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As the new representative in the carbonaceous family, carbon dots (CDs) have gained remarkable
research interests over the past decade. Herein, we report the facile preparation and thorough
performance comparison of three types of carbon dots with the adoption of ubiquitous natural fruit
juice as precursors and demonstrate their application in pH sensing, patterning and bioimaging. All the
yielded CDs show interesting optical properties including evident single- or two-photon absorption
and excitation-dependent photoluminescence along with the high fluorescent yield. A detailed study
on the physical properties by EPR and Stokes shift analysis and structural composition analysis by XPS
and Raman spectroscopy suggest that the fluorescence of CDs originates from the electron-hole
recombination via the defect state. In addition, through the regulation of non-radiative recombination

rate of CDs, all the obtained CDs could be applied as fluorescent sensing platforms toward the
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Accepted 25th October 2018 sensitive detection of the solution pH changes by the indication of CDs' fluorescent yield and lifetime

variation. Moreover, it was also proven that the resulting CDs could be employed as fluorescent inks

DOI: 10.1039/cBra07584k for printing patterns in anti-counterfeit applications and as fluorescent probes for bioimaging of
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Introduction

Since the first discovery of carbon dots (CDs) by Sun et al. in
2006," the environmentally friendly CDs have gained great
interest due to their exceptional optical/electronic properties
and formidable potential application in various areas.*
Recently, several elegant strategies have been established
toward preparation of high-performance CDs, such as micro-
wave irradiation,® ultrasonic passivation,® arc discharge,’
hydrothermal treatment,*” combustion/oxidation,**° electro-
chemical exfoliation' and laser ablation."> Among these,
hydrothermal synthesis has greatly advanced over other existing
physical approaches (laser ablation or arc discharge) due to its
features such as simple process, avoidance of sophisticated
instrumental requirements as well as production of CDs with
good fluorescence. In addition, there is an abundance of
precursors can be adopted to prepare CDs. For example, CDs
can be successfully prepared by the hydrothermal treatment
using a vast variety of regularly consumed resources ranging
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from chemosynthetic polymers to low-cost or biowaste mate-
rials such as organic chemicals,'>** gelatin," chitosan,'®"” fruit
peels,'®* food**?** and drinks.**** The unique advantage of
using precursors directly from nature make the hydrothermal
treatment a more promising method for preparing CDs and
would be highly beneficial for large-scale synthesis and wide-
spread applications.

In this paper, by employing a more general and low-cost
ubiquitous fruit juice as the carbon source, we developed
a simple and effective route to easily prepare fluorescent CDs.
The hydrothermal treatment of watermelon juice to generate
fluorescent CDw at 190 °C is reported, and the thorough
performance comparison of the resultant CDy, with CD, and
CDy (apple and mango juice as precursors) prepared under the
same conditions is also presented. All the yielded CDs were
found to have outstanding optical properties including the
single- (CDy; and CDy) and two-photon (CD,) absorption along
with high quantum yields (QYs). The unique fluorescence
attributed to the electron-hole recombination via the defect
state of the CDs was investigated through the physical and
composition analysis. In addition, the fluorescence of all the
CDs exhibited quenching since it was sensitive to the solution
pH variations. Moreover, the resulting CDs were employed as
fluorescent inks for printing luminescent patterns on a paper
substrate for anti-counterfeit applications and as fluorescent
probes for bioimaging of osteoblasts (as shown in Scheme 1).
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Scheme 1 Preparation of fluorescent CDs from different fruit juices and their applications for printing and bioimaging.

Experimental
Materials

All the mango, apple and watermelon fruits were purchased
from the local market of Jiangsu Province, China. Sodium
hydroxide and nitric acid of analytical grade were purchased
from the Aladdin-reagent Ltd. (Shanghai, China). High-purity
water with resistivity greater than 18 MQ cm was used for the
preparation of all aqueous solutions.

Synthesis of carbon dots (CDs) from fruit juice

After peeling and removing the seeds, about 100 g of each fruit
was chopped into small pieces and squeezed into liquid by
adding 100 mL of highly purified water. Vacuum filtration was
then performed to obtain the pulp-free juice for the hydro-
thermal treatment.

The resulting pulp-free juice of each fruit was transferred into
a 100 mL stainless-steel autoclave, heated at a constant temper-
ature of 190 °C for 12 h, and then cooled naturally. The obtained
dark brown solution was filtered through a 0.45 pm filter to
remove large particles and then washed with dichloromethane to
remove unreacted organic moieties. The aqueous solution was
collected and centrifuged at 15 000 rpm for 15 min to remove
solid residues and further dialyzed for 30 h against highly puri-
fied water. The obtained CDs were stored away from light at 4 °C
for further characterization, printing and bioimaging.

For the preparation of CDs under different pH conditions,
the pH values of the pulp-free juices were first adjusted to 3, 7
and 10. Then, the same hydrothermal procedure as described
above was performed to obtain the corresponding CDs.

Patterning from CD solution

For inkjet-printing, 20 mL aqueous solution of CDs was
concentrated to 5 mL to form a fluorescent ink, which was
encapsulated into the ink cartridge of a JetlabIl Precision
Printing Platform for printing at room temperature.

Cell imaging

The osteoblasts were expanded in Dulbecco's modified Eagle's
medium-low glucose (DMEM-LG, Hyclone) supplemented with
10% fetal bovine serum (FBS). The cells with a density of 4.0 x
10" cells per mL were then seeded on sterile WHB coverslips
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(WHB, China) on the bottom of 24-well plates, and cultured for
24 h at 37 °C in a humidified incubator with 5% CO, and 95%
air. After the cells adhered to the coverslips, the cells were
treated with the fluorescent carbon dots dissolved in fetal
bovine serum-free Dulbecco's modified Eagle's medium for
24 h. The cells were then washed three times with fresh phos-
phate buffer saline (PBS, pH 7.4) and fixated with 2.5% glutar-
aldehyde for 1 h at room temperature. After the cells were
washed with PBS, they were observed using a confocal laser
scanning microscope (LSM 700, Zeiss, Germany).

Characterization

Transmission electron microscopy (TEM). The morphology
of the CD particles was examined using a JEOL JEM-2100
transmission electron microscope. A drop of the correspond-
ing carbon dot aqueous solution was placed on a copper grid
and was left to dry before transferring into the TEM sample
chamber. The particle diameter was estimated using the Image]
software analysis of the TEM micrographs.

Spectroscopy. Fourier-transform infrared (FT-IR) spectra
were recorded using a Nicolet 6700 FT-IR spectrometer. Raman
study was performed using a Horiba HR 800 Raman system
equipped with a 514.5 nm laser source. The elementary
composition was tested using an ELEMENTRAC®CS-i elemental
analyzer. The electronic structures of the samples were deter-
mined by performing X-ray photoelectron spectroscopy (XPS)
using a Kratos AXIS Ultra-DLD ultrahigh vacuum system (a base
pressure of 3 x 10~ '° torr) equipped with a monochromatic Al
Ko source (1486.6 eV for XPS). UV-vis absorption spectra were
recorded using a UV-vis spectrometer (Lambda 950, Perkin-
Elmer). Photoluminescence measurements were performed
using a Varian Cary Eclipse spectrophotometer. EPR spectra
were recorded in solid state at room temperature using an EMX-
10/12 spectrometer (microwave frequency: 9.751 GHz; modula-
tion amplitude: 3.0 G; microwave power: 19.920 mW). Time-
correlated single-photon counting (TCSPC) data were collected
on an SLM 48000 spectrofluorometer using a 380 nm laser as
the excitation source.

Quantum yield calculation. Quantum yield (QY) was
measured according to an established procedure (J. R. Lako-
wicz, Principles of Fluorescence Spectroscopy, 2nd edn, 1999,
Kluwer Academic/Plenum Publishers, New York) using quinine

This journal is © The Royal Society of Chemistry 2018
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sulfate in 0.10 M H,SO, solution as the standard (¢ = 0.54). The
quantum yield was calculated using the following equation:
I Ag n?

0=0r K A nTkz
where Q is the quantum yield, I is the measured integrated
emission intensity, A is the optical density and 7 is the refractive
index (taken here as the refractive index of the respective
solvents). The subscript R refers to the reference fluorophore of
known quantum yield.

A UV-vis absorption spectrometer (Lambda 950, Perkin-
Elmer) was used to determine the absorbance of the samples
at 300 nm. The concentration of the samples for QY estimation
should allow the first excitonic absorption peak to be below 0.05
in order to avoid any significant reabsorption. A Varian Cary
Eclipse spectrophotometer with an excitation slit width of 0.25
and an emission slit width of 0.25 was used to excite the
samples at 300 nm and to record their photoluminescence
spectra.

Results and discussion

Fig. 1 displays the high-resolution transmission electron
microscopy (HRTEM) images and the size distributions of the
corresponding CDs from different juices. All of the as-
synthesized CDs show uniform dispersion without apparent
aggregation. Through the size statistical analysis (Fig. 1D-F),
the CD,, particles were found to have the largest size with
diameters of 4.68 + 1.04 nm, while the CDy; and CD, particles
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RSC Advances

also dispersed in narrow distributions with smaller diameters
of 2.43 £ 0.64 nm and 2.22 £ 0.39 nm.

The structures of all the CDs were investigated via FT-IR
analysis (Fig. 2), which indicate two peaks at 2922 cm™ " and
1372 cm™ ' assigned to v,4(CH;) and d,(CHj), respectively, sug-
gesting that the surfaces of the bare CDs are attached with
abundant alkyl groups. Moreover, the stretching vibrations at
1864 cm™ " and 1622 cm ™' indicate the existence of -C=0 in
carbonyl and amide groups, respectively. The peaks at
1422 em~ " and 1030 cm™" in both CDy and CDy, (around
1422 cm ™' and 1088 cm ! in CD,) are assigned to asymmetric
and symmetric stretching vibrations of C-O-C group, respec-
tively, and the peak at around 1400 cm ™' is assigned to the
stretching vibration of unsaturated carbon atoms (sp> hybrid-
ization), indicating that the as-prepared CDs contain an olefinic
configuration. In addition, the broad absorption bands at
around 3431 cm™ " and 1489 cm ™' are assigned to the hydroxyl
group, which is associated with the molecule and in the primary
alcohol group. These functional groups may confer the CDs
with excellent dispersibility in aqueous solutions. The Raman
spectra of these CDs (Fig. 2B) reveal two peaks at 1365 cm ™" (D
band) and 1560 cm " (G band), revealing the presence of both
sp® and sp® hybrid carbons.® The calculated intensity ratios (Ip/
I) are 0.84 (CD,), 0.55 (CDy;) and 0.64 (CDy), indicating the
high degree of graphitization of all the resultant CDs.

To further determine the structural compositions of the CDs,
X-ray photoelectron spectra (XPS) were recorded to identify the
functional groups of the three samples. The full XPS spectra
presented in Fig. 3A-C display strong signals of C 1s at 284 eV
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(A—C): HRTEM and (D—F) size histograms of CD,, CDy and CDyy, respectively. The size data were derived from TEM images shown in (A—

C) by self-developed digital statistic software. Number of particles counted (n), the mean particle diameter (D), along with the standard deviation

(SD) are also included.
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Fig. 3 XPS spectra of (A) CDa, (B) CDy and (C) CDy. (D—F) Are the C 1s, O 1s and N 1s spectra of the CDy.

and O 1s at 531 eV as well as weak signals of N 1s at 400 eV,
suggesting that all the three CDs mainly comprised C and O
elements and a small amount of N element. The atomic
percentages of C, N and O are displayed in Table 1. Taking CDy,
as an example, the deconvolution of the C 1s spectra reveals
four peaks at 284.8, 286.3, 287.8 and 288.7 eV, which are
assigned to C-C/C=C, C-O, C=0/C-N and COOH groups,
respectively (Fig. 3D). The O 1s spectra (Fig. 3E) can be resolved
into two components at 531.3 and 532.8 eV, associated with
C=O0 and C-O, respectively. The N band (Fig. 3F) exhibits two
peaks at 399.5 and 401 eV, which are assigned to C-N and
graphitic N-C;, respectively. The results from structural anal-
ysis indicated that the surface of CDs might contain carboxyl
and hydroxyl groups as well as the nitrogen-containing groups
including amino or amide. We also employed the elemental
analyzer to test the atomic percentage inside the CDs, which

38094 | RSC Adv., 2018, 8, 38091-38099

revealed that the CDs are carbon (more than 60%) and oxygen-
rich (more than 20%, calculated) products (Table 1). This result
is consistent with XPS data and in agreement with a previous
report.”* The small quantity of N and S elements contained in
the as-prepared CDs may originate from the amino acid and
sulphur amino acids existing in the fruit juice.

The as-prepared CDs exhibit interesting optical properties.
Fig. 4A shows the UV-vis absorption spectra of the as-prepared
CDs. CDy; and CDw were found to have absorption at about

Table 1 Elemental analysis results of CDy, CDa and CD,,, respectively

Sample N (%) C (%) H (%) S (%) O (%, calculated)
CDy 0.38 66.39 4.49 0.54 28.20
CDm 0.60 64.56 4.70 0.40 29.74
CDw 2.38 66.82 4.99 0.19 25.62

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) UV-vis absorption and (B) PL spectra of the as-prepared CDyn, CDa and CDy, aqueous solution, respectively. Insets in (A) are the

photographs of CDy solution under daylight and UV lamp (365 nm).

(C) PL spectra of CDy at different excitation wavelengths (in 10 nm

increment starting from 280 nm to 450 nm). (D) The absorption and PL spectra of CDy solution showing the Stokes shift. (E) Schematic of
excitation-dependent fluorescence emitted by CDs with various surface states.

305 nm, which may be attributed to the m-m* transition of
nanocarbon.*® More interestingly, the absorption spectrum of
CD, exhibit two evident absorption peaks at 250 nm and
295 nm, confirming the m-m* and n-m* transitions, which
indicates the presence of C=C and C=0 groups in CD4.*"
When these CDs were excited at an excitation edge of 302 nm
(Fig. 4B), it can be noticed that the photoluminescence (PL)
spectra of CDs show strong emission peaks mainly centered at
393 nm (CDy), 375 nm (CD,) and 412 nm (CDy) with
a shoulder. The fluorescence shoulder peaks at about 471 nm
(CDy), 445 (CDy) nm and 489 nm (CDyw) may evolve from the
defect states of larger carbon nanoparticles. When the excita-
tion wavelength red shifted, fluorescence originating from the
larger CDs dominates (Fig. 4B). The inset photographs of Fig. 4A
(and Fig. S1t) show the color of CDs under visible light (left:
daylight) and fluorescence under UV illumination of 365 nm
(right), which indicated that the as-prepared CDs are fluores-
cent in nature. The emission spectra of the as-prepared CDs
also show typical excitation-dependent feature (Fig. 4C and
S2). Taking the emission spectrum of CDy, for example, with
gradual red shifts in the excitation wavelength from 290 nm to
450 nm, the main peak at 366 nm shifts to 450 nm gradually. As
shown in Fig. 4C, CDy exhibits a maximum emission peak at
442 nm when excited at 365 nm, which results in the bright blue
fluorescence of CD,. Moreover, fluorescence of the resultant
CDs remained almost unchanged after three months (Fig. S37).
It was reported that this fluorescence mechanism may be
attributed to the surface defects, zigzag sites or the band gap-

This journal is © The Royal Society of Chemistry 2018

like transition of different functional groups on the surface of
CDs.*? Herein, we noticed that this fascinating emission may be
attributed to the electron-hole recombination via defect states
because the Stokes shift (approximately 186 meV for CDy,, 196
meV for CD, and 223 meV for CDy) is too large* for direct
excitonic recombination (Fig. 4D and S4t). In addition, the
emission modes related to C-O, C=0 and O=C-OH surface
states with a series of specific energies may dominate the
luminescence spectra depending on excitation energy,* thus
resulting in the excitation-dependent emission of all the CDs
(Fig. 4E).

We estimated the quantum yields (QYs) of the corresponding
CD aqueous solutions with quinine sulfate in 0.1 N sulfuric acid
as a standard and found that the QY of CD, could be up to 7.0%,
which was higher than that of CDy; and CDy (5.0 and 4.9, as
shown in Table 2). The QY of the resultant CD, was also higher
than that of the reported CDs obtained from apple juice,*
which may be attributed to the higher temperature during the
hydrothermal treatment. To further assess the stability of the

Table 2 The quantum yields and the average fluorescent lifetime of
the as-prepared CDs

CDy
pPH =
Sample CDy, CDyw pH=3 4.7(original)l pH=7 pH=10
QY (%) 50 49 53 7.0 8.1 15.9
7 (ns) 2.55 2.61 5.82 1.47 1.12 0.98

RSC Aadv., 2018, 8, 38091-38099 | 38095
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different pH conditions (Aex = 365 NM, ey = 440 Nm).

as-prepared CDs, the fluorescence lifetime (7) was determined
by typical time-resolved photoluminescence measurement. As
shown in Fig. 5A, the decay trace for the CDs are fitted by
biexponential functions (Y(¢)) based on the nonlinear least-
square®* method as follows:

Y(t) = ) CXp(—t/’El) + oy CXp(—t/‘L'z) (1)
where «; and «, are the fractional contributions of time-
resolved decay lifetimes of t; and 1,, respectively.

0[1‘[12 + (¥2T22

oT] + ATy

T=

(2)

According to eqn (2), the average lifetime (7) of CDy;, CD, and
CDyy were calculated as 2.55 & 0.05 ns, 1.47 & 0.05 ns and 2.61
£ 0.05 ns, respectively (x, < 1.1). This short lifetime of the
fluorescence of these CDs is indicative of the radiative recom-
bination of the excitons giving rise to fluorescence.*® The elec-
tron paramagnetic resonance (EPR) spectra show that all the
samples have derivative EPR signal with a Lorentzian shape
near g = 2.004 (Fig. 5B), revealing that the as-prepared CDs
possess considerable distribution of defect sites generated by
free radicals. These results together with the Stokes shift values
obtained in Fig. 4D can safely conclude that the fluorescence of
CDs originate from the radiative recombination of the excitons
via defect states.

38096 | RSC Adv., 2018, 8, 38091-38099
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More interestingly, the optical properties of as-prepared CDs
were found to be sensitive to pH. We chose CD, as an example
to test its pH sensitivity. As shown in Fig. 6A, the absorption
edge of CD, at 250 nm due to the m-m* transition of nano-
carbon was found to gradually shift to 270 nm as the pH of the
aqueous solution shifts from 3 to 10. This change in m-m*
transition triggered by the concentrations of H and OH™ may

A ' B

—
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electri?. CDS. K
cell nanoin
Paper ‘\Orifice

Fig. 7 (A) Schematic of piezoelectric inkjet printing. Inset: the as-
prepared fluorescent carbon ink. (B) Photograph of the snowflake
patterns under UV light. The CD, ink is set to be printed into the
surrounding to realize the clarity of the patterns.
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Fig. 8

be attributed to the electronic transition in graphite nano-
domains of CDs by refilling or depleting the valence bands.*®
The fluorescence emission peaks of CD4 red-shift from 392 nm
to 405 nm and 421 nm with the pH value shifting from 3 to 7
and 10, accordingly. In addition, the QYs of CD, were found to
be significantly promoted with the solution conditions
changing from acid to basic. The QY could increase up to 15.9
when the pH value increases up to 10, which is almost 3 times
that of the CD4 prepared at pH = 3.

More interestingly, as shown in Fig. 6B, the lifetime of the
CD, exhibits different variation trends, which gradually
decreases from 5.82 ns to 0.98 ns as the pH conditions shift
from 3 to 7. CDy; and CDy exhibit a similar trend of fluorescent
enhancement as the solution changes to alkaline. This decrease
in lifetime and the significant improvement in QY may be
attributed to the protective shell generated by the passivation of
absorbed OH™ on the original acidic defects of CD surface,
which makes the CDs non-isolated and increases the non-
radiative recombination rate.**?*” All of these results indicate
that the as-prepared CDs are promising fluorescence-sensing
platforms that are sensitive to the variations in solution pH.

Furthermore, the as-obtained CDs were applied as fluores-
cent carbon inks for printing patterns. Inkjet printing has been
recently proved to be a low-cost and useful technique to create
high-performance flexible conductive patterns for ultra-
integrated circuits, transistors, sensors or electrodes.****
Herein, the concentrated CD, aqueous solution as the inkjet-
printing source was printed by the Jetlab@II Precision
Printing Platform (Fig. 7A). The CD, solution was squeezed by
the electric field to generate a pressure pulse and actuate the
injected ink droplets out of the nozzle to form patterns on the
paper substrate immediately. To improve the contrast of the
pattern, the CD, ink was set to be sprayed on the areas out of the
patterns. As shown in Fig. 7B, the patterns of different snow-
flakes appear dark gray under the ultraviolet light, while the
surrounding CD, ink areas show bright blue fluorescence.
Notably, these surrounding CD ink areas are also invisible
under daylight. These properties promote the CD's applications
in anti-counterfeit as well as optoelectronic fields.

The water-soluble fluorescent carbon dots were reported to
exhibit low toxicity and high stability against photobleaching.**
These unique merits along with the excellent fluorescent
features make the CDs promising probes for imaging applica-
tion. Herein, osteoblasts were incubated with different CDs for
24 h and then observed under a fluorescence microscope to
prove the viability of CDs from fresh juices as the ideal

This journal is © The Royal Society of Chemistry 2018

(A) Osteoblasts after incubation with CDs at 37 °C for 24 h under bright field, by excitation at (B) 405 nm, (C) 488 nm and (D) 532 nm.

bioimaging agent. Fig. 8 and S71 show the confocal microscopic
images of osteoblasts after incubation of CDs. The strong blue,
green and red fluorescence from CD-labeled cells were observed
depending on the excitation wavelengths at 405 nm, 488 nm
and 532 nm. In addition, no reduction in fluorescence intensity
was observed after excitation for a prolonged time, which
indicates that the CDs from fresh juice can serve as the ideal
substitute for traditional probes in cell-imaging.

Conclusion

In the present study, three types of fluorescent CDs were facilely
prepared via an easy one-step hydrothermal route using natural
ubiquitous mango, apple and watermelon juice as precursors.
All the as-prepared CDs exhibit uniform dispersion in aqueous
solutions, which may be ascribed to the multifunctional
hydrophilic groups on the surface of the CDs. The as-prepared
CDs also show good optical properties, such as the single/two-
photon absorption and the typical excitation-dependent fluo-
rescence properties. The fascinating emission of all the CDs
may be attributed to the electron-hole recombination via defect
states since the Stokes shift is too large for direct excitonic
recombination. Due to the increase in the non-radiative
recombination rate induced by the passivation of basic groups
on the original acidic defect surface, the CDs exhibit evident pH
sensing properties. By adjusting the solution pH to 10, the QYs
of the resultant CDs could increase up to 15.9, which is almost
three times that of the CDs prepared at pH 3. Moreover, these
CDs can be applied as fluorescent inks for printing various
patterns, which are “vis-invisible” and “UV-visible”, promising
their application in anti-counterfeit field and optoelectronic
devices. The further employment of the as-prepared CDs as
probes for imaging of osteoblasts indicates that the CDs from
fresh juice can also serve as the ideal substitute for traditional
probes in cell-imaging.
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