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Abstract A novel and simple fluorescence Off-On system is
proposed for selective pyrophosphate (PPi) sensing in an
aqueous solution. The method is constructed based on the
strong blue emission of carbon dots (CDs) owing to its out-
standing photoluminescence and easy synthesis, which has
shown exciting potential in analytical and biological field.
The fluorescence of CDs can be remarkably quenched by
some transition metal ions such as Cu®", Ni*", Mn®" and
Co*" due to the coordination reaction between metal ions
and the carboxylic groups on the surface of CDs. When PPi
was introduced to CDs-metal ion system the fluorescence of
CDs was recovered regularly. The increment of fluorescence
intensity was proportional with the concentration of PPi in the
range of 1-200 uM and correspondingly the limit of detection
was calculated as 0.32 uM according to the recommendation
of IUPAC as 3.29 Sg/m. The possible mechanism was
discussed for the detection of PPi and the quenching reaction
between CDs and metal ions. Furthermore, the proposed sys-
tem was successfully used to monitor the content of PPi in
water samples from artificial wetland.

Keywords Pyrophosphate - Carbon dots - Transition metal
ion - Fluorescence quenching

Introduction

The use of nanomaterials for the development of
chemosensors has been explored over the past two decades,
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due to the unique optical, electronic, and magnetic properties
[1]. These sensors based on nanomaterials open up a new
avenue for simple, sensitive, on-site analysis of specific tar-
gets. Fluorescent semiconductor quantum dots (QDs) have
been found wide applications in bioimaging and biomedicine
[2]. However, these popular QDs have serious toxicity even at
relatively low concentrations [3]. Therefore, development of
nanoparticles free of cadmium (Cd), lead (Pb), and mercury
(Hg) is important and urgent due to the environmental hazard
for biological and photovoltaic applications for such toxic
materials [4]. It was reported that carbon dots (CDs) possessed
a high quantum yields (QY, ~60 %), nontoxicity, nonblinking,
low photobleaching, high photostability, and large two-photon
cross-section [5, 6].

CDs are a kind of newly emerging fluorescent
nanomaterials with sizes below 10 nm, first obtained during
purification of single-walled carbon nanotubes through pre-
parative electrophoresis in 2004 [7]. CDs have generated
enormous excitement because of their superiority in water
solubility, chemical inertness, low toxicity, ease of
functionalization and resistance of photobleaching [8]. The
main reason why such tiny CDs have recently attracted wide
attention is because of their strong fluorescence, for which
they are referred to as fluorescent carbon. The possible mech-
anism for the fluorescence emission of CDs is attributed to
radioactive recombinations between the trapped electrons and
holes on the surface of CDs [6, 9], based on the decoration
with a variety of oxygenated species including carboxylic,
lactonic, and phenolic moieties on the CDs particle surface
[10]. Despite the progress, the fundamental mechanism of
the CDs photoluminescence remains largely unknown.
Although the exact mechanisms responsible for fluorescence
in CDs, especially blue to ultraviolet emission, remain to be
elucidated, the intrinsic fluorescence of CDs in the visible and
NIR range makes it attractive for numerous applications [11].
CDs have been used to determine many substances including
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biomolecules such as DNA [12], thrombin [13], biothiol [14],
glucose [15], inorganic anions including PO4>~ [16], free
chlorine [17], and NO, [18], and metal ions Ag" [19], and
Hg”* [20]. For the applications of CDs, the quenching effect
of analyte on the fluorescence of CDs was widely used espe-
cially for metal ions.

Pyrophosphate (PPi) is essential to life processes, and un-
derstanding their hydrolysis and related phosphoryl transfer,
involving cleavage within a P-O-P framework, is of recog-
nized importance [21]. In biological systems, PPi are pro-
duced by a number of biochemical reactions, such as ATP
hydrolysis, DNA and RNA polymerizations cyclic AMP for-
mation by the enzyme adenylate polymerizations, cyclase,
and the enzymatic activation of fatty acids to form their coen-
zyme A esters. Many pathological disorders such as familial
chondrocalcinosis are associated with abnormal regulation of
the transport of inorganic PPi [22]. In this case, various optical
technologies were developed for PPi detection. For instance,
luciferase-based PPi detection was used for bacterial detection
and DNA sequencing applications [23]. Non-enzymatic
methods were also reported for the determination of PPi [24,
25]. The fluorescence- and absorption-based detection using
PPi chelators can detect submicromolar PPi in bulk solution.
In one way, PPi was detected using fluorescence methods
based on the coordination interaction of PPi on the structure
of metal complex or ligand including zinc complex [26-28],
dimethyltin (IV)-alizarin red S complex [29], copper complex
[30], thulium complex [31], single-stranded-DNA-AI (III)
complex [32], and di-(2-picolyl)amine resulted in the “turn-
on” effect of the system, named chelation-based sensing.
Among the metal-complex-based receptors, the ones that ex-
hibit fluorescence enhancement in the presence of Zn*" have
attracted considerable attention because of the strong affinity
of Zn*>" toward phosphates. In other way, the chelator is de-
signed which can bind to indicator dyes, where Ppi is detected
either fluorescently [33] or electrically [34] when dye mole-
cules are displaced from chelator by PPi binding.

Considering all of these issues, herein, for the first time, we
report an unmodified CDs fluorescent sensor based on the
fluorescence quenching of transition metal ions for the detec-
tion of PPi with high sensitivity and selectivity. We presented
a facile route to synthesize fluorescent CDs which have great
amounts of hydroxyls without complicated separation and
further modification of the surface (Scheme 1). The quantum

Scheme 1 Schematic illustration
of the interaction mechanism
between CDs and Cu®” and the
recovery fluorescence of CDs by

yield (QY) of the product can reach 9.9 %, which is higher
than those CDs reported previously [35-39]. It was supposed
that hydroxyls have strong electron donated ability, which
benefit the fluorescence emission, while carboxyls have
strong electron drawing ability with the opposite effect, thus
the fluorescence properties of hydroxyls-coated CDs are better
than those carboxyls-coated [11]. Furthermore, the fluores-
cence signals of the as-prepared CDs are stable for more than
5 months at 4 °C.

As described above, PPi is usually chelated with metal ions
to form coordination complexes. In addition, coordination
chemistry of Cu®" is dominated by nitrogen- or oxygen-
donating ligands due to Cu®" being classified as a borderline
hard acid [40]. Therefore, an off-on fluorescent system was
recommended to the assay of PPi based on the strong fluores-
cence of CDs and two pairs of coordination reactions for
which one is between hydroxyls on CDs and some transition
metal ions like Cu2+, and the other is between Cu?" and PPi
(Scheme 1).

Experimental Section
Materials

Glyoxal (Sigma-Aldrich, St. Louis, MO) was tested as carbon
source and alcohol was tried for the synthesis of CDs. Cu®",
Ni**, Mn*" and Co*" were all in hydrocholoric acid salts such
as CuCl,-2H,0 (Sigma), NiCl, (Aldrich), MnCl, (Sigma) and
CoCl,-6H,0 (Sigma) used for the fluorescence quenching test
of CDs. The following compounds were employed for
assessing the selectivity of the sensing approach: NazPOy,
NaH2P04, NazHPO4, N3.28203, Nast4, NaI, NaHCO3,
NaNO;, Na,SO3;, CH;COONa, NalO;, NaBr, NaF, Na,S,
NaNO,, Na,S,0g, and NaClO3 obtained from Beijing
Chemical Works (Beijing, China). A 1.0 mM stock solution
of P,O* was prepared from NayP,07-10H,0, which was
purchased from Sigma-Aldrich. Working solutions were pre-
pared by dilution of the stock solution as required. Ultrapure
water (>18.2 M(2) used throughout the experiment was ob-
tained from the double distilled water deionized by a Millipore
system and all chemicals were at least analytical reagent
grade.
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oOFR 2> %ﬁ%—ﬁi @0%3 Oy
géo Cu i > %Qg

O Fluorescent CDs

@ Springer

O Non-fluorescent CDs



J Fluoresc (2015) 25:585-594

587

Apparatus and Characterization

The morphology of the samples was obtained from transmis-
sion electron microscopy (TEM) observations, which were
performed on a JEM 2100 electron microscope (JEOL,
Japan) operating with a 200 kV acceleration voltage.
Samples for TEM were prepared by placing a drop of the
suspension on the carbon-coated copper grid. Fourier trans-
form infrared (FT-IR) spectra were recorded on an IR2000
Nicolet FT-IR spectrometer within the range of 400—
4000 cm™'. Absorption spectra of samples were collected
using a Lambda 25 UV-vis spectrophotometer (Perkin
Elmer, USA). The fluorescence measurements were per-
formed on an F-7000 spectrophotometer (Hitachi Co. Ltd.,
Japan) with a common 10 mm slit sample cell. The portable
instrument is well suited to field analysis since it only requires
connection through a USB to a computer.

Synthesis of CDs

CDs were prepared by a little modified prior method [41].
Briefly, glyoxal (5 ml) was dispersed in 20 ml ethanol.
Before the system was ultrasonicated for 10 min to ensure
the formation of a homogeneous suspension, the pH of the
solution was adjusted to ca. 8 with 0.5 M NaOH under vigor-
ously stirring. Subsequently, the suspension was transferred
into a 50 ml poly(tetrafluoroethylene) (Teflon)-lined
stainless-steel autoclave, and additional ethanol was added
until the vessel was 80 % full. The autoclave sealed was heat-
ed at 140 °C for 4 h. After cooling to room temperature, the
resulting black suspension was filtered through a 0.22 um
microporous membrane and a brown filter solution (yield ca.
22 %) was separated. The colloidal solution still contained
some large particles that emitted weak blue fluorescence.
Thus, the colloidal solution was further dialyzed in a dialysis
bag (retained molecular weight: 3500 Da) overnight and CDs
that were strongly fluorescent through the bag were obtained
with a yield of ca. 12 %.

Determination of the Quantum Yields

To obtain the quantum yield (QY,®) of all samples, the proce-
dure was accomplished by comparison of the wavelength in-
tegrated intensity of sample to that of the standard quinine
sulfate. First of all, the optical density was kept below 0.05
to avoid inner filter effects. The quantum yields of these ob-
tained products were calculated using the following equation.

Y

Where @ is the quantum yield, m is the integrated intensity,
and 7 is the refractive index of the solvent. The subscript x and
s refers to the sample and standard reference of known

quantum yield, respectively. Quinine sulfate was chosen as
the standard, whose quantum yield is 0.577 and nearly con-
stant for excitation wavelength from 200 to 400 nm. For the
determination of quantum yield the slope method was also
used to confirm the obtained data [42, 43].

Analysis of PPi

50 ul CDs solution and 1.0 ml Tris—HCI buffer solution
(pH 8.0) were added to a 5.0-ml cholorimetric tube. Then
50 ul working solution for one of the metal ions among
Cu*", Ni*", Mn?" and Co*" was added, the mixture was
vortexed thoroughly and incubated for 15 min.
Subsequently, the appropriate amount of PPi solution was
added, vortex-mixed and placed for another 15 min. At last,
the solution was diluted to the total volume of 2.0 ml before
the measurements. The fluorescence spectra were recorded at
the F-5000 spectrophotometer by fitting the excitation wave-
lengths at 348.0 nm, during which the spectral bandwidths
were kept at 5.0 nm for both exciting and emitting monochro-
mators. Fluorescence intensity was measured at 426.0 nm.

Procedure for the Water Samples

The water samples were obtained from one of the artificial
wetlands located at Liaocheng University, China. The three
samples for Sample I and II were collected from the entrance
and exit of the wetland, respectively. The supernatant of all the
water samples were filtered through 0.45 pwm membrane after
precipitation overnight, then diluted and detected according to
the general procedure with five replicates for each sample. In
order to evaluate the accuracy of the proposed method, other
quantities of standard PPi were added to the samples solution
for recovery tests.

Results and Discussion
Characterization

Morphological and Structural Characterizations of CDs The
TEM images of the CDs are shown in Fig. 1a, illustrating that
the as-prepared CDs are well-dispersed and the CDs were
mostly spherical dots. The size distribution ranges from 0.8
to 1.9 nm (inset of Fig. 1a), and average diameter is 1.3 nm
(based on statistical analyses of more than 200 dots).

The surface structure and composition of the as-prepared
CDs were then investigated. The chemically synthesized CDs
were readily water-dispersible due to the presence of
suspended hydroxyl and carboxylic groups at the surface,
which was confirmed by FT-IR spectroscopy. As shown in
Fig. 1b, there were typical peaks around 3440 and
1400 cm™ ', which were ascribed to the stretching vibrations
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Fig. 1 TEM images (a) and FT-
IR data (b) of CDs
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and in-plane bending vibration of OH, respectively. The dull
and intense band of 3440 cm ™' indicated the existence of
hydrogen bonds, and that at 1640 cm ™' manifested the exis-
tence of carbonyl (C=0). The band at 1120 cm ! should be
ascribed to the stretching vibrations of C-O.

Optical Properties of CDs To explore the optical properties of
the CDs, UV—vis absorption and fluorescence spectra were
studied. Figure 2a and b is the absorption and fluorescence
spectra of CDs in aqueous solution in UV—vis range. From the
UV-vis absorption spectrum of CDs (Fig. 2a), there was no
obvious peak observed in the UV—vis absorption region. This
phenomenon is analogous to the behaviors of the semiconduc-
tor quantum dots [16, 36]. Subsequent fluorescence character-
ization indicated that the CDs can emit strong blue fluores-
cence under excitation at 365 nm with a UV lamp (Fig. 2b,

Wavenumbers (cm’")

inset). It can be found from fluorescence spectra that the peak
wavelength of excitation and emission was at 348 and
426 nm, respectively (Fig. 2b).

In addition, the QY of CDs is calculated as about 9.9 %
with quinine sulfate as a standard reference as described in
Experimental Section (Fig. 2¢). The result is substantially
higher than that of the CDs obtained from various soot species
by refluxing with nitric acid followed by complicated separa-
tion or modification procedures [17, 36, 38, 39].

Optimal Conditions for PPi Detection

Effect of Excitation Wavelength on the Fluorescence of
CDs CDs exhibit an excitation-dependent fluorescence be-
havior as shown in Fig. 2d. When the excitation wavelength
changes from 300 to 410 nm, the fluorescence emission peak

Fig. 2 Excitation (a) and 1.0 — 8000
emission (b) spectra with the o
peaks at 348 and 426 nm, 0.8 g 6000
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photograph of CDs under UV 0.6 9
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correspondingly shifts from 379 to 476 nm with different in-
tensity. The most intense fluorescence from CDs appears un-
der the 350 nm UV light irradiation and has a maximum at
426 nm. This excitation-dependent fluorescence behavior was
extensively reported in fluorescent carbon-based
nanomaterials, and it may result from optical selection of dif-
ferently sized CDs and surface defects of CDs [44, 45]. The
CDs have a largely featureless profile absorption, which is
consistent with indirect bandgap semiconductor
nanomaterials, thus to a certain extent the CDs belong to in-
direct bandgap semiconductor materials.

Effect of CDs Dosage and Cu’* Concentration In order to
obtain a high sensitivity and a wide linear range, the influ-
ences of the dosage of CDs and the concentration of Cu”"
on the present system were examined. Results show that when
a large dose of CDs was used, a higher concentration of Cu**
need be added to achieve an appropriate quenching effect for
the determination of PPi. The linear range for PPi was wide
but a low sensitivity. On the contrary, a small dosage of CDs
was used with a favorable sensitivity but narrow linear range.
By consideration of both sensitivity and linear range,
0.01 mgml ' CDs and 1 uM Cu** were chosen to detect PPi.

Effect of pH Value and lon Strength 1t was reported that the
pH of the medium strongly influences the fluorescence of CDs
[46, 47], so the study of this variable is critical for the devel-
opment of the fluorescence assay. First of all, four different
buffer solutions including NaH,PO,4-Na,HPO,, NaOAc-
HOAc, HC1-NayB,0-, and Tris—HC1 were studied in this
work. It was found that the AF of the system reached a max-
imum in Tris—HCI buffer solution. Thus, Tris—HCI buffer so-
lution was employed for the following work. Subsequently,
the acidity of the detection system was adjusted with Tris—HCl
buffer solution. As shown in Fig. 3a, with increase of pH the
value of AF for detection of PPi reached a maximum at
pH 8.0. For this phenomenon, it can be mainly attributed to
the stability of PPi and the coordination interaction between
PPi and Cu?" [48]. In addition, the effect of pH value on the
fluorescence of CDs was not significant in the range of 5-11
(Fig. 3ainset). It can be deduced that for the present product of
CDs the surface situation did not change a lot in a wide pH
range [17], and therefore the fluorescence intensity hardly
changed. Thus, Tris—HCI buffer solution of pH 8.0 was used
for the determination of PPi. Furthermore, the stability of CDs
fluorescence is hardly influenced by ion strength as illustrated
in Fig. 3b.

Interference Effect
The selectivity of the fluorescent probe was evaluated by test-

ing the response of the fluorescent probe to other metal cations
under optimum conditions in the case of 100 uM PPi (Fig. 4).
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Fig. 3 Effect of ion strength (a) and pH (b) on the detection of PPi and
the fluorescence of CDs (F7 Fluorescence intensity)

Stock solutions of the respective anions under study were
prepared from their sodium salts. When the relative error
(Er) exceeded £5 %, each anion was considered as an inter-
fering agent. From Fig. 4, it can be observed that most anions
at high concentration only caused negligible fluorescence
change: I;, Br, F, NO, , and ClIO5 (100 fold), HPO,*",
SO5*", CH;COO™, HCO; ™, and H,PO4 (50 fold), Ca*",
Mg*", Zn**, Fe**, Cd**, and Cr** (30 fold), and PO,>" (20
fold). The results confirmed an excellent selectivity for the
determination of PPi using the present CDs system.
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Fig. 4 Fluorescence intensity change upon the addition of different
anions (from 1 to 18, the anions tested were P,0,* (1), PO, 2),
Ca®* (3), HPO,> (4), Mg®" (5), SO5> (6), I3 (7), Zn*" (8), Fe** (9),
CH;COO™ (10), Cd*" (11), Cr** (12), Br (13), HCO; (14), F (15),
H,PO4 (16), NO, (17), and ClO5 (18), respectively). The error bars
represent the results of three separate measurements
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Application for PPi Analysis

The calibration curve for PPi detection was carried out under
the optimum conditions. As Fig. 5a showed, the relative fluo-
rescence intensity of CDs was regularly recovered with the
increase of PPi concentration. Furthermore, the enhancement
of CDs fluorescence was in a linear response to the concen-
tration of PPi in the range of 1-200 uM (Fig. 5b). The linear
regression equation is F=30.07Cpp;+249.8 (uM) with a cor-
relation coefficient of 0.9967 (n=5). The relative standard
deviation obtained (RSD) was 3.06 % for 1.0 and 1.15 %
for 200 uM PPi, respectively (n=7), demonstrating an excel-
lent precision of the proposed fluorescence system. The limit
of detection (LOD) was obtained as 0.32 uM according to the
recommendation of [UPAC as 3.29 Sg/m which derived from
the Orange Book in The Analytical Division, where Sg and m
were the standard deviation of the blank and slope of the
calibration graph, respectively. It indicated that the present
method is sensitive and has promise in practical applications.

In addition, to investigate the feasibility of the present sen-
sor for PPi detection in real samples, PPi level in water sam-
ples was measured which was obtained from an artificial wet-
land located at Liaocheng University. It was carried out ac-
cording to the experimental procedure after being pretreated.
A standard recovery experiment was carried out with the re-
sults summarized in Table 1. As shown in Table 1, the recov-
ery was in the range of 92.7—109.1 %, which was acceptable
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Table 1 Recoveries for the determinations of PPi in water samples
from artificial wetland®

PPi uM

Sample No. Content Added Found Recovery (n=5,%) RSD (%)

I 4.27 0 423 - 2.37
5 892  96.6 1.65

10 14.65 103.0 1.68

I 2751 0 26.32 - 1.29
10 37.68 927 2.01

20 48.52 109.1 1.94

 Conditions: 0.01 mg ml! CDs, 1 uM Cu?", Tris-HCl buffer solution,
and pH 8.0

for the detection of PPi in the complicated sample. Therefore,
the results also showed the practicality and the anti-
interference of the present Off-On fluorescence system CDs-
Cu”" as a model in trace PPi assay.

Discussion on the Interaction Mechanism of CDs and Metal
Ions

The design for the assay of PPi was shown in Scheme 1. It is
well known that the fabricated CDs contain plenty of carbox-
ylate moieties on their surface, imparting their excellent water
solubility [10]. In the presence of certain metal ions like tran-
sition or rare earth metal ions, they coordinate with carboxyl-
ate groups on the CDs surface [49], which can induce the
aggregation of CDs. On one hand, as a consequence of the
aggregating CDs due to transition metal ions such as Cu”", the
fluorescence of CDs is quenched through an energy transfer or
other processes. On the other hand, Cu®" can be captured by
PPi due to the higher affinity with oxygen-donor atoms from
PPi than that with those from the carboxylate groups on the
surface of CDs. In this case, the CDs can be disassociated
from the coordination reaction with Cu2+, and the fluores-
cence of CDs can be recovered.

Fluorescence quenching as a useful technique was usually
used to obtain adequate information about the structure and
dynamics of fluorescent molecules. During the process of
fluorescence quenching, the fluorescence intensity of a com-
pound can be decreased by a variety of molecular interactions
such as excited-state reaction, molecular rearrangement, ener-
gy transfer, forming ground state complex and collisional
quenching [50]. Stern-Volmer plots of certain quenching re-
sult from static, dynamic or both static and dynamic
quenching mode. The static quenching is due to the formation
of a non-fluorescent complex between the fluorophore and the
quencher in the ground-state, while the dynamic quenching
mode is either attributed to the presence of two fluorophores
with different accessibility to the quencher and/or attributed to
the occurrence of the reverse reaction in the photochemical
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system [51]. Though there are differences between the static
and the dynamic quenching in a way of the sequence of exci-
tation and complex formation, the physical bases of the mech-
anisms for the two quenching processes are the same.

The two quenching modes can be distinguished by their
differing dependence on temperature and viscosity, or

preferably by lifetime measurements [52]. On one hand,
higher temperatures result in faster diffusion and hence large
amounts of collisional quenching. On the other hand, higher
temperature will typically result in the dissociation of weakly
bound complexes and hence smaller amounts of static
quenching. The fluorescence spectra of CDs-Cu”*, CDs-

Fig. 6 Quenching effect of Cu', . a b
Ni**, Mn**, and Co®" ions on the S ”
o Cu™ 0 604
fluorescence spectra of CDs (a, ¢, = 6000+
e, and g) and the Stern-Volmer %’
curves for CDs-Cu®", CDs-Ni*", = |
CDs-Mn?". and CDs-Co>" £ 4000- - 40 r=0.9988
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Fig. 7 Stern-Volmer plots of the
fluorescence quenching of CDs in
aqueous solution by Cu”*, Ni**,
Mn?", and Co?" under different
temperatures
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Ni**, CDs-Mn*", and CDs-Co*" were illustrated in Fig. 6a, c,
e, and g, respectively. It is obvious that the fluorescence in-
tensity of CDs decreases with increasing concentration of all
of the tested metal ions and a little wavelength shift on the
peak occurred. For the spectra of CDs-Cu®", there is a little

Table2  Stern-Volmer quenching constants, Ksv, of the CDs-metal ions
systems at different temperatures

Metal ion T(°C) 1075 Ksv (I mol ™) R RSD%"
Cu** 10 61.88 0.9991 3.16
20 5257 0.9998 224
30 47.14 0.9997 1.51
40 36.02 0.9991 1.28
Ni** 10 9.39 0.9997 2.80
20 7.40 0.9988 425
30 5.24 0.9978 4.09
40 4.03 0.9984 2.68
Mn?* 10 12.88 0.9996 134
20 1121 0.9993 1.57
30 9.56 0.9997 1.12
40 7.59 0.9990 1.24
Co? 10 28.82 0.9994 3.78
20 23.24 0.9987 2.56
30 19.82 0.9990 3.05
40 13.67 0.9991 233

R, linear correlation coefficient

bRSD, relative standard deviation
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blue-shift, while for spectra of other systems there is a little
red-shift with the increasing concentration of metal ions. To
some degree, these spectra can also prove the interaction be-
tween CDs and metal ions. In addition, it can be easily ob-
served from Fig. 6b, d, f, and h the Stern-Volmer plots for all
the tested metal ions are in good linearity and the curve slope
decreases with increasing temperature. From the Stern-Volmer
plots for all metal ions tested at different temperatures (Fig. 7),
it can be deduced that the quenching mode for all metal ions
tested is a static quenching procedure. The quenching con-
stants of the four metal ions can be calculated from the
Stern-Volmer plots with the results listed in Table 2. It can
be found that the quenching effect of the tested metal ions
on the fluorescence of CDs is in the order of Cu®" > Co*" >
Mn”" > Ni*",
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Fig. 8 Fluorescence decay of the CDs as a function of time in the
presence of 10 uM Cu**
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In order to further investigate the interaction mechanism of
CDs-metal ions and confirm the quenching type of the present
system, the lifetime for the excited state of the CDs and CDs-
Cu”" (CDs-Cu”" as a model system among the four transition
metal ions tested) was also compared (104+0.2 and 103+
1.3 ns, respectively, Fig. 8). From the data it can be seen that
there is no obvious change for the CDs lifetime in the presence
of Cu®". The results suggested that the fluorescence
quenching induced by Cu®" was mainly the static quenching
mode due to the formation of non-fluorescent complex, which
was accorded with the fact that the surface passivation de-
struction leading to the fluorescence quenching [38, 39].

Conclusion

In this study, the CDs with the average size of 1.3-nm were
synthesized without further modification. The home-made
CDs showed strong blue fluorescence with the QY at about
9.9 %, which was higher than those of products prepared by
some soot materials. The blue emission of the CDs was
quenched heavily by the introduction of some transition metal
ions including Cu®", Ni*", Mn*" and Co*" due to the combi-
nation of the ions and the carboxylic groups on the surface of
CDs. In the presence of PPi, the fluorescence for the system of
CDs-metal ion was enhanced notably. Based on the Off-On
fluorescence system PPi in the water samples from artificial
wetland was detected successfully. Compared with currently
reported determination methods, our present one displays the
advantages of simple, sensitive and cost-effective, avoiding
the requirements of sophisticated instruments for the qualita-
tive analysis. Both the previous reports [12-20] and the pres-
ent result can further confirm a broad range of usage and some
potential applications in the analytical and biotechnological
fields.
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