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Introduction

Carbon nanospheres with dual-color emission and
their application in ratiometric pyrophosphate
sensing

Zhong-Xia Wang,@ Yuan-Fei Gao, Xian-He Yu, Fen-Ying Kong, Wen-Juan Wang,
Wei-Xin Lv and Wei Wang*

Herein, we employ pH-dependent solubility equilibrium to develop the one-pot aqueous synthesis of
dual-color emission fluorescent carbon nanosphere (DFCSs) with novel physicochemical properties.
Unexpectedly, some of the DFCSs have a regular nanosphere shape, containing uniform carbon dots
(~20 nm) on their surface. This may be attributed to the change in the surface composition of the carbon
nanospheres under the strong alkaline conditions (pH 13), which results in dual-wavelength emission by
single-wavelength excitation. Interestingly, the fluorescence intensities of the two emission peaks of the
DFCSs at 315/410 nm can be simultaneously quenched upon the addition of Co?* due to the strong
coordination between Co?* and the O-containing luminescent groups from the carbon dots and DFCSs.
Also, the results demonstrate that one Co?* simultaneously combines with two chromophoric groups.
Furthermore, the quenched DFCSs exhibit high sensitivity for pyrophosphate (PPi) in the range of
0.075-200.0 pM through a fluorescence recovery process, which can be attributed to the stronger
Co?*—0O=P bond. This results in the removal of Co®* from the surface of DFCSs—Co>* system via com-
petitive adsorption interactions. Meanwhile, this sensor shows high selectivity for PPi over mercapto
amino acid and phosphate in aqueous solution. These results indicate the DFCSs can act as a dual-signal
PPi-selective sensor via a ratiometric competitive mechanism.

cations in chemo/biosensing are highly desirable and have
attracted much attention.
Carbon-based fluorescent nanomaterials (CFNMs), as a

Fluorescent analysis, which relies on special fluorescent
probes for a signal readout, is one of the most acceptable tech-
niques in the biological, bio/chemosensing, cell imaging,
medical and diagnostic fields."> Compared with commonly
used single-signal fluorescent probes, it is universally known
that ratiometric fluorescent probes based on the relative inten-
sity variation of two emissions can be used to determine
analyte concentration accurately, improve analyte selectivity
and evaluate systematic errors created by the sample environ-
ment, eliminate light collection efficiency, background inter-
ference, optical distance, sensor concentration, and light
intensity.>” Furthermore, ratiometric fluorescent probes can
increase the dynamic range of fluorescent measurement and
provide a built-in correction for environmental effects through
the measurement of emission intensities at two different
wavelengths.®'*  Nowadays, studies on the ratiometric
functionalization of fluorescent probes to expand their appli-
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group of newly emerging nanomaterials, have received a great
deal of attention over the past three decades due to their
unique characteristics, such as high photostability, low cyto-
toxicity, biocompatibility, outstanding fluorescence properties,
ease of functionalization with biomolecules, chemical inertness
and exceptional physicochemical properties.’*™* Consequently,
these glowing CFNMs can provide unprecedented opportunities
for bio-imaging and optical sensing.'”™"® However, nearly all the
reported CFNM probes have single-color emission by single
wavelength excitation, which can decrease sensitivity and
increase background interference for the analyte. Additionally,
some of the major disadvantages of these nanoprobes stem
from the difficulty in preparing multicolor CFNM (capable of
dual-wavelength emission by single wavelength excitation) emis-
sive products. Therefore, the development of simple methods
for the preparation of water-soluble, photostable, and biocom-
patible, multiple-emission fluorescent nanomaterials, particu-
larly CFNMs, is still highly desirable.

Pyrophosphate (PPi, P,0,*7), which is formed by a conden-
sation reaction between two inorganic phosphate units, is an
anion that plays a central role in many biological and chemical
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processes, including transport across membranes, cell signal-
ing, DNA synthesis, kinase-catalysed protein phosphorylation,
energy or electron-transfer processes and many enzymatic
reactions.?*”>* For instance, guanosine triphosphate (GTP) and
adenosine triphosphate (ATP), as nucleotides in animals and
plants, are sources of chemical energy.’*** Also, GTP, as a
general energy source, can convert to ATP in living cells, which
is available for cellular functions in living systems, meanwhile,
PPi can also be released in the DNA polymerization process to
produce adenosine monophosphate and take part in protein
synthesis and DNA replication.>® Furthermore, it is also known
that abnormal PPi levels can cause vascular calcification,
leading to severe medical conditions, such as chondrocalcino-
sis, hypophosphatasia and calcium pyrophosphate dehydrate
crystal deposition.>*** Therefore, the development of high sen-
sitivity receptor-based chemosensors for the biologically
important PPi anion is essential to understanding its biologi-
cal activity.

Herein, we report a ratiometric chemosensor for PPi, which
utilizes two distinct fluorescence signals of the same photolu-
minescent probe, corresponding to the simultaneous reaction
of two active sites. The provided sensor shows high sensitivity
and selectivity to PPi over mercapto amino acid and phosphate
(Pi) in aqueous solution. Discrimination between PPi and thiol
or Pi is crucial for the detection of many enzymes, thus the
principle of the proposed ratiometric PPi sensing concept is
shown in Scheme 1. We believe that the constructed system
using a ratiometric response will provide a facile platform for
the detection of PPi in serum samples and possibly in living
cells.

Experimental
Materials and reagents

Adenine (CsH;N;) was purchased from Shanghai Sangon
Biological Co. Ltd (Shanghai, China). Sodium pyrophosphate
(Na,P,0,-10H,0, >99%), cobalt(n) chloride hexahydrate
(CoCl,-6H,0, >99%) and tris(hydroxymethyl)aminoethane
(Tris) were obtained from Shanghai Sinopharm Chemical
Reagents Co. Ltd (Shanghai, China). All other chemicals and
solvents were of analytical grade and were used without
further purification. Double distilled water was used
throughout.

Co* jon

@ DFCSs

# Carbon dots

Scheme 1 Schematic diagram of the mechanism of the ratiometric
detection of PPi by the proposed DFCSs—Co?* metal nanocomposite.
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Apparatus

UV-vis absorption spectra were recorded on a Shimadzu
UV-2550 spectrophotometer (Tokyo, Japan). Photolumine-
scence (PL) spectra were obtained on a Jasco FP-6500 fluo-
rescence spectrofluorometer (Jasco, Japan). Transmission elec-
tron microscopy (TEM) measurements and energy-dispersive
X-ray spectroscopy (EDX) were conducted on a JEM-2100 trans-
mission electron microscope (JEOL Ltd). X-ray photoelectron
spectroscopy (XPS) analysis was performed on a Thermo
ESCALAB 250 X-ray photoelectron spectrometer (USA). FT-IR
spectroscopy was performed on a Nicolet 5700 (USA) IR
spectrometer in the range of 400-4000 cm ™. Fluorescence life-
time measurements were performed on an FL-TCSPC fluo-
rescence spectrophotometer at the excitation wavelength of
280 nm (Horiba Jobin Yvon Inc, France).

Preparation of dual-color emission fluorescent carbon
nanosphere

Dual-color emission fluorescent carbon nanospheres (DFCSs)
were prepared via the traditional hydrothermal approach in
adenine aqueous solution. Briefly, 0.15 g adenine was dis-
solved in 2.5 mL deionized water and 2.5 mL ethanol to form a
homogeneous solution. Subsequently, the pH of the above
solution was adjusted to 13 with NaOH solution (1.0 M). Then,
the 5.0 mL as-prepared solution was place in a poly(tetrafluoro-
ethylene) (Teflon)-lined autoclave and heated at 180 °C for
7.5 h, and then cooled to room temperature naturally. The
water phase solution was placed in a refrigerator for about five
days to remove all large DFCSs. Finally, the resulting solution
was centrifuged at 10 000 rpm for 30 min to remove the large
tracts, and a light-yellow DFCS aqueous solution was obtained.

Optimization of experimental conditions

To obtain a highly sensitive response for the detection of PPi,
optimization of the concentration of Co*" ions was carried out
in our experiment. Briefly, 10 uL DFCS (8 mg mL™") stock solu-
tion was added to 50 pL Tris-HNO; (50 mM, pH 9.0), followed
by the addition of different concentrations of Co>" ions, then
the final volume of the mixture was adjusted to 500 pL with
double distilled water. The mixtures were equilibrated at room
temperature for 30 min before PL spectroscopy measurements.
The resulting solutions were studied via PL spectroscopy at
room temperature with excitation at 280 nm, and both the exci-
tation and emission slit widths were 5 nm.

Ratiometric fluorescent detection of PPi

The typical biomolecule detection procedure was conducted as
follows. In a typical run, solutions of 50 pL Tris-HNO; (50 mM,
pH 9.0), 10 pL DFCSs (8 mg mL ™), 75 pL Co>" ions (1.0 mM),
and different amounts of 1.0 mM PPi solution were added in
turn to a centrifuge tube (2.0 mL). Then, the mixture solution
was completely mixed with a vortex mixer at room temperature
for a few seconds to accelerate the chelation reaction. The final
volume of the mixture was adjusted to 500 pL with double dis-
tilled water. Finally, the resulting solution was studied by PL
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spectroscopy at room temperature with excitation at 280 nm,
and both the excitation and emission slit widths were 5 nm.

Sensor selectivity investigation

In the selectivity experiment for PPi sensing, 10 pL of 8 mg
mL~" DFCSs and 75 uL of Co”>" ions (1.0 mM) were added to
50 pL of 50 mM Tris-HNO; (pH 9.0), and then a series of bio-
molecules and anions, including urea, cysteine (Cys), histidine
(His), glutamine (Glu), SO,>~, CO5>~, HPO,>~, H,PO,~, NO;~,
Cl7, SCN™, HCO; ™, PO;~, Br and I" ions were added and incu-
bated for a few seconds. The final volume of the mixture was
adjusted to 500 pL with double distilled water. The mixtures
were equilibrated at room temperature for 30 min before their
PL spectra were recorded. The concentration of PPi and Cys
was 200 pM, and the concentration of the other interference
substances was 500 pM each. The resulting solutions were
studied by PL spectroscopy at room temperature with exci-
tation at 280 nm, and both the excitation and emission slit
widths were 5 nm.

Results and discussion
Characterization

The DFCSs were prepared via a one-pot simple hydrothermal
method, which is described in the Experimental section. The
reaction was conducted by polymerization of adenine and
ethanol in strong alkaline solution (pH 13), where they formed
polymer-like organic compounds, which were then carbonized
to form the DFCSs.>® The morphology and structure of the
DFCSs were confirmed by TEM analysis. Fig. 1A shows the
TEM image of the DFCSs, which can be seen to have a rela-
tively consistent particle size distribution without apparent
aggregation and particle diameters of ~300 nm (inset of
Fig. 1A). Meanwhile, it clearly shows that some of the DFCSs

Fig. 1 TEM images (A and B) at different locations and EDX image (C) of
the DFCSs. (D) Selectivity of the prepared DFCSs for the detection of
metal ions, where the concentration of metal ion is 100 uM. The inset in
Fig. 1A shows the diameter distribution of the DFCSs.
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have a regular nanosphere shape containing uniform carbon
dots on their surface (Fig. 1B). This may be attributed to the
strong alkaline reaction conditions®*® and the estimated
average size of the carbon dots of about 20 nm (Fig. 1B).
Meanwhile, the formation of the fluorescent DFCSs was
further confirmed by EDX, as shown in Fig. 1C. The EDX spec-
trum shows peaks corresponding to C, N, and O elements,
where the content of C (35.43%), N (33.99%) and O (30.58%)
elements is almost uniform in the fluorescent DFCSs (inset of
Fig. 4A). However, the concentration of N element in the
DFCSs is much lower than that of our previously reported
carbon nanosheets prepared in neutral solution.>® This indi-
cates the acidity or alkalinity of the reaction surroundings has
a great influence on the physicochemical properties of PL
carbon-based nanomaterials.

To study the selectivity of the DFCSs for metal ions, the
effect of metal ions on the PL of DFCSs was tested (Fig. 1D).
High PL quenching was observed for the DFCSs upon the
addition of Co*" and Cu** ions, and Cd*" and Mn?* ions also
resulted in a certain extent of quenching. Compared with the
good selectivity for Ag' ions using the synthesized carbon
nanosheets in neutral solution, this poor selectivity for metal
ions may be attributed to the formation of an anisotropic
molecular conformation/structure in the DFCSs due to the
involvement of NaOH in the synthetic process (pH 13).
However, to date, there is still no convincing polymerization
mechanism in strong alkaline solution for PL DFCSs.

The bonding composition and functional groups in the
resultant DFCSs were characterized via FT-IR spectroscopy. As
illustrated in Fig. 2, the peaks at about 3357, 1677, and
1515 cm™" indicate the presence of the -CONH- group,*® and
the peaks at approximately 3293 and 1021 ecm™" correspond to
the characteristic absorption bands of the -OH stretching
vibration mode.*' The characteristic absorption band of N-H
stretching at 3117 cm™" was also observed, and the peaks at
2973, 2797, and 845 cm™' can be assigned to the C-H stretch-
ing mode and C-H out-of-plane bending mode.**** Also, the
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Fig. 2 FT-IR spectrum of the synthesized DFCSs under strong alkaline
conditions.
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characteristic absorption peaks at 1413 and 941 cm™" corres-
pond to the asymmetric stretching vibrations of the C-NH-C
bands.**?> The aromatic C=N heterocycle stretching
vibrations are observed at 1245-1605 cm™', and the C=O
stretching vibration band is at 1755 cm™".>***” Moreover, the
bands in the range of 1010-1365 cm™" suggest the presence of
a large number of C-O groups,®® and the band at 831 cm™" is
ascribed to C-H rocking.*”

To further explore the surface composition and elemental
analysis in the hybrids, the resultant DFCSs were further
characterized by XPS, as shown in Fig. 3. Compared with the
synthesized carbon nanosheets in neutral solution, which
contain a high concentration of N element (48.63%) and lower
concentration of O element (1.72%),?° the full range XPS ana-
lysis of the resultant DFCSs sample clearly shows the presence
of C, N, and O with nearly uniform mass percentages of
35.43 wt%, 33.99 wt% and 30.58 wt% (the atomic ratio of C/N/
O is 2:1:1.6), and the corresponding C 1s, N 1s, and O 1s
peak centers at 284.1, 398.5, and 531.9 eV, respectively
(Fig. 3A). Based on the Shirley algorithm, the high-resolution
N 1s spectrum (Fig. 3B) exhibits three main peaks at 398.7,
398.5 and 399.4 eV, which are attributed to the N in a graphite-
like structure, pyridinic-type N and pyrrolic-type N
groups,'”***! respectively. This indicates that the DFCSs are
rich in N in C=N/N=N and C-N groups on their surfaces,
which were observed in the FT-IR spectrum (Fig. 2). Also, the
three peaks at 530.7, 531.5, and 535.2 eV in the O 1s spectrum
(Fig. 3C) are attributed to C=O, C-OH, and C-O-C
groups,””?**** respectively. The high-resolution C 1s spectrum
shows four main peaks (Fig. 3D). The peak at a binding energy
of 284.3 eV confirms the graphitic structure (sp> C=C) of the
DFCSs,** and the peaks at about 285.2 and 286.2 eV suggest
the presence of C-N and C-O groups on the surface of the
DFCSs, respectively. Additionally, the peak at around 288.2 eV
can be assigned to C=0 and C=N groups,**** indicating that
the prepared DFCSs are rich in hydroxyl, carbonyl, carboxylic
acid and N-containing groups on their surfaces, which are con-
sistent with the corresponding FT-IR result. Therefore, the
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Fig. 3 XPS (A), N 1s (B), O 1s (C), and C 1s (D) spectra of the obtained
DFCSs.
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presence of polycyclic heterocyclic aromatic containing
C=N/C-N species and hydroxyl, carbonyl and carboxylic moi-
eties on the surface of DFCSs was confirmed by the XPS and
FT-IR results. All these observations indicate that these nano-
spheres are quite different from previously reported carbon
materials.

Investigation of the properties of the DFCSs

To investigate the optical properties of the obtained DFCSs,
their UV-vis absorption and excitation-independent PL behav-
ior were investigated. Fig. 4A shows the absorption and emis-
sion spectra of the obtained DFCSs (curves a and b, respect-
ively). Fig. 4A shows that the DFCSs suspension has a typical
UV-vis absorption peak at 261 nm with a weak shoulder at
280 nm (curve a). The absorption peak at approximately
261 nm is assigned to the o-r and n-n* transitions originating
from the C=C and C=N groups at the zigzag edges of the
carbon nanospheres and confirms the existence of aromatic
N-containing heterocycles.*»*> This leads to almost no
observed PL signal and suggests that the PL DFCSs are not pro-
duced by electronic conjugate structures.'® Furthermore, the
other transition centered at about 280 nm is due to the n-n*
electron transition of C=0"" (curve c, Fig. 4A), that is, the trap-
ping of excited-state energy by the surface states, which results
in strong emission.?”*® Meanwhile, it is noted that the DFCS
solution shows two strong PL emission peaks centered at
315 nm and 420 nm upon single excitation at 280 nm (Fig. 4A,
curve b). Unlike most carbon nanomaterials, the peak position
of the PL emission of the DFCSs at 315 nm and 420 nm does
not change upon varying the excitation wavelength from
270 nm to 285 nm (Fig. 4B), which can be attributed to the two
“self-passivated” activated chromophoric groups on the
surface of the DFCSs, leading to the formation of surface
states between the n* band and = electron energy level.** That
is, the emission wavelength of the DFCSs is independent of
the excitation wavelength (when the excitation wavelength was
changed from 270 nm to 285 nm, the emission wavelength
showed nearly no shift; Fig. 4B). However, considering the con-
struction of a proportional sensor, the optimum excitation
wavelength and emission wavelength of the DFCS aqueous
solution are 280 and 315/410 nm, respectively, which indicate
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Fig. 4 (A) UV-vis absorption (curve a), emission (curve b, Aey, = 315 and
410 nm) and excitation (curve c, lex = 280 nm) spectra of the DFCSs. (B)
PL spectra of the DFCSs at different excitation wavelengths ranging from
270 to 285 nm, where both the excitation and emission slit widths were
5nm.
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the prepared DFCSs possess a uniform distribution of surface
states.>®>°

Optimization of experimental conditions

From the experimental results, it is noted that PL quenching
process by Co”" ions is the best quenching effect, and the PL
quenching process may be pH-dependent due to the nature of
the carboxyl and hydroxyl groups (-COOH and -OH) on the
surface of the DFCSs. Therefore, to maximize their signal and
detection sensitivity for PPi, we investigated the effect of pH
on the detection of the Co>" ions and PPi, as shown in Fig. 5A.
Fig. 5A shows the PL responses of the DFCSs to 100 uM Co>*
ions or 150 pM Co>" ion and 50 uM PPi at various pH values.

Here, fluctuating pH values in the range of 7.0-9.5 (Tris-
HNOj3;, 5 mM) were investigated (Fig. 5A, curve a). The ratio
signal (PL410 nm/PLo31s nm) decreased with an increment in pH
value from pH 7.0-9.0 and then increased quickly when the
pH was over 9.0. Also, it can clearly be seen that recovery
efficiency of the PL of the DFCS increased gradually as the pH
increased from 7.0 to 9.0, and then it decreased gradually as
the pH increased (Fig. 5A, curve b). This can be explained by
the fact that lowly or highly alkaline surroundings would
damage the configuration of the carboxyl and carbonyl moi-
eties by protonation-deprotonation reaction, which greatly
affects the interaction between the DFCSs and Co”' ions or
Co>" ions and PPi. Therefore, pH 9.0 was selected as the
optimum pH value for the detection of PPi.

Mechanism of PPi detection by DFCSs

Co*" ions, as an unusual quencher, can quench the fluo-
rescence of organic fluorescent microcrystals®® and fluorescent
carbon-based materials®*** through electronic transfer or
other processes. Also, it is well-known that Co®" ions are an
acid of borderline hardness (according to the hard and soft
acids and bases principle), which have strong affinity for
oxygen and nitrogen donor atoms. As a result, transition-state
chelates are formed between Co®" ions and the O/N atoms in
the DFCSs. Meanwhile, Co*" ions are known to be a Lewis acid
and, therefore, have strong affinity to accept electrons (accord-
ing to the Lewis acid-base theory). Thus, Co>" ions were slowly
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Fig. 5 (A) Plot of the PL signals PL410 nm/PLoz1is nm Of the DFCSs in
different pH value Tris-HNO3 buffer in the presence of Co?* ions (curve
a) or Co?* ions and PPi (curve b), where the concentration of Co?* ions
and PPi is 100 pM, 150 pM and 50 uM, respectively. (B) PL emission
spectrum (lex = 280 nm) of free DFCSs (curve a) and DFCSs in the pres-
ence of Co?* ions (curve b), and both Co?* ions and PPi (curve c).
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added to the PL DFCSs under the excitation state and the elec-
tron, which was transferred in the DFCSs by the Co*" ion is
back-donated in the vacant orbital of the Co®" ion, leading to a
strong electronic interaction,'® thereby decreasing its lumine-
scence intensity. Furthermore, the Co®" ions can strongly react
with the carboxyl and carbonyl moieties of compounds via
effective coordination/chelation interactions,’*”* which leads
to significant PL recovery of quenched PL nanomaterials by
Co>" ions. Based on this, the feasibility of the newly developed
PL turn on-off-on DFCSs was evaluated by the addition of
Co®" ions and PPi. As shown in Fig. 5B, the double emission
peaks at 410/315 nm of the DFCSs were significantly quenched
in the presence of Co** ions due to the strong coordination
between the Co** ions and O-containing groups on the surface
of the DFCSs (Fig. 5B, curve b). However, owing to the stronger
affinity between PPi and Co*" ions than that of the
O-containing groups on the surface of the DFCSs, the continual
addition of PPi restored the PL due to the competition between
PPi and the O-containing groups to coordinate with Co>* ions,
leading to the re-dispersion of DFCSs (Fig. 5B, curve c).
Specifically, the DFCSs have a strong PL emission peaks at 410/
315 nm when excited at 280 nm (Fig. 5B, curve a); however, the
PL emission peaks at 410/315 nm were strongly quenched upon
the addition of 150 uM Co®" ions. The quenching efficiency
reached nearly 68% (Fig. 5B, curve b), whereas the addition of
PPi to the mixture solution regenerated the PL intensity up to
96% of its initial value (Fig. 5B, curve c). The recovery of PL
intensity is based on the stronger coordination/chelation inter-
actions between the Co”>* ions and the abundant P=0 groups
of PPi.>® Thus, these results demonstrate that DFCSs-Co>"
assemblies can effectively serve as a promising ratiometric
sensing platform for the detection of PPi, where the DFCSs
function as the fluorometric probe and Co®" ions act bifunction-
ally as the PL quencher and PPi recognizer. Furthermore, it was
noted that the pH of the reaction solution affects the physical
and chemical properties of carbon-based nanomaterials, which
plays an important role in during the synthetic process.

The Co®" ion concentration affects not only the PL intensity
but also the sensitivity of the PPi assay. Therefore, to obtain
high sensitivity and quenching effect on the PL intensity of
DFCSs in the presence of Co>" ions, various concentrations of
dispersed Co>" ions were added to identical aliquots of DFCSs
(Fig. 6A and B). Fig. 6A shows the PL intensity of the DFCSs in
the presence of various concentrations of Co®" ions ranging
from 20 to 200 pM. It is clearly shown that the PL emission
peaks at 410/315 nm for the DFCSs were gradually quenched
as the concentration of Co®" ions increased, and the maximum
quenching efficiency reached nearly 68% when the Co** ion
concentration was 150 uM (Fig. 6B, black dots). This large
decrease in PL intensity may be attributed to the specifically
combined conformation formed by two fluorescent chromo-
phores formed through the hydroxyl, carbonyl and carboxylic
acid groups on the surfaces of the DFCSs, which bind to the
Co>" ions. Furthermore, it is worth noting that the basically
unchanged PL ratiometric value at PL419 nm/PL315 nm for the
DFCSs in the presence of various concentrations of Co®" ion

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (A) PL emission spectra of the DFCSs in the presence of different
concentrations of Co?* ions (top to bottom, excitation at 280 nm). (B)
Plot of the PL signals PL4jg nm/PL31s nm Vversus Co?* ion concentration.
The black dots stand for the PL signals PL41o nm/PL315 nm versus Co?* ion
concentration and the red dots for the PL signals PL4io nm/PL31s nm
versus Co?* ion concentration, concentration: Tris-HNO3 buffer, 5 mM;
dex. 280.0 nm. (C) UV-vis spectra of DFCSs (160 pug mL™%), DFCSs
(160 ug mL™) + Co?* ion (150 pM), and DFCSs (160 pg mL™) + Co®* ion
(150 pM) in the presence of different concentrations of PPi (15 uM,
25 pM, 50 pM and 100 pM, respectively). (D) Plot of the location of the
characteristic absorption peak at about 260 nm versus blank, Co?* ion
or Co?" ion and PPi.

illustrates that each Co>* ion simultaneously combines two
chromophoric groups of the DFCSs (Fig. 6B, red dots). Based
on the results, 150 pM was selected as the optimal Co”>* ion
concentration for the subsequent experiments (Fig. 6B).

To reveal the mechanism of how the PL changes, the time-
resolved PL spectra of the DFCSs, DFCSs-Co”>* complexes and
DFCSs-Co>" complexes in the presence of PPi were measured.
Due to the differences in the distribution of the complex lumi-
nescent pathways resulting from multiple DFCSs species and/
or sites,*® the PL intensity of the DFCSs followed dual-expo-
nential decay kinetics and two lifetimes were acquired (Fig. 7).
As shown in Fig. 7B and D, it was found that the PL lifetime of
the DFCSs greatly change in a very obvious manner with the
addition of Co®" ions or Co*' ions and PPi. These large
changes in the PL lifetime of the DFCSs can be attributed to
the increase in the radiative decay rates, indicating that the for-
mation of an extra shell partly through combination with Co>"
ions destroys the surface defects. Meanwhile, the nonlinear
Stern-Volmer plots (Fig. 6B, black dots) indicate that the
decrease in lifetime of the DFCSs by Co>" ions obeys a simple
dynamic quenching mechanism, which was further confirmed
by the UV-vis absorbance spectra (Fig. 6C and D). That is, the
Co>" ion, unlike Eu** ion,>® coordinating to the oxygen-donor
atoms of the carboxyl and carbonyl groups on the surface of
the DFCSs, should not act as a bridge to link neighboring car-
boxylate groups, and the subsequent quenching of PL of
DFCSs in the presence of Co”* ion might be attributed to the

electron or energy transfer mechanism."®>’

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (A) and (C) Decay of the PL of the DFCSs in the absence and
presence of Co®* ions, and Co®* ions and PPi, respectively. (B) and (D)
PL lifetimes of the DFCSs in the absence and presence of Co?* ions, and
Co?* ions and PPi, respectively. The concentration of Co®* ions and PPi
was 150 pM and 200 pM, respectively.

Ratiometric detection of PPi using DFCSs as probes

Considering the effective coordination/chelation reaction
between Co>" ions and the active O-containing groups (e.g.,
C=0) in carbon nanospheres,”® the DFCSs-Co>" assembly
system was utilized to detect the P—O of PPi under the opti-
mized conditions (Tris-HNO; buffer of pH 9.0 and Co** ions:
150 uM). Fig. 8A shows the PL recoveries of the DFCSs-Co*"
system with an increasing concentration of PPi, and it can be
clearly seen that the PL was gradually restored as more and
more PPi was added. Upon adding PPi (150 uM) to the DFCSs—
Co>" assembly system, the PL of the DFCSs was nearly comple-
tely restored, revealing that the sensing system is very sensitive
to PPi concentration. The reason for the PPi recovery may be
as follows: a stronger Co>*~O=P bond can be formed between
the Co®>" ion and PPi, resulting in the removal of the Co*>* ion
from the surface of the DFCSs-Co®>" system via competitive
adsorption interactions (Scheme 1),>**® which enhanced the
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Fig. 8 (A) PL recovery of the DFCSs—Co?* assembly in the presence of
different concentrations of PPi (0 to 500 uM, bottom to top, excitation
at 280 nm). (B) Plot of the enhanced PL signals PL410 nm/PLo315 nm Versus
PPi concentration.
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PL of the DFCSs-Co®>" nanocomposite. In the range of
0.075-200.0 pM, the increased PL of the DFCSs showed a good
linear relationship to the concentration of PPi with a corre-
lation coefficient of 0.9902 (n = 5) (Fig. 8B), and the detection
limit for PPi was calculated to be 25.76 nM (30/k), which is
much lower than that of previously reported sensors.>>>%7%1

Selectivity of the DFCS probe

Besides sensitivity, selectivity is another important parameter
to evaluate the performance of the sensing system. Thus,
under the optimal conditions (Tris-HNO; buffer of pH 9.0 and
Co”" ions: 150 pM), we tested the PL intensity changes of the
DFCSs-Co®" assembly in the presence of competitive bio-
molecules and anions under the same conditions, including
urea, cysteine (Cys), histidine (His), glutamine (Glu), SO,
C0;>~, HPO,*", H,PO,”, NO,;~, CI~, SCN~, HCO;~, PO;~, Br~
and I” ions, as shown in Fig. 9. It was observed that the relative
PL ratiometric intensity of PLy1o nm/PLoz1s nm Was enhanced
the most by PPi, and in contrast, the PL of other detected bio-
molecules and anions showed no significant increase even
when their concentrations were 2.5-fold higher than that of
PPi (the PL intensities of DFCSs-Co”" in the absence and pres-
ence of other biomolecules are denoted by PLg315 nm and
PL41o nm, respectively). This illustrates the high selectivity of
the developed on-off-on sensor, which has potential use for
the determination of PPi in real samples. Therefore, the PPi
contents in real bovine serum samples were detected to
further illustrate its feasibility. The proposed method was
applied for the analysis of PPi in three bovine serum samples
obtained from Shanghai Sinopharm Chemical Reagents Co.
Ltd (Shanghai, China) by the standard addition method, and

4.0
5200 PPi
& A ¢ 23.5;
= =
7100 &30
= / S
& 3
Z o 25
n—] Other substances 2.0

300 400 500 UGS M7 St 9%,
Wavelength/nm MR e *

Fig. 9 (A) PL emission spectra of the DFCSs—Co?* nanocomposite in
the presence of various interfering substances in 5 mM Tris-HNO3
buffer (pH 9.0). (B) Selectivity of the PL assay for PPi over other ions.
The concentration of PPi was 200 uM. The concentration of the other
interfering substances was 500 pM except for Cys which was 200 pM.

Table 1 Analytical results for the determination of PPi in bovine serum
samples (1%) using the proposed DFCSs—Co?* metal nanocomposite

Added®  Measured® Recovery  RSD
Sample Anions  (uM) (M) (%) (n=3, %)
Sample1 PPi 50 47.89 95.79 3.36
Sample2 PPi 100 95.56 95.56 4.89
Sample3 PPi 150 157.34 104.89 3.73

“The data was obtained from three parallel samples.
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the results are shown in Table 1. From Table 1, the standard
deviations and recovery (95.56-104.89%) with less than 5.0%
RSD under the optimal conditions demonstrate the effective-
ness of the proposed method for the detection of PPi. The
results also prove the high selectivity and sensitivity of the
DFCSs-Co>" system for the detection of PPi, indicating that
this sensor has potential applicability for real sample analysis.

Conclusion

In summary, DFCSs with pH-controlled physicochemical pro-
perties were obtained through a simple, one-pot, hydrothermal
approach from adenine under a strongly alkaline environment.
The results indicate that acid and alkaline environments in
the reacting precursor solution play an important role in deter-
mining the molecular structure and physicochemical pro-
perties of the DFCSs. Next, we presented the development of a
multiplex, specific, indirect, continuous and ratiometric PPi
assay based on the stronger Co®>’~O=P bond formed between
Co>" ions and PPi, resulting in the removal of Co®>" ions from
the surface of the non-PL DFCSs-Co** system via competitive
adsorption interactions, and therefore successfully attained
the ultrasensitive detection of PPi with a detection limit of
25.76 nM. Under the optimal conditions, the on-off-on sensor
displays a wide linear range and good selectivity over other bio-
molecules and anions. Furthermore, the concentration of PPi in
bovine serum samples was successfully detected with the newly
developed off-on PL sensor, and the standard deviations and
recoveries (95.56-104.89%) demonstrated the good repeatability
and high accuracy of the sensor, which fulfills the requirements
for real-time applications. The simultaneous possession of high
sensitivity and selectivity, rapidity, and convenience enables this
off-on sensor to be potentially applicable for the ultrasensitive
and rapid on-site detection of trace PPi.
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