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Intracellular pH modulates the function of many organelles
and plays a pivotal role in cell metabolism processes, such as
the proliferation and apoptosis.[1] Measuring pH distribution
and fluctuation with high temporal–spatial resolution in living
cells is thus essential for advancing our understanding of cell
biology. Towards this end, great efforts have been made to
develop ratiometric fluorescent pH sensors, because such
sensors can avoid the influence of several variants, such as
concentration and optical path length, and have been proved
to be an effective way to accurately quantify the pH values in
cells and even in organelles.[2] Small molecular fluorescent
probes as well as fluorescent proteins have been widely used
for intracellular pH detection. Recently, nanoparticle-based
ratiometric pH sensors have attracted more and more
attention owing to their remarkable advantages, the most
important of these being that it is easy to simultaneously
assemble diverse dyes (usually pH-sensitive and pH-insensi-
tive) on the same nanoparticle to acquire ratiometric
fluorescent sensors with tunable pH response range.[3]

A number of fluorescent nanosensors, based on silicon,
polymers, or quantum dots, have been elegantly designed to
quantify intracellular pH.[3] However, most of them only
report the pH value of endosomes or lysosomes in cells
instead of the whole intracellular pH map, including the
cytoplasm and nucleus. The possible reason for this phenom-
enon might be that the large size or limited biocompatibility
of the nanosensors leads to their localized distribution. Thus,
smaller size and more biocompatible materials would be
desirable.

The newly emerging carbon nanodots (CDs), the latest
form of carbon nanomaterials,[4] possess such properties and
may be considered as a favorable candidate. Specifically, their
good biocompatibility has led to their successful use in
imaging living cells and delivering drugs,[5] and their small
sizes (usually having a diameter less than 10 nm) may
facilitate the diffusion in cells. These superior characteristics
of CDs, together with their facile preparation, make them
a promising material for fluorescent pH sensors. However,

such an attempt has not been reported to our knowledge.
Herein, we describe the first example of CD-based tunable
ratiometric fluorescent pH sensor by which the intracellular
pH pattern of HeLa cells is quantitatively obtained. More-
over, the intracellular pH fluctuation caused by different
redox species is also studied with the nanosensor.

The CD-based fluorescent pH sensor was fabricated as
depicted in Scheme 1. First, amino-coated CDs were prepared
by heating citric acid in glycerol at 220 8C for 3 h under argon

in the presence of 4,7,10-trioxa-1,13-tridecanediamine
(TTDDA; as a surface coating agent). The amino-coated
CDs were then treated with different molar ratios (1:1–1:30)
of pH-sensitive fluoresceinisothiocyanate (FITC) to pH-
insensitive rhodamine B isothiocyanate (RBITC), yielding
the dual-labeled CDs (DLCDs), which were finally purified
by thorough dialysis and gel chromatographic separation. The
red solution of DLCDs that was obtained, which is stable for
at least six months, can be used directly, or lyophilized as a red
solid, which can be easily redispersed in water. The diameter
of DLCDs by transmission electron microscopy measurement
is approximately 5 nm (Supporting Information, Figure S1),
and its average hydrodynamic diameter in water is about 7 nm
from dynamic light scattering analysis (Supporting Informa-
tion, Figure S2).

The fluorescence emission spectra of DLCDs were
examined in Na2HPO4/NaH2PO4 buffer solution at various
pH values. Ratiometric fluorescent pH sensors are usually
utilized in dual excitation mode,[2, 3] which suffers from some
drawbacks, such as complex equipment and operation and
poor time resolution. Therefore, in this work a single
excitation mode (at 488 nm) was chosen. As an optimized
example (see below), the DLCDs prepared with a molar ratio
of 1:10 FITC/RBITC show a distinct fluorescent response to
pH. As depicted in Figure 1a, the increase of pH raises the
fluorescence (515 nm) of fluorescein dramatically, while that

Scheme 1. Preparation of dual-labeled carbon nanodots (DLCDs).
a) TTDDA, 220 8C, 3 h; b) FITC, RBITC, room temperature, overnight.
See text for details.
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(575 nm) of rhodamine B is increased little. The fluorescence
intensity ratio R of fluorescein at 515 nm and rhodamine B at
575 nm increases with the increase in pH. Most notably, the
pH sensor displays an excellent reversibility between pH 5
and pH 9 (Figure 1b).

The molar feed ratio of FITC to RBITC is a critical factor
for the pH response range of DLCDs. As shown in Figure 1c,
different feed ratios from 1:1 to 1:30 FITC/RBITC make the
pH-sensitive range of the nanosensor tunable from pH 5.2 to
8.5, which can cover most of the physiological pH ranges.
However, a higher content of RBITC would decrease the
sensitivity of the sensor. Considering the intracellular pH
fluctuation range, DLCDs with a molar feed ratio of 1:10 were
employed in the present work unless otherwise noted,
because its optimized pH-sensitive range is about pH 5.2–
8.2. In this case, the amounts of FITC and RBITC conjugated
to per gram of the CDs are calculated to be about 53 mg and
419 mg, respectively, based on the additivity of absorbance
from each component (Supporting Information, Figure S3).

The influence of intracellular species, such as ions,
saccharides and proteins, on the quantitative pH determina-
tion were investigated, revealing that these species over their
physiological concentrations exhibit negligible effect (Sup-
porting Information, Figure S4). Furthermore, to explore the
intracellular pH fluctuations associated with oxidative stress,
the effects of redox substances, including H2O2, ClO� ,
reduced glutathione (GSH), GSH inhibitor N-ethyl malei-
mide (NEM),[6] and GSH precursor N-acytelcysteine
(NAC),[7] were examined in phosphate buffer saline (PBS,
pH 7.4). It is found that these substances scarcely affect the
ratiometric fluorescent signal of DLCDs (Supporting Infor-
mation, Figure S5); that is, interference from their redox and/
or acid–base properties may be neglected.

A standard MTT assay (MTT= 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide)[8] showed that cell
viability was not significantly changed upon treatment with
DLCDs for 24 h (Supporting Information, Figure S6), clearly
indicating the low cytotoxicity and good biocompatibility of
the CD-based sensor.

To demonstrate the applicability of DLCDs to quantifying
intracellular pH, the intracellular calibration experiment was
first made in HeLa cells with H+/K+ ionophore nigericin,
which is a standard approach for homogenizing the pH of cells
and culture medium.[9] As shown in Figure 2, the fluorescence
from the FITC channel (green pseudocolor) in cells increases
with pH, whereas that from the RBITC channel (red pseudo-
color) hardly alters. The ratio channel, obtained based on the
above two channels, displays a characteristic pH-dependent
signal (the fourth row in Figure 2), which generates a good
linear calibration curve in the pH range from 6.0 to 8.0
(Figure 3a). On the basis of this curve, the averaged intra-
cellular pH value of intact HeLa cells (Figure 3b; Supporting
Information, Figure S7) is determined to be 7.4� 0.2. It is
noted that the difference of the ratio signals between
cytoplasm and nucleus is not significant, implying that these
two regions have a similar pH environment. Moreover, the
applicability of DLCDs was further demonstrated by meas-
uring the intracellular pH of MCF-7 cells (Supporting
Information, Figure S8), and a lower pH value (7.2� 0.2)
than that of HeLa cells was observed. To verify the validity of
DLCDs, SNARF-1 (a commercial available pH probe) was
used to determine the intracellular pH values of HeLa and
MCF-7 cells. The results obtained from SNARF-1 accord well
with those from DLCDs (Supporting Information, Figure S9).

Detailed fluorescence imaging analysis (Supporting Infor-
mation, Figure S7) shows that DLCDs can be distributed in
the whole HeLa cells rather than the specific organelles like
endosomes or lysosomes, which is quite different from that of
the other nanoparticle-based sensors such as silicon, polymers
or semiconductor quantum dots. Importantly, the unnotice-
able difference of fluorescence intensity between cytoplasm
and nucleus indicates the good dispersibility of DLCDs in
cells. This feature of DLCDs may result from the better
biocompatibility and smaller size of CDs. Similar intracellular
distribution patterns in both cytoplasm and nucleus have been
observed for other carbon nanomaterials, such as carbon
nanotubes[10] and graphene.[11] Interestingly, in the RBITC
channel (Supporting Information, Figure S7, second row) we

Figure 1. a) Fluorescence emission spectra of DLCDs (60 mgmL�1) in
0.2m Na2HPO4/NaH2PO4 buffer at various pH values. b) pH reversi-
bility study of DLCDs between pH 5 and 9. c) Plots of R versus pH
values for DLCDs prepared with different molar feed ratios from 1:1 to
1:30 (FITC/RBITC). R is the ratio (I515/I575) of the fluorescence intensity
of DLCDs at 515 nm and 575 nm; lex =488 nm.
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can see bright discrete spots, which correspond to the acidic
speckles in the ratio channel (Supporting Information, Fig-
ure S7, fourth row). This phenomenon might be attributed to
the slight accumulation of DLCDs in endosomes or lyso-
somes, which however does not disturb the measurement of
the whole intracellular pH.

Different redox substances were applied to HeLa cells to
explore the relationship between intracellular pH fluctuations
and oxidative stress. First, NEM (GSH inhibitor) or NAC
(GSH precursor) was incubated with HeLa cells to regulate
the intracellular GSH level. As shown in Figure 3 c, the
depletion of GSH by NEM decreases the intracellular pH to
6.9� 0.3. The reason for this acidification is unclear, but
a possible explanation may be that the decrease of GSH may

affect the function of the Na+/H+ antiporter.[12] However, the
upregulation of GSH by NAC has no considerable effect on
the intracellular pH (Figure 3d), indicating that GSH over the
normal concentration may not cause a noticeable change of
the intracellular acidic substances.

Similarly, H2O2 can acidify HeLa cells to pH 7.0� 0.2
(Figure 3e), which has been ascribed to the generation of
acidic substances (for example, phosphoric acid) caused by
hydroxyl radicals (Fenton reaction) from H2O2.

[13] Interest-
ingly, low intracellular pH was not observed when HeLa cells
were treated with NaClO (Figure 3 f), suggesting that the
elevated level of ClO� cannot increase greatly the intra-
cellular acidic substances under the present conditions. This
behavior of ClO� , which is quite different from that of H2O2,

Figure 2. Fluorescent images of HeLa cells clamped at pH 6.0, 6.5, 6.8, 7.2, 7.5, and 8.0, respectively. The images of the first row (FITC channel)
and second row (RBITC channel) were collected in the ranges of 510–550 nm and 570–610 nm, respectively. The third row shows the
corresponding differential interference contrast images. The images of the fourth row (the ratio channel) were generated by Olympus software
(FV10-ASW); the bottom color strip represents the pseudocolor change with pH. Scale bar, 20 mm.

Figure 3. a) Intracellular pH calibration curve of DLCDs. R indicates the pseudo ratio generated by Olympus software (FV10-ASW). b)–
f) Ratiometric images of DLCD-loaded HeLa cells in PBS (pH 7.4): b) intact cells, and cells treated with c) 1 mm NEM, d) 1 mm NAC, e) 100 mm

H2O2, or f) 100 mm NaClO for 1 h. Scale bar: 20 mm. See the Supporting Information, Figure S7, for more details.
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has not been reported yet to the best of our knowledge.
Moreover, all these trends of intracellular pH changes in the
presence of redox substances are supported by a comparative
study with SNARF-1 (Supporting Information, Figure S10),
confirming the validity of our nanosensor.

In conclusion, a tunable ratiometric fluorescent pH
nanosensor has been developed by incorporating FITC and
RBITC to carbon nanodots, whose noticeable feature is the
facile adjustment of pH response range compared to most of
the known pH sensors. Cell imaging studies have demon-
strated its good biocompatibility and intracellular dispersi-
bility. Quantitative determinations of intracellular pH of
intact HeLa cells and the pH fluctuations associated with
oxidative stress have been successfully performed with our
nanosensor. The decrease of intracellular GSH leads to the
acidification of cells, but GSH above the normal level has no
obvious effect on the intracellular pH. Moreover, elevated
ClO� does not decrease the intracellular pH as H2O2 does.
The detailed mechanisms for these phenomena need to be
studied in the future. However, the present study leads to an
interesting observation that the disturbance of oxidative
stress usually decreases rather than increases the intracellular
pH (unidirectional change), which is further supported by the
measurements with SNARF-1. More notably, this work
clearly shows that CDs can serve as a promising platform
for constructing practical fluorescent nanosensors, and the
proposed DLCD sensor may have a great potential for
quantitatively monitoring the intracellular pH fluctuations
under different stimuli.
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