ROYAL SOCIETY

Journal of
Materials Chemistry B

OF CHEMISTRY

View Article Online

View Journal | View Issue

Facile synthesis of red-emitting carbon dots from

".) Check for updates‘
pulp-free lemon juice for bioimagingf

Cite this: J. Mater. Chem. B, 2017,

5. 5272 Hui Ding, ©2*@ Yuan Ji, Ji-Shi Wei,° Qing-Yu Gao,? Zi-Yuan Zhou*“ and

Huan-Ming Xiong®

In this work, red-emitting carbon dots (R-CDs) with a high quantum yield (QY) of 28% in water were
synthesized for the first time by heating an ethanol solution of pulp-free lemon juice. The obtained
R-CDs were mono-dispersed with an average diameter of 4.6 nm, and exhibited excitation-independent
emission at 631 nm. Meanwhile, these R-CDs featured low cytotoxicity and good photostability, which
allow R-CDs to be employed as luminescent probes for in vitro/in vivo bioimaging. In addition, a detailed
study on the physical properties and structural compositions of the sodium borohydride (NaBH,4) reduced
R-CDs with orange emission suggested that surface states on the R-CD surfaces and nitrogen-derived
structures in the R-CD cores synergistically caused their intense red luminescence. The low-cost and eco-
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Introduction

Over the past decade, carbon dots (CDs) have emerged as
promising candidates for replacing traditional semiconductor
quantum dots (QDs) and organic dyes because of inexpensive
carbon sources, facile synthetic routes, unique physical properties,
and extremely low toxicity."™ A vast number of carbon sources and
synthetic methods have been developed to produce CDs for a wide
range of applications, such as bioimaging, sensing, catalysis, full-
color displays, and optoelectronic devices.®® However, most of the
reported CDs emitted intense blue-green luminescence under
excitation of ultraviolet (UV) light, and had relatively low quantum
yields (QYs) in long wavelength ranges.'®"* These drawbacks
seriously restricted their potential applications, especially in the
field of bioimaging, because of strong tissue autofluorescence at
low wavelength emissions and potential tissue damage due to
ultraviolet light exposure.'**® Thus, preparing long-wavelength
emissive CDs excited by visible light with high quantum yields
is of great importance.

To date, due to the unclear photoluminescence (PL) mechanism,
only a few works have reported the successful preparation of CDs
with long-wavelength emissions. For instance, Qu et al. synthesized
highly efficient orange-emissive CDs with a photoluminescence (PL)
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peak at 580 nm by heating a dimethylformamide solution
of citric acid and urea.'® Fan et al. prepared red-emitting CDs
(R-CDs) with a QY of 12% from the solvothermal treatment
of citric acid and 1,5-diaminonaphthalene in an ethanol
solution.’” In addition, Lin et al. produced red-luminescent
CDs with a PL peak at 640 nm by heating a formamide solution
of citric acid.™® Hu et al. also reported R-CDs with a QY as low as
6% in water through a complicated procedure.'® Although CDs
with long-wavelength emissions have been obtained in these
pioneering works, some critical limitations still exist, such as
low QYs in water, the lack of pure red emission, sophisticated
reaction processes, or time-consuming purification. Furthermore,
large amounts of expensive or even toxic chemicals need to be
used in these synthetic protocols, which is unbeneficial to
the low-cost and eco-friendly synthesis of R-CDs for widespread
application.?® Therefore, developing facile methods that use
renewable and low-cost biomass as a carbon source to synthesize
R-CDs with beneficial optical properties and less environmental
impact is highly needed.

Lemon juice, as a very common and inexpensive drink,
contains vitamins, minerals and carbohydrates necessary for
CD synthesis. In this work, we report a facile and eco-friendly
synthesis of highly efficient R-CDs for the first time by the
solvothermal heating of an ethanol solution of pulp-free lemon
juice. The as-prepared R-CDs exhibit a PL peak at 631 nm and a
QY of 28%, which is remarkable for red emissive CDs in water.
The R-CDs were compared to the sodium borohydride (NaBH,)
reduced R-CDs using TEM, FTIR, XPS, UV and PL spectra in
order to determine the PL origin for the intense red emission.
The surface states and nitrogen-derived structures of CDs were

This journal is © The Royal Society of Chemistry 2017
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determined to be synergistically responsible for the intense red
luminescence of CDs. In addition, these R-CDs also show
favorable excitation-independent PL, high photostability, stable
dispersion in water, and lower toxicity compared to other CDs.
These R-CDs can be successfully applied to in vitro/in vivo
bioimaging by virtue of their strong red luminescence in a
biological environment.

Experimental
Materials

Ethanol and ethyl acetate were purchased from Sinopharm
Chemical Reagent Co. (China). Dulbecco’s modified Eagle’s
medium (DMEM, High Glucose), fetal bovine serum (FBS),
and trypsinase were obtained from Gibco BRL (USA). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was acquired from Sigma-Aldrich. All chemical reagents were
used as received. Ultrapure water (Milli-Q water) was used
during the experiments. Pulp-free lemon juice, as shown in
Fig. 1, was used as a carbon source for CD synthesis.

Characterization

A Tecnai G2 F20 transmission electron microscope operating at
200 kv was utilized for transmission electron microscopy (TEM)
to capture high-resolution TEM images of R-CDs and r-CDs. The
UV-Vis absorption spectra were collected using a PERSEE T10CS
UV-Vis spectrometer with 1 cm path length quartz cuvettes. The
fluorescence spectra were obtained on an F-4600 spectrofluoro-
meter with excitation and emission slit widths of 2 nm and 2 nm,
respectively. The FTIR spectra were obtained on a VERTEX 80v
spectrometer. The Raman spectra were recorded using a Senterra
Raman spectrometer at a 785 nm excitation wavelength. The X-ray
photoelectron spectra were recorded using a D8 Advance
spectrometer. The photoluminescence decay was measured on
an FLS 920 spectrometer. In vivo mouse imaging experiments
were successfully performed using a Bruker imaging system.
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Fig. 1 (a) lllustration of the preparation process of the R-CDs from lemon
juice by solvothermal treatment. (b) UV-visible absorption spectrum and
(c) fluorescence spectra of the as-prepared CD mixtures excited by
different wavelengths of light.
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Synthesis of R-CDs

Twenty mL of pulp-free lemon juice was mixed with 10 mL of
ethanol to form a transparent solution. Then, the mixture was
transferred into a 100 mL Teflon-lined stainless-steel autoclave
and heated at 190 °C for 10 hours. After the reaction was complete,
the autoclave was cooled down naturally to room temperature.
Subsequently, the resultant CD mixture was purified via silica
column chromatography using a mixture of ethyl acetate and
methanol as an eluent. Finally, R-CDs were obtained and then
redispersed in water for further characterization.

Reduction of R-CDs

An excess amount of NaBH, was added to an R-CD aqueous
solution and the mixture was stirred at room temperature for
4 h. Then, the mixture was transferred into a dialysis bag with
a cut-off molecular weight of 1000 Da for dialysis against water
for one day.

MTT assays

HeLa cells were seeded into a 96-well plate with a density of
1 x 10° cells per mL using Dulbecco’s-modified Eagle’s medium
(DMEM) containing 10% FBS and incubated in a 5% CO, incubator
at 37 °C for 24 h. Afterward, the culture medium was replaced with
200 uL of DMEM containing various concentrations of the R-CDs,
and the cells were cultured for another 48 h. At the end of the
incubation, 20 pL of 5 mg mL ™' MTT solution was added into
each well. After incubation for a further 4 h, the culture medium
was removed, and 150 uL of DMSO was then added to dissolve
the MTT. Finally, the mixture was shaken for 15 min at room
temperature, and the absorbance of each well at 492 nm was
measured using an automatic ELISA analyzer (SPR-960). Control
experiments without R-CDs were also performed. Each experiment
was conducted five times, and the averaged data were presented.

Cell imaging

Cellular fluorescence images were captured using an FV10i laser
scanning confocal microscope. In brief, 1.0 mL of HeLa cells in
DMEM with a density of 5 x 10 cells per mL were seeded into
6-well culture plates and incubated at 37 °C in a 5% CO,
incubator for 24 h. After incubation, the DMEM was discarded,
and a mixture of R-CDs (20 ug mL™") in DMEM was added to
each well for 1 h of incubation. Finally, the cells were washed
three times with a phosphate buffer solution to remove the free
R-CDs and then fixed with 4% paraformaldehyde.

QY measurements

The quantum yield was tested using an integrating sphere that
was attached to an F-4600 spectrofluorometer. First of all, the
R-CD aqueous solution was diluted to an absorption intensity
of below 0.1 at an optimal excitation wavelength of 533 nm.
Then, this aqueous solution was added into a 1 cm fluorescence
cuvette, placed in the integrating sphere and excited with 533 nm
monochromatic light. The fluorescence spectra were collected in
the ranges of 523-543 and 450-850 nm, respectively. Meanwhile,
the same fluorescence spectra for pure water were also recorded
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under identical conditions. Finally, the QYs were calculated
using fluorescence software based on the PL spectra of both the
sample and the water. Each experiment was conducted three
times in parallel, and the QY values were averaged. Moreover,
the QYs of the r-CD samples were measured using similar
procedures, in which the recorded ranges were 491-511 nm
and 400-810 nm, respectively, because the optimal excitation
wavelength was 501 nm.

Results and discussion

As shown in Fig. 1a, the solvothermal treatment of pulp-free
lemon juice at 190 °C for 10 hours yielded a dark brown-colored
solution, which implied the generation of CDs.?" The UV-visible
absorption spectra of the as-obtained mixture in Fig. 1b display
an evident absorption band at 268 nm, with a tail almost
crossing the entire visible light region. The fluorescence spectra
in Fig. 1c show a typical excitation-dependent PL behavior, with
a maximum at 615 nm. These unique optical properties imply
that the resulting products were actually mixtures of CDs with
different PL colors, and red luminescent CDs were dominant.??
Herein, it should be noted that ethanol is essential for the
successful preparation of R-CDs because of an observation that
repeating the reaction without adding ethanol to the lemon
juice produces blue-emitting CDs (Fig. S1, ESIT). Subsequently,
the as-prepared CD mixtures were purified using silica column
chromatography. The R-CD fraction was collected and re-dispersed
in water for further characterization.

Fig. 2a shows a transmission electron microscopy (TEM)
image of the as-obtained R-CDs, revealing that these carbon
dots were well monodispersed in water, with an average particle
size of approximately 4.6 nm (Fig. S2, ESIT). The high-resolution
TEM image presented in the inset displays a typical well-resolved
crystal lattice with a spacing of 0.21 nm, representing the (100)
in-plane lattice fringe of graphene.*® The atomic force micro-
scopy (AFM) image in Fig. 2b shows a thickness of about 1.5 nm,
corresponding to 3 to 5 layers of graphene-like sheets.** The
X-ray diffraction (XRD) pattern of the R-CDs, as shown in
Fig. 2c, has an apparent peak at around 25° that is attributed
to an interlayer spacing of 0.32 nm.*® The Raman spectrum of
these R-CDs in Fig. 2d reveals two peaks at 1344 cm™ " (D band)
and 1598 cm ™" (G band), corresponding to areas of disorder or
defects and sp> carbon networks in the carbon materials,
respectively.”*>® The calculated intensity ratio Ip/lg is 0.69,
indicating a high degree of graphitization, which is consistent
with the TEM and AFM results.

To further determine the structural compositions of the
R-CDs, Fourier transform infrared (FT-IR) spectra and X-ray
photoelectron spectra (XPS) were measured for the samples. In the
FT-IR spectra (Fig. S3, ESIT), abundant hydrophilic groups, such as
O-H at 3410 cm ™}, N-H at 3161 cm™*, -COOH at 1705 cm ™" and
C-O at 1283 cm™*, were observed for the R-CDs, which ensured
their excellent solubility in water.”>>> Moreover, the FT-IR bands
at 1591 and 1457 cm ™', corresponding to C—=C/C=N and C-N
stretching vibrations, respectively, implied the formation of
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Fig. 2 (a) TEM and HRTEM (inset) images of the R-CDs. (b) AFM image
of the R-CDs (inset: height profile along the line in (b)). (c) XRD pattern
and (d) Raman spectrum of the R-CDs.
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polyaromatic structures in the CD carbon cores.** The full
XPS spectrum presented in Fig. 3a shows three typical peaks
at 284, 400 and 531 eV, suggesting that the R-CD samples
mainly consisted of C, N and O elements. Notably, the nitrogen
content is up to 15% in our R-CD samples, much higher than
that of many other reported red emissive CDs.>*” In the high-
resolution XPS spectra, the C1s band (Fig. 3b) can be deconvo-
luted into five peaks at 284.6, 285.6, 286.6, 287.7, and 288.7 eV,
which correspond to C-C/C—C, C-N, C-O, C—0O/C—=N, and
COOH, respectively. The N1s band (Fig. 3c) exhibits three peaks
at 399.4, 400.6, and 401.5 eV, which are assigned to pyridinic
C-N-C, pyrrolic C,-N-H and graphitic N-C; groups, respec-
tively. The O1s band in Fig. 3d contains two peaks at 531.5 and
533.1 eV for C=0 and C-O, respectively. The Cls and Nis
spectra clearly demonstrate the successful incorporation of

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) UV-visible absorption spectrum and (b) PL emission spectra of
the as-obtained R-CDs under different excitation conditions. The inset
contains photographs of the R-CD aqueous solution under daylight (left)
and UV light (right).

nitrogen atoms into the core of the R-CDs.*® On the basis of the
aforementioned characterization data and analyses, it is confirmed
that the R-CDs are composed of large m-conjugated domains in
their cores and amorphous regions in their surfaces.

The optical properties of the R-CD samples were also
investigated. In Fig. 4a, in the higher-energy UV region, the
UV-visible absorption spectrum displays a noticeable peak at
271 nm, corresponding to the m—m* transitions of the C=C bonds,
which do not normally generate long-wavelength fluorescence.>
However, in the lower-energy region from 300 to 600 nm, two
new absorption bands at 371 and 538 nm are found, which are
attributed to the n-r* transitions of the C=0O bonds and the
surface states containing C=N/C=0 and C-O structures,"®
respectively. Such unique absorption features impart long-
wavelength emission characteristics to the R-CDs. As shown
in Fig. 4b, the PL spectra of the purified R-CDs exhibit an
excitation-independent PL behavior, with a maximum emission
peak at approximately 631 nm. Upon UV excitation at 365 nm,
the R-CD aqueous solution immediately emits red-colored
light (inset in Fig. 4a). When excited by an optimal excitation
wavelength of 533 nm, the absolute QY of the R-CDs is
measured to be approximately 28% by an integration sphere.
Furthermore, the PL decay curves of the R-CDs (Fig. S4, ESIY)
are fitted with a mono-exponential formula with a lifetime of
2.4 ns (Table S1, ESIT), which is close to those of other reported
R-CDs.'"* These distinct optical properties imply that our R-CDs
possess uniform and excellent optical features after purification,
which are quite different from those of the CD mixtures but in
accordance with other previously reported CD fractions.*

To date, the PL mechanisms of CDs have remained a matter
of debate and many models have been proposed, including the
quantum size effects, the band gaps based on multi-element
doping and surface state controlled luminescence processes."**!
In our previous research, PL tunable CDs from blue to red were
obtained through a careful chromatography separation of
CD mixtures synthesized in one-pot, and surface states, with
increasing oxidation degree, were finally proven to be the main
factor influencing their PL red shift.>* In the present work, to
explore the origins of the intense red luminescence of the
R-CDs samples, we synthesized four kinds of CD mixtures
under the same reaction conditions except for adding different
amounts of ethanol. After dialysis against water for one day,
these purified CD mixtures were obtained and then characterized

This journal is © The Royal Society of Chemistry 2017
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to study the effects of the ethanol content added on the
resulting CD mixtures. In Fig. S5 and S6 (ESIt), as the ethanol
content increases, their PL spectra display a gradual PL redshift
from 518 to 616 nm, while the TEM results exhibit no obvious
changes in size, suggesting that the PL redshift may arise from
the ethanol induced changes in structural compositions rather
than from quantum size effects.”> These purified CD mixtures
were further analyzed by using XPS to identify their structural
compositions. As shown in Fig. S7 and Table S2 (ESIt), the
nitrogen content increases from 10.3% to 12.4% with the PL
redshift in CD mixtures, which indicates that ethanol facilitates
the doping of nitrogen in the formation process of CDs and
gives rise to changes in surface states.*® It is known that a new
surface state with a lower energy level can be formed on the CD
surfaces after introduction of nitrogen, and thus red emissive
CDs can be obtained by enhancing the nitrogen content in the
CDs.*” To validate such a speculation, sodium borohydride
(NaBH,), a well-known reducing reagent, was utilized to reduce
the surface states of the as-prepared R-CDs. After reduction and
subsequent dialysis, the reduced R-CDs were obtained and then
characterized. In Fig. 5a and b, these reduced R-CDs exhibit a
similar average size of about 4.5 nm, implying that the surface
reduction had no impact on their particle sizes. Meanwhile, an
evident absorption decrease in the visible range is observed in
the absorption spectrum of the reduced R-CDs (Fig. 5c), indi-
cating that many surface groups like C—0 and C—=N were
reduced, which is also demonstrated by the structural analyses
of the reduced R-CDs in Fig. S8, S9 and Tables S3 and S4 (ESI¥)
(i.e., nitrogen content: 15.4 to 14.2%; C—O/C—N content:
8.67 to 6.30%)."*> The corresponding PL spectra in Fig. 5d also
exhibit an excitation-independent emission behavior, with the
PL peak blue shifting to 589 nm. Such results clearly suggest
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Fig. 5 (a) TEM image and (b) size distribution histogram of the NaBH4

reduced R-CDs. (c) UV-visible absorption spectrum and (d) PL spectra of

the NaBH4 reduced R-CDs under different excitation wavelengths. The

inset in (c) shows photographs of the reduced R-CD aqueous solution
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Fig. 6 Confocal fluorescence microscopy images of Hela cells incubated
with 20 ug mL~* of the R-CDs for 1 h: (a) under a bright field and (b) under
514 nm excitation. (c) In vivo PL image of a nude mouse with subcutaneous
injection of 100 pL of an aqueous solution of the R-CDs. The scale bar
represents 25 pm.

that surface states play a crucial role in controlling the red
emissions of our R-CDs.'° In addition, besides the blue shifts of
both the absorption and emission, our reduced R-CDs still
possess a high QY up to 32% and about 14.2% nitrogen content
after reduction, implying that nitrogen-derived structures, mainly
in the form of pyrrolic N species or pyridinic N species, exist
in their carbon cores and significantly influence the emission
efficiency of the R-CDs.** Thus, according to our present analyses
and other results in the literature, we believe the nitrogen-related
surface states on CD surfaces and nitrogen-derived structures in
carbon cores to be synergistically responsible for the intense red
emission of our products.

Before the application of our R-CDs as red luminescent
probes, the luminescence stability of the R-CD aqueous solu-
tions at different pH values upon long-term UV irradiation was
tested and the results were illustrated. In Fig. S10 (ESI{), the PL
intensities decreased sharply in both strongly acidic and basic
environments, while remaining about the same between pH
values of 5 and 9, which is beneficial to practical applications in
biological environments.** Likewise, the PL intensities show
almost no attenuation after 1 hour of UV irradiation, suggesting
that our R-CDs are quite stable against light irradiation (Fig. S11,
ESIt). Subsequently, the cytotoxicity towards HeLa cells was mea-
sured using standard MTT assays. The results in Fig. S12 (ESIt)
show that over 95% of the cells were still alive after incubation
with 1000 pg mL~"' R-CDs for 48 h, which is less cytotoxic than
many other reported CDs synthesized from chemicals.*>™’
Thus, the R-CDs could be safely used for in vitro cell imaging.
After incubation with 20 pg mL ™" of the R-CDs for 1 h, the HeLa
cells could emit intense red fluorescence, mainly in the cyto-
plasm, under a laser confocal microscope (Fig. 6a and b), which
further verifies the merits of our R-CDs. In addition, in vivo
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mouse imaging was also performed. As shown in Fig. 6c, after
subcutaneous injection of 100 pL of the R-CD aqueous solution,
a strong PL signal with a good signal-to-noise ratio at the
injection site can be observed under excitation and emission
wavelengths of 535 nm 700 nm, respectively, which implies that
the strong red PL can efficiently penetrate mouse skin and
tissues.*®*°° Furthermore, after the injections, the experimental
animal gained about 1.2 g in weight in ten days, without any
sign of acute toxicological responses (Fig. S13, ESI), suggesting
the excellent biocompatibility of our R-CDs. Taken together,
these results demonstrate that the R-CDs can be used as a
biocompatible and an effective luminescent probe for bio-
imaging both in vitro and in vivo.

Conclusions

In summary, we have developed a straightforward, eco-friendly
and low-cost method to produce highly red-luminescent CDs
from pulp-free lemon juice. These R-CDs were well isolated
from the CD mixture, and emitted bright, stable and excitation-
independent red luminescence in aqueous solution. In addition,
the R-CDs exhibited outstanding photostability and minimal
cytotoxicity, which allowed them to be used as efficient red-
emission agents for in vitro/vivo imaging. Moreover, the intense
red luminescence of the R-CDs was demonstrated to have
originated from their surface states and nitrogen-derived struc-
tures. This work provides a novel and inexpensive approach for
the eco-friendly synthesis of high-quality red-emitting CDs from
natural resources, and these R-CDs hold promise for biomedical
and optoelectronic applications.
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