Preparation of highly luminescent and color tunable carbon nanodots
under visible light excitation for in vitro and in vivo bio-imaging
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Carbon nanodots (CDs) have generated enormous excitement because of their superiority in water
solubility, chemical inertness, low toxicity, ease of functionalization and resistance to photo-
bleaching. Here we report a facile thermal pyrolysis route to prepare CDs with high quantum
yield (QY) using citric acid as the carbon source and ethylene diamine derivatives (EDAs)
including triethylenetetramine (TETA), tetraethylenepentamine (TEPA) and polyene polyamine
(PEPA) as the passivation agents. We find that the CDs prepared from EDAs, such as TETA,
TEPA and PEPA, show relatively high photoluminescence (PL) QY (11.4, 10.6, and 9.8%,
respectively) at A.x of 465 nm. The cytotoxicity of the CDs has been investigated through in vitro
and in vivo bio-imaging studies. The results indicate that these CDs possess low toxicity and
good biocompatibility. The unique properties such as the high PLL QY at large excitation wave
length and the low toxicity of the resulting CDs make them promising fluorescent nanoprobes for
applications in optical bio-imaging and biosensing.

. INTRODUCTION attracted considerable attention due to their potential
applications in bio-imaging,”™ nanomedicine,™’ photo-
catalyst,* % and light emitting devices."*™'> Compared
with classic quantum dots such as CdSe nanocrystals,

Since carbon dots (CDs) were discovered by Scrivens
et al.'; they, as a new luminescence nanomaterial, have
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The top-down methods consist of arc discharge,' laser
ablation,'” electrochemical oxidation,'® and combustion/
thermal treatment.'® The bottom-up routes include mi-
crowave,?° ultrasonic,! hydrothermal synthesis,zz_25 and
thermal pyrolysis. Among them, the thermal pyrolysis of
proper carbon source(s) is a low-cost, efficient and facile
technique for large quantity production of CDs. However,
the CDs synthesized from thermal pyrolysis method are still
limited to their broad applications due to the requirement of
UV excitation, emission of a single color (blue), and
relatively low QY. UV excitation essentially limits the
CD applications in the bio-imaging application due to the
low organ penetration depth of UV light. Therefore, visible
or IR light excited luminescence is highly desirable for bio-
imaging because of the high organ penetration depth.
Although CDs show excitation wave length (A.,) depen-
dent photoluminescence (PL), the intensity and QY of PL
rapidly drop down with a high excitation wave length. It is
still a challenge to prepare CDs by using bottom-up route
with high QY emission under high A.,.

To obtain high QY luminescent CDs, surface passiv-
ation is a vital process. Previous studies suggested that
the N-containing diamine-terminated poly-(ethylene gly-
col) (PEG1500N) played an important role in the surface
passivation of CDs.!” The strong photoluminescent
performance of N-containing CDs has a close connection
with the introduction of N atoms within the skeleton of
carbon nanoparticles.?*?°*® In synthesis of CDs, citric
acid (CA), containing carboxyl groups to facilitate the
dehydration and carbonization, is a widely accepted
carbon source. CDs showed high quantum yield (QY)
using 1,2-ethylenediamine (EDA), as the surface passiv-
ation ag,ent.z“’zg’31 The EDA has been confirmed to serve
dual roles as N-doping precursors and surface passivation
agents, both of which considerably enhanced the fluores-
cence of the CDs.*>° However, most of CDs emit light
with wide spectrum wavelengths under excitation of UV
light, which has a low tissue penetration depth and high
background fluorescence when being used in bio-imag-
ing. It is highly desirable to synthesize CDs that emit
visible light under excitation of light with large wave-
lengths such as visible or infrared light.

Herein, we developed a facile thermal pyrolysis route
to prepare CDs with high QY using CA as the carbon
source and ethylene diamine derivatives (EDAs) includ-
ing triethylenetetramine (TETA), tetraethylenepentamine
(TEPA) and polyene polyamine (PEPA) as passivation
agents. The CDs prepared from EDAs, such as TETA,
TEPA and PEPA, showed relatively high PL QY
(11.4, 10.6, and 9.8%, respectively) under visible light
excitation. This is beneficial for the in vivo bio-imaging
due to the deep tissue penetration depth compared with
UV excitation. With the advantage of low cytotoxicity,
great biocompatibility, and tunable multi-color emission
under visible light excitation, we investigated these CDs

for the first time for in vitro and in vivo bio-imaging. The in
vivo bio-imaging experiments revealed that these CDs were
stable and can serve as novel fluorescent probes for in vivo
imaging by using a wide range of excitation wavelengths.

Il. EXPERIMENTAL PROCEDURE
A. CD synthesis

The synthesis was conducted using the method described
in our previous work.>' Typically, a mixture of 2.10 g
(10 mmol) of CA and 3.6 g (—~35 mmol) of TETA was
heated from room temperature to 170 °C and was main-
tained at 170 °C for 30 min. After naturally cooling to room
temperature, acetone was added into the crude products,
leading to the precipitation of the CDs. The precipitated
CDs were collected by centrifugation. Then the CDs were
dialyzed against water for 2 days in a dialysis bag (cutoff
Mn: 3.0 kDa) to remove small by-products. The water was
replaced every 6 h. Finally the CDs in the dialysis bag were
freeze-dried to produce yellow solids.

B. QY measurements

The QY of the samples were measured in reference to
Cumarin 1 (QY 73.0% at 360 nm excitation) and
fluorescein (QY 95% at 465 nm excitation). The formula
used for QY measurements is as follows:

2
by — d)ST(GradX) (nTX> ,
Gradst ) \Nngp
where the subscripts ST and X denote standard and test,
respectively, @ is the fluorescence QY, Grad is the
gradient from the plot of integrated fluorescence intensity
versus absorbance, and m is the refractive index of the
solvents used. To minimize the re-absorption effects,

absorbance in the 10 mm fluorescence cuvettes should
never exceed 0.1 at the excitation wave length.

C. Characterization

Fourier transform infrared (FT-IR) spectra of CDs
were recorded as KBr pellets with a Bruker Vertex 70
spectrometer (Bruker, Karlsruhe, Germany) from 4000 to
500 cm™'. Fluorescence emission spectra were recorded
on a LS-55 fluorophotometer (Perkin-Elmer Co., Wal-
tham, Massachusetts). UV-Vis absorption spectra were
recorded using a Shimadzu UV-2450 spectrophotometer
(Shimazdu, Tokyo, Japan). High-resolution transmission
electron microscopy (TEM) (HRTEM) images and fast
Fourier transform spot diagrams were recorded with
a FEI-TECNAI G2 transmission electron microscope
(FEI Corporation, Eindhoven, The Netherlands) operat-
ing at 200 kV. The crystalline structure was recorded by
using an x-ray diffractometer (Bruker AXS D8 Focus;
Bruker, Karlsruhe, Germany), using Cu K, radiation
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(L = 1.54056 A). X-ray photoelectron spectra were
obtained on a Thermo Scientific ESCALAB 250 Multi-
technique Surface Analysis instrument (Thermo Fisher
Scientific, Hudson, New Hampshire).

D. MTT [3-(4,5-dmethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay cell lines and
cell culture

L.929 and HepG2 cell lines were purchased from the
Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences, Shanghai, China. 1929 and
HepG?2 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO) supplemented with 10% heat-
inactivated fetal bovine serum (GIBCO), 100 U/mL
penicillin and 100 pg/mL streptomycin (Sigma), and
the culture medium was replaced once very day.

E. Biocompatibility test

L1929 cells harvested in a logarithmic growth phase
were seeded in 96-well plates with a density of 10° cells per
well and incubated in DMEM for 24 h. The medium was
then replaced by CDs at a final equivalent concentration
from 0.32 to 200 pg/mL. The incubation was continued
for 48 h. Then, 20 pL of MTT (3-(4,5)-dimethylthiahiazo
(-z-y1)-3,5-di-phenytetrazoliumromide) solution in phos-
phate buffer saline (PBS) with a concentration of 5 mg/mL
was added and the plates were incubated for another 4 h at
37 °C, followed by the removal of the culture medium
containing MTT and addition of 150 pL of dimethyl
sulfoxide (DMSO) to each well to dissolve the formazan
crystals formed. Finally, the plates were shaken for 10 min,
and the absorbance of the formazan product was mea-
sured at 490 nm by using a microplate reader.

F. Cellular uptake

Cellular uptake by HepG2 cells was examined using
a confocal laser scanning microscope. HepG2 cells were
seeded in 6-well culture plates (a sterile cover slip was
put in each well) with a density of 5 x 10* cells per well
and allowed to adhere for 24 h. After that, the cells were
treated with CDs (5 mg/mL) for 1 h at 37 °C. After that,
the supernatant was carefully removed and the cells were
washed three times with PBS. Subsequently, the cells
were fixed with 800 pL of 4% formaldehyde in each well
for 20 min at room temperature and washed twice with
PBS again. The slides were mounted and observed with
an Olympus FV1000 laser confocal scanning microscope
imaging system (Olympus, Tokyo, Japan).

G. In vivo fluorescence imaging

Kunming male mice were obtained from Jilin Univer-
sity, China (56-84 days, 20-25 g) and maintained under
required conditions. Their use for this study was

approved by the Animal Ethics Committee of Jilin
University. Before the subcutaneous injection, the back
area of the mouse surrounding the injection point was
shaved to minimize autofluorescence. The mouse was
subcutaneously injected with CD-TETA, CDs-TEPA and
CDs-PEPA (2 mg/mL, 25 pL) at three different places
on its back after being anesthetized by intraperitoneal
injection of 1% pentobarbital. The mouse was imaged by
using a Maestro in vivo optical imaging system (Cam-
bridge Research & Instrumentation, Inc., Woburn, Massa-
chusetts). Various excitations including blue (445-490
nm), green (503-555 nm), and yellow (575-605 nm) light
were applied during imaging.

lll. RESULTS AND DISCUSSION
A. The morphology and structure of the CDs

The morphology and structure of CDs were confirmed
by TEM. Figure 1 shows the TEM results of the CDs-
TETA, CDs-TEPA and CDs-PEPA. All CDs show
a uniform dispersion without apparent aggregation and
an average particle diameter of 3.07 = 0.43,3.16 = 0.53,
and 3.73 = 0.33 nm, respectively. From the HRTEM
images [Figs. 1(b), 1(d) and 1(f)], most particles were
observed to have a discernible lattice structure. Various
lattice planes can be clearly identified with a spacing of
0.21 and 0.245 nm, which correspond to the (103)
diffraction plane of diamond-like (sp3) carbon and
(100) facet of graphitic carbon, respectively.

B. The surface components of the CDs

The full survey X-ray photoelectron spectroscopy
(XPS) spectra [Figs. 1(g), 1(i) and 1(m)] of CDs-TETA,
CDs-TEPA, and CDs-PEPA exhibit three peaks at 285.0,
398.8, and 530.6 eV, which are attributed to Cls, Nls,
and Ols, respectively. As shown in Figs. 1(g), 1(i) and 1
(m), the content of nitrogen atoms in CDs was in the
sequence of CDs-PEPA > CDs-TEPA > CDs-TETA,
indicating that more and more nitrogen atoms were doped
into CDs with increasing the nitrogen content in the
passivation agents. The high resolution XPS spectra of
Cls [Fig. 1(h)] can be well deconvoluted into four
surface components, corresponding to sp? (C=C/C-C)
at a binding energy of 284.4 eV, C-N at 285.5 eV, C-O
at 287.2 eV, and C=0 at 288.3 eV. The high resolution
XPS spectrum of Nls [Fig. 1(h)] exhibits two peaks at
399.2 and 400.0 eV, relating to N-C and N-H, re-
spectively. FT-IR spectra [Figs. 2(a)-2(c)] were used to
identify the surface functional groups present on the CDs.
The broad absorption bands at 3000-3500 cm™' are
assigned to the stretching vibrations of O-H and N-H,
the bands at 1636 and 1210 are attributed to the
vibrational absorption band of C=0O and Ph-O groups,
respectively. While the bands at 1569 and 1311 cm™" are
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FIG. 1. TEM [left column images (a), (c) and (e)] and HRTEM [right column images (b), (d), and (f)] images of CDs-TETA (a and b), CDs-TEPA
(c and d) and CDs-PEPA (e and f). Insets are the corresponding particles size distributions and fast Fourier transform images. XPS (g, j, and m),

XPS Cls (h, k, and n), and XPS Nls (i, 1, and o) spectra of CDs-TETA,
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FIG. 2. FT-IR spectra of CDs-TETA (a), CDs-TEPA (b) and CDs-PEPA (c). UV-Vis (black line) and photo-luminescence spectra (red line) of

CDs-TETA (d), CDs-TEPA (e), and CDs-PEPA (f).

from the bending vibrations of N-H and C-NH,
respectively. These results indicate that there are lots of
amino groups on the surface of the CDs. The peaks at
1050 and 1090 cm ™' are related to the C—OH stretching

Cant JOURNALS J. Mater. Res., Vol. 30
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vibrations implying the existence of large numbers of
hydroxyl groups. The surface chemistry of CDs deter-
mined by FT-IR is in good agreement with XPS results.
These surface hydroxyl groups are important for the CDs

, No. 22, Nov 27, 2015 3389

IP address: 221.8.12.151


http://journals.cambridge.org

M. Zheng et al.: Preparation of highly luminescent and color tunable carbon nanodots under visible light excitation

to disperse in aqueous solutions for their application in
the areas of biology and medical science.

C. The optical properties of the CDs

The as-prepared CDs passivated with EDAs exhibit
excellent water-soluble properties and excitation-dependent
fluorescence emission behavior. The optical characterization
results of CDs-TETA, CDs-TEPA, and CDs-PEPA are
shown in Figs. 2(d)-2(f). They emit blue luminescence
under UV light (365 nm) and green luminescence under
blue light (445490 nm). Cumarin 1 (QY 73.0%) was used
as a standard sample to calculate the QY of the CDs, As
shown in Table I, the QY is 29.8% for CDs-TETA at
400 nm, 39.0% for CDs-TEPA at 400 nm, and 36.0% for
CDs-PEPA at 380 nm. While excited by a visible light,
CDs emit relatively bright green, orange and red emissions
under the excitation of blue, green, and yellow light,
respectively (Fig. 3). For CDs-TETA and CDs-TEPA, the
PL intensities excited at 360 and 465 nm are almost the
same. When excited at 465 nm, CDs-PEPA displays about
a quarter of the maximum emission under an excitation of

carried out using the MTT method with 1.929 as the test
cell line. Quantitative analysis of cell viability is shown
in Fig. 4. Compared with the blank cells without any
other materials added (the survival rate was defined as
100%), the survival rates of 1.929 coincubated with CDs
at six different concentrations all exceeded 75%, in-
dicating that incorporation of CDs does not significantly
influence the growth of cells. The MTT assay showed
that the CDs possess good biocompatibility and low
toxicity that are needed for bio-imaging.

E. In vitro and in vivo bio-imaging of the CDs

To validate the multicolor property and imaging
application, CDs-TETA, CDs-TEPA, and CDs-PEPA
were used as the probes for confocal fluorescence
imaging with HepG?2 cells. As seen in Fig. 5, after being
incubated with CDs-culture solutions, intense blue,
green, and red colors were detected under the excitation
of 405, 488, and 555 nm, respectively, indicating that
these three kinds of CDs are bright for bio-imaging.

360 nm. The PL QY values of CDs-TETA, CDs-TEPA, 120 —
and CDs-PEPA under excitation of 465 nm are measured to ! EmEDe-TETA
be 11.4, 10.6, and 9.8%, respectively, in reference to ~1004 I CDs-TEPA
fluorescein (QY = 95% at 465 nm excitation, Table I). X I CDs-PEPA
; 80+
D. Biocompatibility of the CDs = 60
Before the CDs were used for bio-imaging in vitro o)
and in vivo, cellular biocompatibility experiments were 8 40-
>
TABLE 1. The PL QY of the CDs under the excitation of 400 and — 204
465 nm. [}
o L
States CD-TETA CD-TEPA CD-PEPA
0.32 1.6 8 40 200
Aex (nm) 400 465 400 465 380 465 Concentration (ug,m L)
Aem.max (M) 466 539 470 539 463 537
DO (%) 29.8 11.4 39.0 10.6 36.0 9.8 FIG. 4. In vitro biocompatibility of CDs against L929 mouse fibroblast
cells in 48 h.
Excitation light
Blue light Green light Yellow light

Yy

CDs-TETA CDs-TEPA CDs-PEPA CDs-TETA CDs-TEPA CDs-PEPA CDs-TETA CDs-TEPA CDs-PEPA

(@) (b)

(c)

FIG. 3. Fluorescent images of CDs-TETA, CDs-TEPA and CDs-PEPA solutions in the concentration of 5 mg/mL at the excitation of (a) blue
light (445-490 nm), exposure time 50 ms and (b) green light (503-555 nm), exposure time 100 ms and (c) yellow light (575-605 nm), exposure

time 650 ms.

3390 J. Mater. Res., Vol. 30, No. 22, Nov 27, 2015

http://journals.cambridge.org

Downloaded: 29 May 2016

IP address: 221.8.12.151


http://journals.cambridge.org

M. Zheng et al.: Preparation of highly luminescent and color tunable carbon nanodots under visible light excitation

Excitation wavelength

405

488

555 nm

S0 um
- -

S50 pum
- -

50 um 50 um
] e

FIG. 5. Laser scanning confocal microscopy images of HepG2 cells labeled with (a) CDs-DETA, (b) CDs-TETA, and (c) CDs-PEPA.

excitation light

White light Blue light

1K

Green light Yellow light

FIG. 6. In vivo fluorescence images of a CD-injected mouse. Spots (a), (b) and (c) represent CDs-TETA, CDs-TEPA, and CDs-PEPA,
respectively. The images were taken at different excitation light (blue, green, and yellow).

The CDs were observed mainly in the cell membrane and
the cytoplasmic area, especially around the cell nucleus,
but the photoluminescence of CDs was very weak in the
cell nucleus. With no blinking and low photo bleaching
observed, the above laser scanning confocal microscopy
studies indicated that these CDs are of remarkably high
photostability and biocompatibility for bio-imaging.
Moreover, CDs-TETA, CDs-TEPA, and CDs-PEPA
were used for in vivo fluorescence imaging studies in

mice. Before the subcutaneous injection, the back area of
the mouse surrounding the injection point was shaved to
avoid autofluorescence. The mouse was subcutaneously
injected with CDs-TETA, CDs-TEPA, and CDs-PEPA
(2 mg/mL, 25 pL) at three different places on its back
after being anesthetized by a intraperitoneal injection of
1% pentobarbital. And then it was imaged by a Maestro
in vivo optical imaging system. Various excitations
including blue (445-490 nm), green (503-555 nm), and
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yellow (575-605 nm) light were applied during in vivo
imaging of the mouse. As shown in Fig. 6, the sub-
cutaneously injected spots of CDs-TETA, CDs-TEPA,
and CDs-PEPA on the mouse were seen in the fluores-
cence images under different excitation lights. The
injected CDs in the mouse diffused relatively slowly,
and the fluorescence fades gradually in 24 h-post-in-
jection, which is consistent with the previous reports.>=°

IV. CONCLUSION

In summary, we have developed a one-step facile route
to the synthesis of highly fluorescent CDs using CA as the
carbon source and TETA, TEPA, and PEPA as the
passivating agents. The synthesized CDs are monodisper-
sive with narrow size distribution. The PL QYs of CDs-
TETA, CDs-TEPA, and CDs-PEPA are 11.4, 10.6, and
9.8% under an excitation of 465 nm, respectively. The
toxicity studies indicate that the CDs display low toxicity
and good biocompatibility. The results from the cell and in
vivo imaging indicate that the high QYs along with small
particle sizes and low toxicity of CDs-EDAs allow for their
wide applications in bio-imaging and biosensing.
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