiometric

Interestingly, a significant red shift of emission wavelength can be observed at 645 nm along with the emission
at 563 nm decreased accordingly when the pH changed from 3.0 to 1.0. Simultaneously, the fluorescence of N, S-
CDs aqueous solution was visually varied from yellow to red. The ratiometric pH linear response was in the
region of 3.6 to 2.4 and the pK, was 2.90. Moreover, the N, S-CDs hold unique optical properties, good rever-
sibility, superior biocompatibility and low cytotoxicity, which was further employed to monitor the intracellular
pH fluctuations through the visible fluorescence changes between yellow and red. All these findings demon-
strated that N, S-CDs can be utilized as the visual biosensor platform for tracking pH variations in extremely
acidic environments such as gastric juice, which provided novel insights for clinical medical disease diagnosis
(e.g., stomach disease detection) and other biomedical fields.

pH visual sensing
Cellular imaging

1. Introduction

Hydrogen ions concentration, as a significant metabolic and cellular
parameter, plays a pivotal role in numerous cellular events[1], such as
cellular growth and apoptosis [2], multidrug resistance [3] and other
cellular processes [4,5]. Minor changes in intracellular pH may indicate
abnormal cellular events and cause cell dysfunction as well as cardio-
pulmonary and neurological illness (e.g., cancer, Alzheimer's disease)
[6-9]. Hence, the monitor of the pH in live cells is essentially significant
for learning cellular function and understanding physiological and pa-
thological process. A large amount of currently reported methods in-
cluding nuclear magnetic resonance (NMR)[10], microelectrodes [11],
absorption spectroscopy [12] and fluorometry[13] have been utilized
for the measurement of pH values. Among them, fluorometry possesses
extraordinary advantages owing to its fast response, noninvasiveness,
high sensitivity and real-time monitoring [1,14]. Moreover, the fluor-
escent imaging offers a high spatial and temporal resolution for mon-
itoring of pH in living cells by combined with the laser scanning con-
focal microscopy (LSCM) [15].

The unique structural and photophysical features of nanomaterials
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have opened new opportunities for fluorometry [16]. Carbon dots
(CDs), as a promising candidate of nanomaterial, hold multiple ad-
vantages such as excellent optical properties, favorable biocompat-
ibility, low toxicity and so on, which had been widely utilized as
fluorescent pH nanoprobes[17-19]. These pH-sensitive CDs typically
depend on single-wavelength fluorescence intensity change, which
could be inevitably effected by a lot of factors including fluctuations of
probe concentration, excitation source, and surrounding environment,
and thus the detection accuracy may be degraded to some extent
[20,21] (see Table S1). Therefore, the development of fluorescent CDs
with the ratiometric characteristic enables to offer the reliability and
accuracy of outcome. Ratiometric measurement with the detection of
fluorescence intensities at two-well resolved wavelengths can achieve
self-calibration for the environmental disturbance[14,22]. Some of the
premier exploration of pH ratiometric measurements were focused on
the dye-labelled CDs. Involved dyes mainly include fluorescein iso-
thiocyanate[23,24] and rhodamine B isothiocyanate[25], which in-
evitably brought in other disadvantages such as complicated prepara-
tion and purification, rapid photobleaching of dyes, as well as time-
consuming [20]. Therefore, great efforts have been paid to explore
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Scheme 1. Schematic illustration of the nanoprobe for ratiometric detection of pH and cellular imaging based on N, S-CDs.

intrinsic pH-sensitive CDs with ratiometric characteristic by facile
methods rather than dye-labelling. Shang et al.[14] employed the pH-
sensitive property of basic fuchsin to prepare dual emissive CDs with
peaks at 475 nm and 545 nm by one-step hydrothermal method. But
what is puzzling is that the emission at 545 nm matches the emission of
basic fuchsin dye very well. Thus, the origin of the emission at 545 nm
is still open to question. Wang and co-workers[26] further designed a N
and B co-doped CDs, which endowed it ratiometric performance with
two peaks at 390 and 465 nm for monitoring pH variation. Subse-
quently, Song[27], Xia [22] and other groups [28,29] have been de-
veloped dual-emitting CDs-based fluorescent pH nanoprobe with ra-
tiometric features, but it was difficult to achieve the visible fluorescence
variation along with significant red shift of emission wavelength. It
remains a challenging issue to develop CDs with intrinsic pH-sensitive
ratiometric behavior accompanied by the significant visual fluorescence
changes.

Herein, we prepared a ratiometric emission N, S-CDs via one-step
hydrothermal method using o-phenylenediamine and p-aminobenze-
nesulfonic acid as precursors (Scheme 1). The proposed N, S-CDs dis-
played intrinsic pH-sensitive behavior and exhibited ratiometric fluor-
escence emission (Fsgs nm/Fess nm) Characteristic with the variation of
pH values. A significant red shift of emission wavelength can be ob-
served with the pH changed from 3.0 to 1.0, corresponding to the ap-
pearance of a new peak at 645 nm and the decrease of the emission at
563 nm accompanied by the visible fluorescence varying from yellow to
red. In addition, N, S-CDs hold unique optical properties, good rever-
sibility , rapid response time. The cytotoxicity assays also revealed that
N, S-CDs possessed low toxicity and excellent cell membrane perme-
ability, which indicated that N, S-CDs can be act as cellular markers to
noninvasively monitor intracellular pH changes. The synthesized N, S-
CDs were proven to be a promising nanomaterial to construct the

biosensor platform for sensitive tracking pH variation, which offered
novel insights for clinical medicine and other biomedical fields.

2. Experimental
2.1. Chemicals

O-phenylenediamine, sodium chloride (NaCl), and sodium hydro-
xide (NaOH), sodium dihydrogen phosphate (NaH,PO,), disodium
phosphate (Na,HPO,) and absolute ethanol were obtained from
Aladdin Ltd (Shanghai, China). P-aminobenzenesulfonic acid and con-
centrated phosphoric acid (H3PO,) were from Shanghai Chemical
Reagent General Factory. The deionized water (18.25 MQ-cm) was
prepared through a Milli-Q Plus System (Millipore, Bedford, MA, USA)
and applied in the all experiments.

2.2. Synthesis of the N, S-CDs

173.2 mg of p-aminobenzenesulfonic acid and 108.1 mg o-pheny-
lenediamine were first dissolved in 20 mL of absolute ethanol, then
sonicated at room temperature for half an hour. The homogeneous
solution was sealed in stainless steel autoclave lined with Teflon and
reacted at 200 °C for 8 h. After this, the gained dark blue suspension
was centrifuged at 8000 rpm for 15 min, then filtered twice through
microporous membrane (0.22 um). The final product was collected by
vacuum drying.

2.3. Fluorescence measurement of pH

The phosphate buffer solution (0.02 mol L™!) with different pH
values were prepared by NaH,PO, and Na,HPO, and titrated with
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Fig. 1. (a) TEM, HRTEM image (inset in bottom right) and the size distribution (inset in top left) of N, S-CDs; (b) XPS survey; and the XPS high-resolution surveys of

(c) Cy5, (d) Nyg and (e) Syp region of N, S-CDs; (f) FTIR spectrum.

1.0 mol L™! H5PO, and 1.0 mol L™ ! NaOH. In the pH titration ex-
periment, 200 uL of N, S-CDs dispersion (8 mg mL™~ ') was added into
2 mL of phosphate buffer solution with different pH values. Then the
fluorescence emission spectrum were recorded with the excitation
wavelength of 383 nm. All measurements were performed in triplicate
at room temperature.

2.4. Cellular imaging

At 37 °C, SMMC7721 cells were incubated in DMEM medium con-
taining 10% fetal bovine serum for 48 h in a 5.0% CO, atmosphere,
then the medium was removed and the cells were washed three times
with PBS at pH 7.4. The N, S-CDs solution (0.4 mg mL™1) using PBS
buffers of different pH as a solvent was further incubated with the cells
at 37 °C for 10 min and then washed the cells again three times with

PBS at pH 7.4 to remove residual N, S-CDs. The fluorescent images were
collected by LSCM.

3. Results and discussion
3.1. Characterization of N, S-CDs

Transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM) were chosen to investigate
the particle size and morphology of the N, S-CDs. As depicted in Fig. 1a,
the particles of N, S-CDs were almost spherical and monodisperse.
Judging from more than 100 individual particles, the size mainly dis-
tributed between 1.4 nm and 4.2 nm with the average around
3.14 = 0.3 nm. The inset of Fig. 1a showed the well-resolved lattice
fringes spacing of 0.22 nm, which corresponded to the in-plane lattice
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Fig. 2. (a) UV-vis absorption and FL spectrum of the N, S-CDs. Insert: images of N, S-CDs under sunlight (left) and UV lamp (right). (b) FL spectrum under different
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Fig. 3. (a) The FL spectrum of N, S-CDs (0.8 mg mL ™~ !) with pH values decreasing from 7.0 to 1.0, A, = 383 nm. (b) Sigmoidal fitting of ratiometric FL intensity
(Fs63 nm/Feas nm) With different pH. The inset displayed the linear relationship of N, S-CDs against pH (2.4-3.6). (c) Picture of N, S-CDs at different pH under 365 nm
UV lamp illumination.

spacing of graphite structure (100) [30]. The surface state and chemical
composition of the N, S-CDs were explored via elemental analysis and
X-ray photoelectron spectroscopy (XPS). As displayed in Table S2, N, S-
CDs consisted of C 47.34%, H 6.05%, N 11.15%, S 11.77% and O
(calculated) 23.69%, indicating that it was co-doped with S and N
successfully. The XPS survey spectrum of the N, S-CDs was showed in
Fig. 1b, revealing five peaks at 531.3, 398.8, 284.9, 228.9 and
163.8 eV, which should be ascribed to O, Nig, C 1s, Sys and Syp, re-
spectively[31]. The high-resolution C;5 spectrum exhibited three main
peaks at 284.5, 285.4 and 290.1 eV, which were attributed to sp? car-
bons (C-C/C=C), sp3 carbons (C-N/C-S) and carboxyl carbons (COOH)
[32], respectively (Fig. 1c). The Ny; XPS spectrum (Fig. 1d) depicted
two peaks at 398.5 and 400.3 eV, which may be caused by pyridine N
and pyrrole N[33]. The O;5 XPS spectrum (Fig. S1) could be decom-
posed into two peaks, which corresponded to C-O-C/C-OH (531.2 eV)
and C=0 (533.2 eV)[34]. The Sy, XPS spectrum (Fig. 1e) exhibited
three peaks: the peaks at 164.7 and 163.6 eV were attributed to Sy, 1,2
and Sy, 3,2 spectra of the C-S—-C covalent bond[35], another higher
energy peak at 167.2 eV indicated the presence of sulfate or sulfonate
[36,37]. Then the functional groups of N, S-CDs were further identified

by Fourier transform infrared (FTIR) spectroscopy (Fig. 1f). The ab-
sorption appeared at 3433 cm ™! was due to the stretching vibrations of
0O-H and N-H. The broad peak around 2980-2920 cm ~ ! were assigned
to the stretching and bending vibrations of —CH, and the absorption at
2620 cm ™! was attributed to —SH vibration [35]. In addition, the vi-
bration peaks at 1631, 1507, 1396, 1232 and 1017 cm ™~ ' corresponded
to C=O0 vibration, C=C stretching, C-NH-C stretching, C-O/C-S
stretching and C-H bending, respectively [31,38]. Above analysis in-
dicated that the results of recognition on surface functional groups by
FTIR were in accordance to XPS results, and all the data manifested that
the surface of N, S-CDs contained N-H, -COOH, C-N, C-S, C=0
functional groups, which endowed N, S-CDs with excellent water so-
lubility. In summary, the nitrogen and sulfur elements have been suc-
cessfully incorporated into the CDs.

3.2. Optical properties of the N, S-CDs

The optical properties of the N, S-CDs were investigated by UV-vis
absorption and fluorescence spectroscopy. The absorption spectra was
depicted in Fig. 2a, the absorption peak appeared around 232 nm was
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Fig. 4. FL intensity of N, S-CDs (0.8 mg mL™") in the existence of various
species at pH 1.2, 3.0 and 7.0, respectively: (1) blank; (2-3) 30 mM Na*, K*;
(4-8) 20 mM Mg**, Ca®*; Ba®*, Zn®*; Mn?*; (9-10) 0.1 mM Fe?*, Cr**;
(11-13) 1 mM Fe?*, Co?*, AI**; (14) 3 mM Cu®™; (15) 15 mM Ni2™*; (16-17)
0.5mM Pb%*, Ag*; (18-19) 5 mM Cd>*, Hg?*; (20-30) 2 mM glucose, leucine,
pL-methionine, valine, 1-threonine, cysteine, glycine, arginine, serine, histidine,
vitamin C. (Aexy = 383 nm).

attributed to the w-* electronic transition of the aromatic sp> domain.
The absorption band at 276 nm and weak broad bands at the range of
380-630 nm were represented as the surface states, which consisted of
a series of lower energy absorption bands of the functional groups[32].
Subsequently, the fluorescence behavior was performed and the result
was displayed in Fig. 2a, the optical excitation and emission wave-
lengths of N, S-CDs were located at 383 nm and 563 nm, respectively.
The inset in Fig. 2a showed the image of N, S-CDs dispersion irradiated
with a 365 nm UV lamp, and it exhibited strong yellow fluorescence.
Furthermore, the A, of N, S-CDs at 563 nm was almost independent of
excitation when the A, moved from 360 nm to 480 nm (Fig. 2b), which
was attributable to the relatively uniform size distribution and surface
states of the N, S-CDs. Furthermore, the quantum yield (QY) was cal-
culated by the five-point method to be 15.97% (Fig. S2.)

The fluorescence stability of the N, S-CDs was investigated. As
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depicted by Fig. S3a, it was shown that even at high concentrations of
NaCl (4.0 mol L™ 1), the fluorescence intensity and spectral shape of N,
S-CDs hardly changed, which was favorable to their practical utilization
in physical salt environments. As displayed by Fig. S3b, there were no
clear changes in fluorescence intensity of the N, S-CDs after continuous
illumination through Xe lamp for 3 h, illustrating that N, S-CDs hold
outstanding luminescence stability. Fig. S3c described the effect of
different kinds of pH on N, S-CDs, the fluorescence intensity decreased
significantly both in acidic and alkaline environments, implying that N,
S-CDs existed great fluctuation and possessed distinct pH-sensitive
feature.

3.3. Optical response to pH

A standard pH titration fluorescence emission spectra was con-
ducted to study the optical response of N, S-CDs to pH. Fig. 3a showed
the fluorescence spectral changes of N, S-CDs with pH, indicating the N,
S-CDs possessed significant pH-dependent behavior. The emission peak
at 563 nm was gradually reduced as the pH range from 7.0 to 1.0, and a
new peak was proportionally emerged at 645 nm concomitantly from
3.0 to 1.0, accompanied by the fluorescence of N, S-CDs varied from
yellow to red (Fig. 3c). More importantly, the apparent red shift in the
fluorescence spectrum supplied a good chance to implement ratio
measurement. The emission ratio (Fse3 nm/Fe4s nm) changed sharply
from 2.83 to 0.025 in the pH range of 7.0-1.0 (Fig. 3b). According to
the analysis of the emission ratio (Fsg3 nm/Fe4s nm), sigmoidal fitting
calculated pK, value of 2.90. The corresponding linear regression
equation was obtained, Fs¢3 nm/Feas nm = —4.63 + 2.07 pH, the
emission ratio also showed favorable linearity in the range of pH
3.6-2.4, and R*> = 0.992. Therefore, the N, S-CDs were capable of being
further applied to quantitatively determine the extreme acidic pH by
conventional fluorescence and ratiometric fluorescence methods.

The recognition of N, S-CDs for H" could be attributed to the ele-
mentary morphology of nitrogen atoms on its surface. From N 1s XPS
spectrum, nitrogen atoms were mainly present in the form of pyridine N
and pyrrole N. The pH sensitivity was introduced via protonation or
deprotonation of the pyrrole N and pyridine N moieties. The basicity of
pyrrole was inferior to that of pyridine since the lone pair of electrons of
pyrrole N participated in p-x conjugation[32]. Under acidic conditions,
the nitrogen on the pyridine were firstly protonated, showing the gra-
dual decrease of the fluorescence intensity at 563 nm. As the acidity
was further enhanced, the pyrrole N was also protonated[39]. Si-
multaneously, the intramolecular charge transfer (ICT) effect between
the functional groups on the surface of N, S-CDs may lead to a new peak
appeared at 645 nm[1]. Moreover, the absorption spectra of N, S-CDs
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Fig. 5. (a) Dependence of FL intensity of N, S-CDs with time under Xe lamp irradiation at pH 7.0, 3.0 and 1.2, respectively; (b) Fluorescence reversible response

against pH varied repeatedly between 7.0 and 2.0. Aeyx/Aem are 383/563 nm.
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Fig. 6. LSCM images of N, S-CDs (0.4 mg mL ') in SMMC7721 cells at pH 1.5, 3.0 and 7.0, respectively. (a), (e) and (i) are the images of bright field; (b), (f) and (j)
are the images of yellow channel (520-600 nm); (c), (g) and (k) are the images of red channel (600-720 nm); (d), (h) and (1) are the merged images. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

also showed two new bands at 574 nm and 624 nm when the pH de-
creased below 3.0, which corresponded to the emergence of red emis-
sion at 645 nm and 677 nm (Fig. S4). Therefore, we speculate that
binding of H™ to the nitrogen atoms on the N, S-CDs caused the sig-
nificant fluorescence spectral response to pH. And a biosensor platform
based on N, S-CDs could further established for detecting pH by this
mechanism.

3.4. Selectivity studies

The selectivity of N, S-CDs over other metal ions and biomolecules
of interest was examined at pH 1.2, 3.0 and 7.0, respectively. As de-
monstrated in Fig. 4, physiologically essential ions such as Na™, K*,
Mg?*, Ca®* did not cause any significant emission changes in pH
measurements. Other heavy metal ions (Fe**, Ccu®*, AI®*, Hg?",
Cr3*,Ag™, Pb?*) also exhibited no visible effects at different pH con-
ditions. Furthermore, some bioactive molecules (e.g, glucose, leucine,
pi-methionine, valine, 1-threonine, cysteine, glycine, arginine, serine,
histidine and vitamin C) caused negligible effects on the optical in-
tensity of N, S-CDs. This implied that N, S-CDs exhibited high selectivity
toward H*, which enabled it to be a promising pH-sensitive nanoprobe
for tracking H* changes.

3.5. Photostability and reversibility studies

Photostability is another significant factor for evaluating the cap-
ability of fluorescent CDs. The photostability of N, S-CDs at different pH
(pH = 1.2, 3.0 and 7.0) was performed by recording the fluorescence
intensity during 3 h (Aex = 383 nm). As displayed in Fig. 5a, the N, S-
CDs revealed excellent fluorescence stability at various pH, implying
that N, S-CDs could respond immediately to changes in H* and could

be utilized to observe pH changes in real time. As the reversibility is a
high requirement for monitoring pH fluctuations in physiological en-
vironments. The concentrated hydrochloric acid and sodium hydroxide
were used to adjust the pH value of the solution back and forth between
7.0 and 2.0 [1,29]. As depicted in Fig. 5b, neglecting the slight drift
caused by instrument errors and operating errors, the results indicated
that these processes were completely reversible. In a matter of seconds,
the response and recovery times of the solution was fast. At the same
time, the visual fluorescent colour of the solution varied between
yellow (pH 7.0) and red (pH 2.0). It was obvious that N, S-CDs had a
highly reversible response to pH. All the above evidences revealed that
N, S-CDs possessed favorable luminescence stability and could be acted
as a promising nanoprobe to monitor pH fluctuations in real time.

3.6. Cellular cytotoxicity assays

The cytotoxicity of N, S-CDs to living cells was assessed through
standard MTT assay using SMMC7721 cells. Fig. S5 depicted the sur-
vival rate of SMMC7721 cells at different concentrations of N, S-CDs
from O to 160 pg mL~'. The result showed that over 81.6% of the cells
were viable, indicating the N, S-CDs had low toxicity and had great
potential for bioimaging of living cells in vivo.

3.7. Imaging of living cells

The probability of N, S-CDs for cell imaging and real-time mon-
itoring of pH changes was explored by introducing them into
SMMC7721 cells with pH 7.0, 3.0 and 1.5, respectively. Images of the
second and third columns were recorded in yellow channel
(520-600 nm) and red channel (600-720 nm) by 405 nm laser, re-
spectively. As displayed in Fig. 6, N, S-CDs was well dispersed
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throughout the cytoplasmic region between the nucleus and cell
membrane, and exhibited a bright red fluorescence emission at pH 1.5,
while yellow fluorescence was very weak (Fig. 6a-d); As the pH
changed to 3.0, the red fluorescence intensity decreased and the yellow
fluorescence intensity increased gradually (Fig. 6e-h); when the pH
increased to 7.0, it showed a bright yellow fluorescence emission, and
the red fluorescence was further lowered (Fig. 6i-1). The two channels
based on the red fluorescence and yellow fluorescence displayed the
characteristic pH-dependent signal, indicating that N, S-CDs possessed
superior cell penetration and can be utilize in monitoring the pH var-
iation of live cells imaging.

4. Conclusion

In brief, we have synthesized the ratiometric fluorescent N, S-CDs
with intrinsic pH-sensitive behavior by a facile one-step hydrothermal
method. The prepared N, S-CDs were implemented as a biosensor
platform for pH visual sensing based on ratiometric fluorescence
changes at 563 and 645 nm accompanied by the visualization fluores-
cence variation between yellow and red. N, S-CDs possessed excellent
advantages in improving trace levels sensitivity and built-in environ-
mental impact correction. Moreover, the N, S-CDs hold favorable pho-
tostability, superior biocompatibility, low toxicity and exceptional cell
membrane permeability, which can further utilized to monitor in-
tracellular pH in SMMC7721 cells via visible fluorescence changes be-
tween yellow and red. It is expected that the N, S-CDs could be con-
sidered as promising candidate to construct fluorescent biosensing
platform for tracking pH changes in acidic environments, which pro-
vides a basis for clinical disease diagnosis and other biological fields.
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