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Ratiometric fluorescent nanosensor based on water
soluble carbon nanodots with multiple sensing
capacitiest

Songnan Qu, Hong Chen, Xuanming Zheng, Junsheng Cao and Xingyuan Liu®

A construction strategy for ratiometric fluorescent nanosensors based on water soluble C-dots was
developed, which could sense temperature (10-82 °C), pH values (lower than 6.0 or higher than 8.6)
and Fe®* ions (>0.04 tM) by monitoring the intensity ratios of dual fluorescence bands (Ip//) under 380
nm excitation. /,,/l4 decreased nearly linearly with increasing temperature from 10 to 82 °C. In the pH
range from 8.6 to 6.0, the /,,/I4 was nearly constant at 0.75. /p/l4 gradually decreased from 0.75 to 0.52
in the pH range from 6.0 to 1.9, and increased nearly linearly from 0.52 to 0.75 in the pH range from
1.9 to 1.0. The dual fluorescence behavior was reversible in the pH range from 1.0 to 8.6. As pH
increased from 10.6 to 13.0, the green fluorescence band decreased continuously and blue shifted
with a nearly linear increase in I,/l4 from 0.75 to 2.15, while the green fluorescence band cannot be
recovered by decreasing the pH value. Ip/I; was ultrasensitive and selective in presence of Fe®* (>0.04
uM) in neutral aqueous environments. The two fluorescence bands of the C-dots were attributed to
different surface states that may produce different fluorescent signal responses to external physical or

www.rsc.org/nanoscale chemical stimuli.

Introduction

Fluorescent carbon nanodots (C-dots) are newly emerging as
versatile fluorescent nanomaterials with many potential appli-
cations." Compared to organic dyes and semiconductor
quantum dots with heavy metal cores, C-dots are superior in
terms of chemical inertness, their lack of optical blinking, low
photobleaching, low cytotoxicity, biocompatibility, water solu-
bility, and tunable excitation and emission spectra. Therefore,
C-dots are promising as substitutes for organic dyes or semi-
conductor quantum dots with heavy metal cores for preparation
of fluorescent nanosensors, and have attracted considerable
attention.

C-dot based fluorescent nanosensors have been under-
going rapid development recently. By monitoring the changes
in their fluorescence intensity under external physical or
chemical stimuli, C-dots have been used to detect substances
and quantities such as DNA,> PO,*",* lysozyme,* thrombin,’
nitrite,* glucose,” biothiol,® pH,> Ag*,** Hg>*,* and Cu*".*?
However, most of these C-dot based fluorescent nanosensors
are based on single wavelength fluorescence intensity change
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methods. Fluorescence intensity-based methods circumvent
many problems, such as signal variations caused by fluctua-
tions in concentration, optical path length and source inten-
sity, which otherwise prevent precise and quantitative
determination. Ratiometric fluorescent sensors, which use the
intensity ratio of two well-resolved wavelengths, and thus
provide built-in correction for environmental interference,
could improve the quantification accuracy, and therefore have
great advantages over single wavelength fluorescent change
probes.” Ratiometric fluorescent sensors are usually used in
dual excitation mode, which has some drawbacks, such as
complex equipment and operation and poor time resolution.
The design and development of ratiometric fluorescent
nanosensors based on C-dots in single excitation mode are
attracting great interest, particularly in the intracellular
sensing field. Ma et al. developed a ratiometric fluorescent pH
nanosensor by incorporating fluorescein isothiocyanate (FITC)
and rhodamine B isothiocyanate (RBITC) with C-dots, which
enabled the intracellular pH pattern of HeLa cells to be
quantitatively obtained under 488 nm excitation.™ Zeng et al.
developed a ratiometric fluorescent nanosensor by incorpo-
rating a naphthalimide azide derivative with C-dots for
detecting H,S in aqueous media and serum, as well as inside
live cells under 340 nm excitation.” Tian et al. reported a
ratiometric fluorescent nanosensor based on C-dot hybridized
CdSe/ZnS quantum dots that could selectively and sensitively
sense and image Cu®" ions intracellularly under 400 nm
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excitation.'® However, these methods inevitably brought in the
drawbacks of organic dyes or semiconductor quantum dots
with heavy metal cores, and weakened the merits of C-dots.

In our recent work, we reported a simple, economical and
green single-step microwave synthesis method for water-soluble
luminescent C-dots for application to a new type of biocom-
patible fluorescent ink."” These C-dots display zero or low
toxicity to both plants and animals, and showed stable, excita-
tion-wavelength-dependent photoluminescence (PL) properties
in aqueous solutions. Here, we report the multiple sensing
capacities of these C-dots on the basis of ratiometric fluores-
cence. To the best of our knowledge, this is the first ratiometric
fluorescent nanosensor based on C-dots without incorporation
of organic dyes or hybridization of semiconductor quantum
dots with heavy metal cores.

Results

Excitation and fluorescence lifetime decay spectra
investigations

The synthesis process for these C-dots can be found in our
previous work.”” Under single wavelength excitation at
380 nm, the C-dot dilute aqueous solutions showed two well
resolved fluorescent bands centered at 455 and 520 nm
(Fig. 1a). The PL excitation spectra of the C-dot dilute aqueous
solution recorded at 455 and 520 nm showed two different 7-
m* transition bands centered at 357 and 408 nm, respectively.
The fluorescent decay curves of the C-dot aqueous solution
recorded at 455 and 520 nm under excitation at 380 nm
produced different fluorescent lifetimes (Fig. 1b). The average
fluorescence lifetimes recorded at 455 nm and 520 nm were
9.5 ns and 6.5 ns, respectively. These results indicated that
the two well resolved blue and green fluorescence bands
under 380 nm excitation were from different electronic tran-
sition processes, which might produce different fluorescent
signal responses to external physical or chemical stimuli.
After 3 h of continuous excitation at 380 nm (light source:
450 W Xe lamp, excitation slit: 1 nm), the two fluorescence
bands showed fewer fluctuations and the intensity ratio of
the two bands was nearly constant under the same test
conditions (Fig. S1t), showing that C-dots could be used as
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Fig. 1 (a) Fluorescence excitation and fluorescence emission spectra of a C-dot
dilute aqueous solution at 25 °C (emission wavelengths for excitation spectra: 455
nm (dashed line) and 520 nm (dotted line), excitation wavelength for emission
spectrum: 380 nm). (b) Fluorescence decay at 455 nm and 520 nm of the C-dot
dilute agueous solution at 25 °C (excitation at 380 nm; IRF = instrument response
function).
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ratiometric fluorescent nanosensors on the basis of this dual
fluorescence.

Temperature sensing capacity

The effects of temperature on the two fluorescence bands of the
C-dot aqueous solutions (excitation at 380 nm) were investigated
(Fig. 2a and b). In the range from 10 to 82 °C, the blue band
gradually decreased while the green band increased slightly
(Fig. S2t). The intensity ratio of the two fluorescence bands (I,/1,)
decreased nearly linearly with increasing temperature. Under
decreasing temperature, the dual fluorescence behavior of the C-
dot aqueous solutions was reversible, indicating a ratiometric
fluorescent sensing capacity for temperature.

PH sensing capacity

Detection of pH is critically important because it plays a
pivotal role in many systems. In contrast to most common pH
probes based on electrochemical methods, fluorescence-based
pH nanosensors have distinct advantages in intracellular pH
and microscopy studies.®**** The pH sensing capacity of the C-
dot dilute aqueous solution was studied for a wide range of
pH values (which were adjusted by adding HCl or NaOH)
under 380 nm excitation at 25 °C (Fig. 3a and b). In the pH
range from 8.6 to 6.0, the two fluorescence bands showed
small fluctuations, and I,/I; was nearly constant at 0.75. For
decreasing pH values from 6.0 to 1.9, both fluorescence bands
decreased obviously (Fig. S3at), and I/I, decreased gradually
from 0.75 to 0.52. For decreasing pH values from 1.9 to 1.0,
the blue fluorescence band decreased further, while the green
fluorescence band decreased greatly and blue shifted (Fig. 3c
and d). I/I, increased nearly linearly from 0.52 to 0.75 for the
pH values from 1.9 to 1.0. For increasing pH values from 1.0
to 8.6 by addition of NaOH, the dual fluorescence behavior
was seen to be reversible. For increasing pH values from 8.6 to
13.0, the blue fluorescence band first slightly increased and
then decreased, while the green fluorescence band continu-
ously decreased and blue shifted (Fig. S3bt). Iy/I, increased
nearly linearly from 0.82 to 1.36 for pH values from 10.6 to
13.0. However, the green fluorescence band cannot be recov-
ered by adding HCI to neutral aqueous solution (Fig. S47).
This indicates that the C-dots can be used as ratiometric
fluorescent pH nanosensors at pH values lower than 6.0 or
higher than 8.6.
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Fig. 2 (a) PL spectra of the C-dot dilute aqueous solution (0.1 mg mL™") at
different temperatures (normalized at the maximum peak of the green fluores-
cence band, 380 nm excitation). (b) Plots of /,//4 versus temperature.
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Fig.3 (a) PL spectra of the C-dot aqueous solutions (0.1 mg mL™") for pH values
from 1.9 to 13.0 (normalized at the maximum peak of the blue fluorescence band,
380 nm excitation, at 25 °C). (b) Plots of /y/Iq versus pH. (c) PL spectra of the C-dot
aqueous solutions (0.1 mg mL~") for pH values from 1.9 to 1.0 (380 nm excitation
at 25 °Q). (d) Plots of the wavelengths of the maximum peaks of the green
fluorescence bands versus pH.

Metal ions sensing capacity

Detection of transition metal ions at the micromolar level is
highly desirable because of the vital roles they play in biological
and environmental applications.'® Fe** is an important transi-
tion metal for all organisms, and disorders in its metabolism
cause anemia, liver and kidney damage, diabetes, and heart
failure.>® However, many Fe*'-selective fluorescent sensors are
hydrophobic, and this incompatibility with aqueous environ-
ments restricts the application of these sensors in biological
systems.** Zhou et al. reported a pyrene-bearing cellulose nano-
crystals that could selectively and sensitively sense Fe*" ions at
concentrations higher than 1 uM in aqueous suspension based
on single wavelength fluorescence intensity change method.*
Kumar et al. reported a thiacalix[4]arene based fluorescent probe
for sensing and imaging of Fe>" ions in aqueous media based on
single wavelength fluorescence intensity change method with
the detection limit of about 0.5 pM.?* Ratiometric fluorescent
nanosensors for Fe®" are scarce in aqueous environments.
Thennarasu et al. reported a single molecular FRET based sensor
for ratiometric detection of Fe*" ions in aqueous media with the
detection limit of about 0.05 uM.* As demonstrated above, I,/I,
of the C-dot aqueous solution was nearly constant in the pH
range from 8.6 to 6.0 at 25 °C, indicating potential metal ions
sensing applications in physiological samples. The dual fluo-
rescence responses of the C-dot aqueous solution (380 nm exci-
tation) to Fe*" ions (Fe(NOj3);) were measured in the pH range
from 8.6 to 6.0 at 25 °C. Upon addition of Fe*" ions, as shown in
Fig. S5,T the green fluorescence band gradually decreased and
red shifted slightly, while the blue fluorescence band was
dramatically quenched. The dual fluorescence of the C-dot
aqueous solution is sensitive to the detection of Fe*" ions at
concentrations above 0.04 pM. As the Fe*' ion concentration
increased from 0.04 to 46 uM, I/I, gradually decreased from 0.73
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t0 0.49 (Fig. 4c and d). The time-dependent PL spectra of a C-dot-
Fe’" solution shown in Fig. S67 indicate that only 1 min is
required to complete the reaction between the C-dots and Fe’".
To evaluate the selectivity of the sensing system, we measured
Iy/I; in the presence of various metal ions under the same
conditions, including Ca®*", Cd**, Cu®’, Ba®>*, AI’, Na*, Mg*",
Ni**, Pb**, Zn** and Ag", as shown in Fig. 4b. No obvious changes
in Iy/I; were observed for most of these metal ions in the same
measuring condition. It was found that Cu** could also quench
the dual fluorescence of the C-dot aqueous solution with a
decreased I,/I,. Further experiments showed that the dual fluo-
rescence of the C-dot aqueous solution was sensitive to Cu®>" ions
at concentrations higher than 30 uM (Fig. 4d and S77). As the
Cu*" ion concentration increased from 30 to 480 pM, Iy/I, grad-
ually decreased from 0.73 to 0.62, indicating that the amount of
Cu?", at more than 500 times that of Fe**, interfered with the
detection of Fe*". As the method has a higher sensitivity to Fe**
than to Cu®" and I/, cannot be found at less than 0.62 in pres-
ence of Cu®" at concentration low than 480 uM, the interference
from Cu®" could be eliminated by simply diluting the sample.
Overall, these observations indicate that the C-dots can be used
as ratiometric fluorescent nanosensors for ultrasensitive and
selective detection of Fe’" in aqueous environmental and bio-
logical systems.

To evaluate the C-dot based Fe*' sensor in an artificial
system, the performance of the present method for real water
sample analysis was challenged by lake water samples obtained
from the South Lake of Changchun, Jilin province, China. The
lake water samples were filtered through a 0.22 um membrane
and then centrifuged at 15 000 rpm for 20 min. The resultant
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Fig. 4 (a) PL spectra of the C-dot aqueous solutions (0.02 mg mL™") in the
absence and presence of different metal ions (normalized at the maximum peak
of the green fluorescence band, 380 nm excitation at 25 °C, 50 uM of selected
metal ions). (b) /y/14 of the C-dot aqueous solutions (0.02 mg mL~")in the absence
and the presence of different metal ions (380 nm excitation at 25 °C, 50 uM of
selected metal ions). (c) PL spectra of the C-dot aqueous solutions (0.02 mg mL™")
in the presence of different Fe** concentrations (normalized at the maximum
peak of the green fluorescence band, 380 nm excitation at 25 °C). (d) Plots of /p//4
versus Fe>* (M) and Cu®* (O) concentrations.
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water samples were spiked with Fe®" at different concentration
levels and then analyzed with the proposed method. It is seen
that the PL intensity and Iy/I, gradually decreased with
increasing the concentration of Fe** from 0.6 to 80 pM, as
shown in Fig. S8.1 In spite of the interference from numerous
minerals and organics existing in lake water, this sensing
platform can still distinguish between fresh lake water and that
spiked with Fe®* at concentrations higher than 0.6 uM. These
results imply that the Fe®" sensor is likely to be capable of
practically useful Fe®" detection upon further development.

Discussions

It has been shown that the surface state and size may affect the
emission of C-dots." At present, the mechanism of the multiple
sensing capacities of the C-dots is unclear. We proposed that the
dual fluorescent bands of the C-dots could be attributed to
different surface states. The Fourier transform IR (FTIR) spec-
trum revealed that the C-dots contained N-H and C=0, which
was attributed to urea groups on the surface.’” Adjacent urea
groups on the C-dots could form intramolecular H-bonds, which
may lead to extended conjugation in the structure of the C-dots.
These intramolecular H-bonds could be destroyed by the
surrounding polar solvent molecules and form intermolecular
H-bonds between the urea groups and the solvent molecules.
The urea group is non-fluorescent group. Intramolecular H-
bonding or intermolecular H-bonding urea groups might lead to
different surface states of the C-dots. We proposed the blue
fluorescence band was attributed to a surface state in which urea
groups formed intermolecular H-bonds, while the green fluo-
rescence band was attributed to a surface state in which urea
groups formed intramolecular H-bonds, as shown in Scheme 1.
The intermolecular H-bonds are more sensitive to temperature
than the intramolecular H-bonds.*® At high temperatures,
intermolecular H-bonds between the urea groups and water
molecules are greatly weakened, and the urea groups tend to
form intramolecular H-bonds, which might explain the decrease
in I/I; with increasing temperature. In the pH range from 6.0 to
1.9, the decrease of the two fluorescence bands may be caused by

H
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1 Intermolecular
H-bonding
H
0! Blue fluorescent band
N/H H
N,/
I
H
“Intramolecular ”

H-bonding
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Scheme 1 Schematic representation of two possible surface states of the C-dots
for dual fluorescence bands.
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protonation of the urea groups. The intermolecular H-bonding
urea groups are easier to contact with hydrogen ions than the
intramolecular H-bonding urea groups. The protonation process
of the intermolecular H-bonding urea groups is faster than that
of intramolecular H-bonding urea groups, which may explain the
gradual decrease in I/l in the pH range from 6.0 to 1.9. At pH
values lower than 1.9, protonation of the intermolecular H-
bonding urea groups was nearly complete, and further proton-
ation of intramolecular H-bonding urea groups occurred, which
may be the reason for the near-linear increase in I/l in the pH
range from 1.9 to 1.0. The reversible dual fluorescence behavior
in the pH range from 1.0 to 8.6 can be understood in terms of
deprotonation of the urea groups. For pH values higher than 8.6,
intramolecular H-bonds between the urea groups were gradually
destroyed by increased hydroxyl ions. In strong alkaline aqueous
environments (pH >10.5), the urea groups were gradually
hydrolyzed, and intramolecular H-bonding urea groups dimin-
ished greatly, which may be the reason for the irreversible
decrease and blue shifted green fluorescence band in the pH
range from 10.6 to 13.0. N-H group is known for strong binding
affinity to transition and post-transition metals. The intermo-
lecular H-bonding urea groups have more free N-H groups than
intramolecular H-bonding urea groups. It might be the case that
intermolecular H-bonding urea groups are the primary bonding
sites on the C-dots with metal ions, which may explain the faster
attenuation of the blue fluorescence band compared to the green
fluorescence band upon addition of Fe*" ions. The quenching
caused by complexation of Fe*" ions is most likely due to the
electron/energy transfer process occurring between the excited
C-dots and the redox active metal ions. In our recent work, the
green fluorescence band was greatly increased in dry states,"”
which may support our proposal that no solvent molecule
interfered with urea groups in the formation of intramolecular
H-bonds on the C-dot surfaces and led to the enhanced green
fluorescence band. We also speculate that the C-dot size and the
urea group density on the surface of the C-dots can also affect
urea groups in the formation of intramolecular H-bonds. Further
studies are in progress.

Conclusions

In conclusion, we have developed ratiometric fluorescent
nanosensors based on water soluble C-dots for precise and
quantitative sensing of temperature, pH values and Fe*" ions by
monitoring the intensity ratios of the dual fluorescence bands
(I/Iy) under 380 nm excitation. I,/I, decreased nearly linearly
with increasing temperature from 10 to 82 °C. I/l gradually
decreased from 0.75 to 0.52 in the pH range from 6.0 to 1.9, and
increased nearly linearly from 0.52 to 0.75 in the pH range from
1.9 to 1.0. The dual fluorescence behavior was reversible in the
pH range from 1.0 to 8.6. As pH increased from 10.6 to 13.0, the
green fluorescence band decreased continuously and blue
shifted with a nearly linear increase in I,/I, from 0.75 to 2.15,
while the green fluorescence band cannot be recovered by
decreasing the pH value. I;,/I, was ultrasensitive and selective in
presence of Fe** (>0.04 uM) in neutral aqueous environments.
With increasing Fe®" ion concentration from 0.04 to 50 pM, Iy/I,
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gradually decreased from 0.73 to 0.49. The two fluorescence
bands of the C-dots were attributed to different surface states
that may produce different fluorescent signal responses to
external physical or chemical stimuli. Further studies of the
mechanism of the C-dot sensing capacities and the C-dot
intracellular sensing behaviors are in progress. This work
provides a promising method for construction of ratiometric
fluorescent nanosensors based on C-dots with various sensing
capacities.
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