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Carbon dots doped with germanium (GeCDs) were firstly prepared by a new simple 15 min carbonation synthesis route, exhibiting
excitation-independent photoluminescence (PL), which could avoid autofluorescence in bioimaging applications. The as-prepared

25 GeCDs have low cell toxicity, good biocompatibility, high intracellular delivery efficiency, stability and could be applied for detection of
mercury (II) ions with excellent selectivity in complicated medium. It is noted that the as-prepared GeCDs used as a new type of probe
for visualization of dynamic invasions of mercury (II) ions into Hep-2 cells, displaying greatly different properties from most of
previously reported CDs which are regularly responsive to irons. All the results denominate that the GeCDs can be employed for
visualization and monitoring the significant physiological changes of living cells induced by Hg*".

s Introduction

Carbon dots (CDs), which generally refer to carbon photoluminescence, low toxicity and excellent biocompatibility
nanomaterials less than 10 nm in size, have drawn increasing and have been used as fluorescent nanosensors or probes for
attention since the first discovery by Scrivens’ group in 2004'. imaging'*?'. However, germanium, a member of group IV just
CDs have gradually become a rising star in carbon-based like C and Si, which is more inclined to sp*-like bonding, is
35 luminescent nanomaterials owing to their interesting and unique s considered to influence the electronic and structural properties of
features, such as easy preparation, high quantum yield, good carbon-based material in a different way compared with N or S
photostability, excellent biocompatibility, and low toxicity, etc>>. doping®, and thus we believe that germanium-doped carbon dots
The potential of CDs in biomedical applications is enormous (GeCDs) deserves further investigations.
because they are generally nontoxic and originated from the In this paper, we firstly report an easy bottom—up route
w0 common-employed and extensively existed carbon element® °. 7 (Scheme 1) to obtain the GeCDs by using citric acid and bis(2-
Therefore, CDs have been used for various purposes such as carboxyethylgermanium (IV) sesquioxide (Ge-132) as precursor.
imaging, biosensing® 7, biomedical research®, and new solar Compared to the previously reported route to prepare CDs, our
energy materials. For example, Ju et al. developed a simple present one only requires a simple carbonization procedure of 15
indicator for detection of hydrogen peroxide in biological min, and the as-prepared GeCDs have low cell toxicity, good
ss environments’, and Gao et al. demonstrated a new method of 75 biocompatibility, high intracellular delivery efficiency, and
trace superoxide anion in live cells by using a carbon-dot-based stability. Furthermore, the as-prepared GeCDs are highly specific
ratiometric fluorescent probe'’. It is still exciting for developing to Hg®*, which could be used for the detection of Hg”" even if in
CDs with functional groups such as carboxyl, hydroxyl since they extremely complicated medium, such as the honeysuckle dew

are not easy to be photobleached and have shown highly samples. Particularly, the obtained GeCDs could be employed for

so promising prospects in regard to nanosensors, bioimaging in live
cells, tissues, and animals''"'*. These applications inspired us that
developing new types of CDs could further improve the
techniques such as biosensing and in vivo bioimaging. P .

Owing to the influence of electron, heteroatom doping into Citrie A“\d/]\:;m\ Casmin . _dy®

ss CDs has become a powerful approach to improve the _J\/\ﬁ/\ﬂ/ - -
photoluminescence properties of CDs, which obviously broadens Ge-132 Non-odiative decay Seenisivetees
their applications'* '*. For example, nitrogen-doped CDs showed 5o
not only high luminescence performance but also good Scheme 1 Illustration of the formation process of GeCDs by
biocompatibility'®'®. Similarly, sulfur-doped CDs, silicon-doped carbonization and its further applications for Hg*" detection.

0 CDs and  boron-doped CDs  displayed  excellent
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imaging and monitoring the cellular activities of Hg*" in Hep-2
cells. Hence, the GeCDs may have great potential as a high-
performance platform for real-time tracking of Hg®' in living
cells.

Experimental

Apparatus

The fluorescence spectroscopy was recorded by an F-2500
fluorescence spectrophotometer (Hitachi, Tokyo, Japan) and the
UV-vis absorption spectroscopy was obtained with a UV-3600
spectrophotometer (Hitachi, Tokyo, Japan). High-resolution TEM
(HRTEM) images were performed with a high resolution
transmission electron microscope (Tecnai G2 F20 S-TWIN, FEI
Company, USA), which was operated at an accelerating voltage
of 200 kV. Elemental and functional groups analysis was
performed on a Thermo escalab 250Xi X-ray photoelectron
spectrometer and a FTIR-8400S Fourier transform infrared
spectrometer (Tyoto, Japan) respectively. Zeta potentials were
obtained by dynamic laser light scattering (ZEN3600, Malvern).
The Raman spectrum was obtained by LabRAM HR800 Laser
confocal Raman spectrometer at ambient temperature (about 25
°C) on an Ag substrate. Absolute quantum yield was obtained by
Absolute PL Quantum Yield Spectrometer C11347 (Hamamatsu,
Japan). FL-TCSPC fluorescence spectrophotometer (Horiba Jobin
Yvon Inc., France) was used to characterize the fluorescence life
time. The thickness distribution of CDs was characterized by
Multimode atomic force microscopy (AFM) measurements. X-
ray diffraction (XRD) patterns were obtained using an Ultima IV
instrument. Fluorescence imaging was operated on a DSU live-
cell confocal microscope (Olympus, Japan) system with laser
excitations of DAPIL.

Synthesis of the photoluminescent carbon dots

The CDs were prepared by directly carbonizing CA and Ge-132.
The specific procedure of CDs preparation, 0.2 g CA and 0.1 g
Ge-132 were mixed fully and put into a 10 mL flask, and then the
mixture was heated to 200 °C using a heating mantle. About 2
minutes later, this mixture was liquated. Subsequently, the liquid
gradually turned into pale yellow liquated, and then yellow
liquated in 15 min, indicating the formation of CDs. It is worth
noting that there were water droplets and bubbles in the whole
process. Next, pouring the 8 mL of 1.65 g/100 mL KOH solution
into reactant for neutralizing the solution to pH 7.0, the aqueous
solution of CDs was obtained. For XPS, prior to joining KOH
solution, through a dialysis membrane (1000 MWCO), residual
CA and Ge-132 will be removed.

Detection of Hg>" ion

The detection of Hg*" was performed at room temperature in
Britton-Robinson buffer (BR buffer) (pH 7.0) solution. In a
typical assay, 0.10 mL BR buffer (pH7.0) and 0.10 mL CDs were
added into a 2.0 ml tube, followed by the addition of different
concentrations of I-Ig2+ ion, and make them mixed fully, which
was diluted to 1.00 mL with doubly distilled water and blended
again. The photoluminescence (PL) emission spectra were
recorded after reaction for 10 min at room temperature. The
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selectivity for Hg”" ion was confirmed by adding other metal ions
solutions instead of Hg*" ions in a similar way. The sensitivity
and selectivity measurements were conducted in triplicate. The
great sensitivity and selectivity of CDs to Hg*" ions implying the
feasibility of CDs for detecting Hg®" in real samples. The
honeysuckle dew obtained from Hubei Wushi Pharmaceutical.
Before evaluating, the samples were filtered through a 0.22 pm
membrane and then centrifuged at 12 000 rpm for 20 min. The
honeysuckle dew samples were spiked with standard solutions at
different concentrations of Hg?' and then analyzed with the
proposed method.

Cytotoxicity investigation

100 pL 1x10° cells per mL of Human epidermoid cancer cells
(Hep-2) in Roswell Park Memorial Institute 1640 medium (RPMI
1640) supplemented with 2% fetal bovine serum were added to
each well of a 96-well plate. The cells were cultured first for 24 h
in an incubator (37 °C, 5% CO,), and for another 24 h after the
culture medium was replaced with 90 puL of RPMI 1640
containing 10 pL of the CDs at different doses (0, 0.2, 0.4, 0.6 ,
0.8, 1 mg mL™"). For the cytotoxicity investigation of mercury (II)
ions, the cells were incubated with same doses of CDs (1 mg mL"
") for 24 h, then treated with different concentrations of mercury
D) ions (0, 2, 5, 10, 20 pM) for 30min. After removing the
culture medium, the cells washed with PBS buffer twice, then 10
uL of Cell Counting Kit-8 (CCK-8) solution was added to every
cell well, which were contained 90uL. RPMI 1640. The cells were
further incubated for 1 h. The optical density (OD) of the mixture
was measured at 450 nm with a Microplate Reader Model. The
cell viability was estimated according to the following equation:

_ 0D treated
"~ 0D control

Wherein OD control was obtained in the absence of CDs, and OD
treated obtained in the presence of CDs.

Cell viability [%] x 100%

Intracellular uptake experiment

The Hep-2 cells in RPMI 1640 supplemented with 10% fetal
bovine serum were added to each well of a 24-well plate (300 nL
per well). The cells were cultured first for 24 h in an incubator
(37°C, 5% CO,), and for another 12 h after the culture medium
was replaced with 270 pL of RPMI 1640 containing 30 pL CDs
(at the concentration of 1 mg mL™). Finally, followed removing
the culture medium, each well was washed with PBS buffer for
three times. For selective detection of mercury ions, the first
group treated with PBS for 0, 10, 15, 20 and 30 min, the second
group, the third group, fourth group and fifth group treated with
PBS and 2, 5, 10, 20 uM mercury ions, respectively, for 0, 10, 15,
20 and 30 min , then mounted with glycerol on microscope slides
for imaging.

Results and discussion

Characterizations of as-obtained CDs

Fig. 1a shows that the as-prepared GeCDs are mono-dispersed,
and their average size is about 2.9 nm with a very narrow
distribution between 2 and 4 nm. The high resolution TEM
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Fig.1 The morphology and the size distribution of the as-prepared
GeCDs. (a) TEM image of CDs and (b) HRTEM images of the CDs.
Inset: size distribution and HRTEM image of the CDs. The size
distribution histogram was obtained by statistical analysis of more than
100 particles. (¢) AFM image and height distribution of the CDs. (d) Full
scan XPS spectrum of GeCDs.

(HRTEM) image (Inset of Fig. 1b) clearly shows the lattice
spacing of 0.19 nm, which may be attributed to the (102) facet
of graphitic carbon **. The XRD pattern of the CDs (Fig.S1,
ESIt) displays a broad peak centered at 27°, similar to the
graphite lattice spacing, which is attributed to highly disordered
carbon atoms. The Raman spectrum of CDs illustrates two very
prominent peaks at around 1356 cm™ and 1606 cm’. The
former peak can be attributed to the disordered D-band due to
sp3 carbons, while the latter peak can be attributed to the
crystalline G-band due to sp2 carbons (Fig. S4, ESIf). In
conclusion, all the measurements of HRTEM, XRD and Raman
are well consistent, indicating that the as-prepared CDs are
composed of nanocrystalline cores of graphitic sp2 carbon
atoms and that there are sp3 carbons defects in the cores or on
the surfaces. The AFM result shows that the height of the CDs
varies from 2.5 nm to 3.1nm (Fig. 1c), which approximates the
average size of the CDs. The XPS measured to characterize the
surface composition and elemental analysis showed that the full
scan XPS spectrum (Fig. 1d) of the CDs displays the existence
of carbon (C 1s, 285.78 eV), germanium (Ge 3d, 32.29 e¢V), and
oxygen (O 1s, 532.01 eV), indicating that the Ge element
(atomic percentage is 5.13) was doped into carbon dots
successfully.

The absorption band at 3424 cm™ and 1393 cm™' in the FTIR
spectrum of GeCDs indicates the existence of —OH, which can
improve the hydrophilicity and stability of the GeCDs in the
neutral and weak basic aqueous solution. The peaks at 2927 cm’
! is attributed to C—H stretching vibrations, 1651 cm™ can be
assigned to C=O stretching vibrations. The characteristic
absorption band of C=C stretching at 1578 cm™' is also
observed, and the absorption band at 1153 cm ! s assigned to
C-O stretching vibrations (Fig. S3, ESIf). The zeta potential of
the CDs in aqueous solution is -26.1 mV, indicating that the —
COOH and —OH groups on the surface.

The aqueous dispersed GeCDs own unique optical properties.
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Fig. 2 UV—-vis absorption and PL spectra of the GeCDs. (a) The emission
spectrum (blue) was obtained under maximum excitation at 365 nm, and
the excitation spectrum (red) was obtained at the maximum emission
wavelength of 465 nm. The black curve shows the absorption spectrum of
the as-prepared GeCDs. Inset: photograph taken under 365 nm UV light.
(b) Emission spectra of CDs at different excitation wavelengths.

Owning to the n = 7 * transition of C=0, the GeCDs displays a
strong absorption band characterized at 361 nm (Fig. 2a), which
is consistent with the maximum excitation wavelength at 365 nm.
Therefore, the as-prepared GeCDs exhibit a bright blue-green
color under the illumination of UV light (365 nm) (the inset
photograph of Fig. 2a), and under the excitation of light with
different wavelengths the emission of CDs is always kept at 465
nm (Fig. 2b). That is, the water-soluble GeCDs shows excitation-
independent photoluminescent (PL) behaviour, which are greatly
different from most previously reported CDs that are excitation-
dependent photoluminescent'" .

Here it should be noted that the excitation-independent
emissions implies that both the size and the surface state of those
CDs should be uniform, which can avoid autofluorescence during
their applications®®. Meanwhile, the absolute quantum yield (QY)
of the GeCDs approximately 8.9%, which is much higher than the
5.6% of those CDs prepared with only citric acid, indicating that
the doping of germanium element can modify the emission ability
of CDs. The possible reason might be attributed to influence of
the doped germanium on the surface-trapped electrons and
structural properties of the GeCDs. Furthermore, the as-prepared
GeCDs only have one fluorescence lifetime of 1.54 ns (Fig. S5,
ESIY), indicating that the excitation-independent
photoluminescent could be ascribed to single transition mode .
Since the lifetime is very short so that the fluorescence emissions
might be attributed to radiative recombinations of the carbon
particle surface-trapped electrons and holes®®, namely, the exciton
emissions?’.

Stability of the as-prepared GQDs

We also designed a series of control experiments to examine the
stability of the CDs. The fluorescence intensities are scarcely
shows any change by varying the NaCl concentrations (up to 2
M), indicating the stability of the CDs even under comparatively
high ionic-strength medium (Fig. S6, ESI{). Meantime, the CDs
exhibit good photostability, PL intensity remains invariant under
continuous UV light (365 nm) illumination for three hours (Fig.
S7, ESIt).The PL intensity almost retains 82% of the initial
fluorescence intensity after incubation with 100 mM H,0O, for 40
min (Fig. S8, ESIf). These points verify the CDs own very
excellent stability, which laid a good foundation for future
applications in bioimaging and detection.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 The binding features of GeCDs with metal ions. (a) selective
binding of GeCDs with mercury (II) ions, and no binding with other
metals ions including iron ions; (b) photographs of the CDs containing
various metal ions under UV light (excited at 365nm and
the concentrations of Hg”" and other metal ions were 5 uM). (c) Emission
spectra of CDs in the presence of different concentrations of Hg?". Inset:
the linear relationship between the PL intensity and Hg?* concentration in
the range of 0.2 uM and 3 pM, and there was a great linear calibration
plot expressed as (Fy-F)/ Fy=0.21¢-0.004 with a correlation coefficient of
0.9968. (d) The AFM image of the as-prepared GeCDs with Hg*" ions.

Detection the Hg** ion with excellent selectivity and sensitivity

It is very interesting that the GeCDs have specific binding ability
with Hg”". As Fig 3a and 3b showed, there was significant PL
quenching with the addition of Hg”" into the CDs dispersion. In
contrast, other metal ions including Cr**, Fe**, AI*", Cd**, Ca*",
Baz+’ Ml‘l2+, Cu2+’ Fez+, Ni2+’ Pb2+’ Zn2+’ C02+’ SI'2+, Mg2+’ Ag+,
Na' and K' have no significant quenching effect. A significant
observation is that the GeCDs have no any binding features with
irons, greatly different from other CDs previously reported™® %,
The selective binding of GeCDs with Hg®* deserves further
discussion. Firstly, the PL intensity of the GeCDs at around 465
nm gets decreased with the increase of Hg”" concentration (Fig.
3c) with a great linear plot in the range of 0.2 uM and 3 uM
(Inset of Fig. 3c), and giving a limit of detection (LOD) about
0.075 puM with the three times the standard deviation rule

(LOD=3Sd/s), indicating that the GeCDs is very sensitive to Hg*".

It should be noted that the obtained LOD the GeCDs sensor for
Hg®" detection is much lower than those previously reported,
such as the QG compound and polymer sensor'®. Then, the
lifetime of the GeCDs gets changed with their binding with Hg>",
which contains two lifetime components, 1.15 ns and 4.54 ns.
The different values were might due to the aggregations of the
CDs*. In addition, we noticed that the height of the GeCDs get
enlarged from 3 nm to 70 nm after the interaction between GeCD
with Hg?" (Fig. 3d), indicating that some aggregations have
occurred. All these results illustrate that the fluorescence
quenching might be induced by the special coordination
interaction between Hg®" ions and the hydroxyl or carboxyl
groups on the surfaces of the GeCDs, leading to the aggregations
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Fig.4 Laser confocal microscopic images of Hep-2 cells incubated with
GeCDs for 12h. Then treated with PBS for 0, 10, 15, 20 and 30min,
respectively (ai, a, as, a4 and as), PBS and 2 uM mercury ions for 0, 10,
15, 20 and 30min, respectively (bi, by, bs, bs and bs), PBS with 5 uM
mercury ions for 0, 10, 15, 20 and 30min (ci, ¢z, c3, ¢4 and cs),
respectively, PBS with 10 uM mercury ions for 0, 10, 15, 20 and 30min,
respectively (d;, d,, d3, d4 and ds), and PBS and 20 pM mercury ions for 0,

10, 15, 20 and 30min, respectively (e, e, €3, €4 and es).

of the CDs. That changes the electronic structure of GeCDs and
exerts effects on the distribution of excitons, thus the non-
radiative recombination of excitons through the charge transfer
process could be facilitated and the fluorescence quenching of
CDs could be occurred®.

Considering that mercury (II) ion is one of the most toxic and
widespread pollutants, which can cause a wide range of risks in
human health and environmental conditions31, we made
detections of Hg*" in honeysuckle dew samples (Table.S1, ESIT)
based on the photoluminescence of the GeCDs, showing that the
selective detection of Hg*" in real samples is reliable.

Cytotoxicity investigation

Due to their remarkable stability, the CDs are suitable for
biological imaging. To demonstrate the possible celluar toxicity
brought by doping Ge atoms, the MTT assay was carried out by
Human epidermoid cancer cells. The CDs exhibit fairly low
cytotoxicity even at high concentration (1 mg mL™') and after
long incubation times (24 h), suggesting the doping of Ge atoms
has little influence on cell toxicity of CDs (Fig. S9, ESIT).
Therefore, the uptake of the CDs and bioimaging experiments
were also made by confocal fluorescence microscope.
Furthermore, a viability test was also carried out with the same
concentrations bioimaging experiments of Hg”". It is seen that the
cells viability decreased with increasing the concentrations of
Hg?*, especially when the concentration of mercury ions reached
to 10 uM and 20 uM (Fig. S10, ESI¥). This result is consistent
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with result of the bioimaging.

Visualization of dynamic invasions of mercury (II) ions into
Hep-2 cells

It has known that the excessive Hg’' can easily enter
bloodstreams and many tissues, such as liver, kidney, and brain,
leading to kidney failure, gingivitis, and seriously damage to the
central nervous system’> **, but not all concentrations of Hg*" are
significantly accelerated apoptosis of cells®*. Furthermore, real-
time monitoring of physiological changes of cells caused by
metal ions is such important for biological and biomedical
research®® .In such case, Hep-2 cells were employed for
investigating the cellular activities of Hg>".

Fig. 4a,; shows that strong bright blue-green areas inside the
Hep-2 cells are clearly observed after the cell incubated with
GeCDs, suggesting that GeCDs successfully and efficiently got
into cells via endocytosis®®. A further study at different time
scales (0, 10, 15, 20 and 30 min) revealed that the fluorescence
emissions scarcely changed with increasing time (Fig. 4ay, a,, a3,
a, and as), implying that the GeCDs are high resistant to
photobleaching, and thus the GeCDs are an ideal candidate for
real-time monitoring of the intracellular activities of mercury (II)
ions with extended observation time.

Further experiments were performed by treating the cells with
different concentrations of Hg”" to examine their apoptosis in a
short time. When incubated with 2.0 uM and 5.0 uM mercury (II)
respectively, the fluorescence emissions were not
substantially quenched within 30 min (Fig. 4), indicating that a
small amount of mercury (II) ions got into cells and apoptosis of
the Hep-2 cells did not significantly occur (Fig. S11, ESIt). If
treated with 10 uM mercury (II) ions, the photoluminescence
signal gradually decayed with increasing time, which almost
disappeared within 30 min (Fig. 4), implying the mercury (II)
ions had got into the cells and apoptosis begun®’ (Fig. S11, ESIT).

ions,

~
@

3
&

Furthermore, the cells incubated with 20.0 pM mercury (I) ions,
the fluorescence signal was rapidly quenched within 10 min (Fig.
4), demonstrating the apoptosis of the cells have been affected
seriously (Fig. S11, ESIf). Certainly, cell viability assays with
the same concentrations of Hg”" and the quantitative analysis of
the fluorescence intensity were also been carried out, which were
consistent with the laser confocal microscopic images(Fig. S10,
ESIt and Fig. 5). That is to say, the photoluminescence of CDs
was rapidly and substantially quenched by 10.0 uM and 20.0 uM
mercury (II) ions, providing clear evidence that mercury(II) ions
has a significantly impact on the cell. In contrast, treatment of
cells with Hg*" less than 5.0 uM concentrations in a short time
did not get significantly increase the proportion of apoptotic
cells*. Taken together, these findings revealed that the GeCDs
can be employed for high selective visualization and monitoring
the significant physiological changes of living cells induced by
Hg”".

We also explored the location of nanoparticles in cells for
further bioassays. Although there are many CDs distributed in
lysosomes, the other organelles also have CDs (Fig. S12, ESIt),
including golgi apparatus and endoplasmic reticulum. This is
different from the QDs which mainly distributed in lysosomes™®,
this might be attributed to the major component of CDs is the
nontoxic element carbon and the CDs own good biocompatibility.
The results demonstrated that the GeCDs have potential value for
biological and biomedical research.

Conclusions

In summary, pyrolyzing citric acid and Ge-132 has been proven
to be an effective strategy for fabricating fluorescent GeCDs for
the first time. The as-prepared GeCDs are extremely stable and
have low cytotoxicity, exhibiting great emission properties and
excitation-independent PL emission behaviour, and thus
successfully applied for the detection of Hg®* in complicate
sample such as in honeysuckle dew and the monitoring of the
cellular activities of mercury (II) ions. It is believed that the new
developed synthetic route for fabricating GeCDs could provide a
new way for developing CDs with functional properties, and the
excellent selectivity of the GeCDs for Hg”" in complex samples
has great potential for further understanding the cellular activities
of heavy metal ions.
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