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Carbon dots embedded in silica nanorattle (CDs@SN) nanocomposites with highly
luminescence are synthesized and exhibit brighter fluorescence in vitro and in vivo

than CDs alone.
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Owing to their many advantages including the chemical inertness, low toxicity, and stable
photoluminescence, carbon dots (CDs) have been considered as one of the rising fluorescent
materials in the field of bio-labeling. Despite many burgeoning achievements in optical cell
imaging, the exploration of multifunctional CDs for in vivo imaging and potential biotherapy is
still a great challenge. In this work, carbon dots embedded in silica nanorattle (CDs@SN)
nanocomposites exhibiting strong luminescence was prepared via a facile hydrothermal
method. The structure and optical properties of the resultant CDs@SN were well studied by
Fourier transform infrared (FT-IR) spectrum, transmission electron microscopy (TEM), and
photoluminescence. The resultant CDs@SN was used for in vitro cell labeling and in vivo
bioimaging, and exhibits a higher cellular uptake and brighter fluorescence than CDs alone.
Furthermore, the CDs@SN shows excellent biocompatibility with the HepG2 and red blood
cells. We deem that combining the outstanding properties of SNs with CDs would further
promote the development of CDs in the biological applications, especially achieving
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multifunctional CDs with targeting, in vivo imaging and therapeutic-delivery capabilities.

Introduction

Fluorescence detection technology is widely used in the fields of
biomedicine and detection. ? Particularly, the emerging
nanotheranostics play an important role in achieving the imaging-
guided tumor-specific drug delivery with the assistance of imaging
molecules, and also shows great potential in rapid developing
personalized medicine that enable to integrate the therapeutic
molecules and imaging agents.> * As such, the imaging agent is one
of the most important components for nanotheranostics. Compared
with the traditional fluorescent dye and semiconductor quantum dots
based on metal chalcogenides, fluorescent carbon dots (CDs) have
attracted increasing interest owing to their eco-friendly and low-cost
precursor, good biocompatibility, high hydrophilicity and low photo-
bleaching.>’ Hence, CDs have become promising candidates in the
field of bioimaging.”'® Recently, many strategies like choosing
different precursors and doping with other heteroatoms have been
developed for improving the optical properties to achieve the
biological activities of CDs. >''* For example, CDs with a high
fluorescence quantum yield of 80% were prepared by hydrothermal
treatment of citric acid and ethylenediamine.'® The CDs prepared
from fresh tender ginger showed a higher selectivity inhibition
towards HepG2 cells.® N-doped or Si-doped CDs not only improves
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the fluorescent property but also provides more active sites to
expand their application. ' Despite these encouraging
achievements, further synthesis and investigation on multifunctional
CDs is desirable to expand their applications for in vivo bioimaging,
biosensing, and even the diagnosis and treatment of human disease. *

As well known, the highly luminescent CDs are usually smaller
than 10 nm. However, previous studies have demonstrated that the
nanoparticles with the size of smaller than 10 nm have a short
retention time in vivo because they would be rapidly eliminated from
the body along with the urine excretion.'*'® The suitable size of the
nanoparticles for the passive tumor uptake is about 60-400 nm in the
tumor delivery due to their longer retention time in the tumor and
improved therapeutic efficacy.'” '* On the other hand, CDs are often
free of porous structure and have a small specific surface area. As a
result, it is impossible to directly use the CDs as nanotheranostics in
cancer therapy in vivo for their short retention time and difficulty for
drug loading. In order to solve these problems, a promising strategy
may be practicable by combining the CDs with other biocompatible
materials like gold nanorod and graphene oxide while keeping
their highly luminescence and other intrinsic merits."® ** However,
these CDs based compounds can be only used for imaging in
vitro. As a result, it is urgent to extent the application of CD
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compounds for imaging in vivo because the extremely different
environment between in vivo and in vitro.*' ™

Mesoporous nanosilica is one of the most investigated
nanomaterials for cancer therapy as well as delivery of therapeutic
payloads owing to their excellent stability, good biocompatibility,
and easy modification. In recent years, our group has made much
process in the construction of mesoporous silica for biological
applications. We have synthesized silica nanorattles (SNs) with
unique hollow and mesoporous shell,* and also achieved the growth
of Au and Fe;O, nanoparticles in the cavity of the SN.*> 6
Furthermore, our previous studies demonstrated that the SN is one
kind of ideal promising new-generation drug delivery systems with
possessing sustained release property, high drug loading capacity,
high therapy efficacy and low systematic toxicity in vivo.* 2" 222730
Therefore, it can be imaged that combining the outstanding
properties of SNs with CDs may further promote the development of
CDs and SNs in the biological applications, especially achieving
multifunctional CDs with targeting, in vivo imaging and therapeutic-
delivery capabilities. %’

In this study, the carbon dots embedded in the silica nanorattle
(CDs@SN) has been synthesized in a facile hydrothermal method.
The resultant CDs@SN shows fluorescence and higher cell uptake
than CDs obtained in a sample way. Moreover, the CDs@SN can be
used for in vitro cell labeling and in vivo bioimaging, and shows

excellent biocompatibility.

Results and discussion

The CDs@SN was prepared by in-situ growth of CDs in the
cavity of SN through a hydrothermal treatment of the
impregnated SN with citric acid and ethanediamine. As we
know, highly luminescent CDs can be synthesized by
hydrothermal treating the aqueous solution of citric acid and
ethylenediamine.' Owing to the mesoporous structure and
hydrophilcity of SN, the citric acid and ethylenediamine can be
easily introduced into the inner cavity of SN with the assistance
of sonication under vacuum. As a result, the subsequent
hydrothermal treatment at 200 ‘C for 8 h could result in the in
stiu formation of CDs inside of the SN. Moreover, the as-
formed CDs could not get out from SN due to the small pore

size of shell. Then, the CDs@SN was obtained.
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Fig. 1 (A) The PL spectra and (B) the emission spectra excited with different
wavelength of the CDs@SN.

The fluorescent property of the CDs@SN is firstly studied by
photoluminescence (PL). A maximum emission at 450 nm is
observed under an excitation of 350 nm (Fig. 1A). The
maximum emission of the CDs@SN shows little change as the
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excitation wavelength changed from 300 to 400 nm (Fig. 1B).
Furthermore, the aqueous solution of the CDs@SN exhibits
bright blue fluoresence under UV light (inset in Fig. 1B),
suggesting the presence of CDs in CDs@SN. ' The PL
quantum yield of the as-obtained CDs is about 55 %. As shown
in Fig. 1S, though the PL life time of CDs@SN (9.61 ns) is
significantly different from that of CDs alone (15.64 ns),
suggesting the existence of chemical interaction between CDs
and SN in CDs@SN, it is comparable to that of other CDs and
CDs-based composites in the previous reported. *
Transmission Electron Microscope (TEM) is further used to
confirm the location of CDs in the CDs@SN. Low magnified
TEM image shows that the structure of SN has negligible
alternation after hydrothermal treatment for its excellent
thermal and mechanical stabilities (Fig. 2A). As can be seen
from the high resolution TEM image in Fig. 2B, many tiny dark
CDs can be clearly observed in the cavity of SN in the
CDs@SN compared with the SN alone (Fig. S1B). The average
size of the CDs is about 8 nm based on the statistical analysis of
more than five hundred particles using the ImageJ software (Fig.
2D). Furthermore, a slight increase of the shell thickness of the
CDs@SN indicates that some CDs located at the surface of SN
(Fig. S1). However, negligible change of the Zeta potential was
observed between the SN and CD@SN (Fig. 2C and S2).
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Fig. 2 (A-B) Low and high-magnified TEM images and (C) the zeta of the
CDs@SN, (D) the diameter distribution of the CDs in the CDs@SNs, (E) the

FT-IR spectrum and (F) the XRD pattern of the resultant CDs@SN.

In order to confirm the presence of CDs in CDs@SN, FT-IR
spectrum is performed in detail. Both the SN and CDs@SN
exhibit a strong stretching vibration band of Si-O at 1095 cm™
and a stretching vibration band of O—H with a broad peak at
3500 cm™ (Fig. 2E and Fig. S1). Also C=0 at 1630 cm™, and
C-C at 1430 cm™ are observed in the SN and CDs@SN.
Furthermore, the CDs@SN shows a characteristic absorption of
stretching vibration bands of C—H at 2950 c¢cm™', indicating the
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presence of CDs in the CDs@SN.® ? The reason for the weak
peak corresponding to CDs may be that the CDs lied in the
cavity of SN more than that at the surface of SN. The chemical
further
characterized by SEM combined with EDS analysis. As shown
in Fig. S2, Si, O and C elements were found in CDs@SN and
SN. Moreover, the contents of C and O in CDs@SN were
higher than those in SN, indicating the presence of CDs in
CDs@SN. Due to the amorphous structures of SN and the CDs,
the XRD profiles exhibit a broad diffraction peak from 20 to
30° (Figs. 2F and S1).

composition of CDs@SN nanocomposites were
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Fig. 3 The PL change of the CDs@SN and CDs in different simulation
medium (black square: CDs; red triangle: CDs@SN).

the
luminescence of CDs@SN should be stable in a wide range of

For practical applications in Dbiological system,
electrolyte concentrations such as in vivo media where the ionic
concentration is known to be the complexity. Afterwards, we
study the effects of simulated biomedium on the fluorescent
intensity of CDs@SN and CDs by exposing them to stimulated
gastric fluid (SIF), fasted-state simulated intestinal fluid (SGF),
artificial lusosomal fluid (AFL) and simulated body fluid (SBF)
for different time intervals. As can be seen in Fig. 3A, nearly no
fluorescence of CDs is observed in the SGF (pH 1.6). However,
the CDs@SN dispersed in the SGF still show 40% fluorescent
intensity of that dispersed in PBS, indicating that the SN
significantly protected the CDs from fluorescence quench in the
SGF. Furthermore, a much stronger emission of the CDs@SN
in the AFL (pH 5.4) is observed than that of CDs in the AFL
(Fig. 3B). No remarkable changes of the fluorescent intensity of
CDs or CDs@SN are observed when they are dispersed in the
SBF (pH 7.2) and SIF (pH 6.5), as shown in Figs. 3C and 3D.
These results confirm that the CDs@SN shows more stable
fluorescence than that of CDs alone.

In order to explore the capability of CDs@SN for intracellular
imaging, CDs@SN was used for in vitro bioimaging by
incubating HepG2 with CDs@SN at a low concentration of 50
pug mL™'. After exposure for 8 h, bright fluorescent signal is

This journal is © The Royal Society of Chemistry 2012
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observed in the cytoplasm of the cells, indicating that CDs@SN
can be quickly uptake by living cells (Fig. 4A-B). In contrast,
almost invisible fluorescence is detected in the cells incubated
with CDs alone performed in a similar experimental condition
(Fig. 4C-D), suggesting that the CDs@SN exhibits a better
staining ability than that of CDs. Moreover, it is also found that
the location of fluorescent signal of CDs@SN in the cells is
dispersive, which is very different from that of the reported
CDs that was homogeneous.>® The reason may be the different
mechanism of CDs@SN
physicochemical properties. Furthermore, flow cytometry is

uptake caused by different
used to quantificationally analyze the fluorescent intensity of
HepG2 uptake of CDs@SN and CDs. As shown in Fig. 4(E-H),
the fluorescent intensity of HepG2 treated by CDs@SN is near
10 times than that of HepG2 treated by CDs, agreeing well with
the results observed by confocal optical microscopy.
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Fig. 4 Confocal optical images of HepG2 cells treated with CDs@SN
(A-B) and CDs (C-D). A and C were obtained under UV light. B and D
were obtained under bright light. Flow cytometry analysis of the
fluorescent intensity in the cells incubated with the control group (E),
CDs (F), and CDs@SN (G). H is the corresponding fluorescent

intensity expressed as percentages. The scale bar is 20 pm.

Although fluorescent CDs have been widely used for cell
imaging in virto, few works were involved in vivo imaging. '
20-33 To further probe the effectiveness of the CDs@SN act as

optical marker in vivo, we employed the frozen section of
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tissues to visualize the fluorescence of the normal mice
administrated with CDs@SN. As shown in Fig. 5 and S3, no
fluorescence is observed in the liver, spleen and kidney after
injection the mice with CDs for 1, 4 and 12 h through vein,
which may be attributed to the quick excretion from the body of
the CDs and the existence of fluorescent quenching agents in
the bio-medium. In contrast, strong blue fluorescence is
detected in the liver, spleen and kidney of the mice
intravenously injected with CDs@SN for 1, 4 and 12 h.
Furthermore, it is found that the bright fluorescence signal is
detected in the H22 tumor after intratumoral injection with
CDs@SN, as shown in Fig. 6. These results confirm that the
CDs@SN can be used for in vivo imaging and shows great
potential application in biomedicine. The CDs@SN used as
nanotheranostics is under way.

Spleen
CDs@SN

Liver
CDs@SN

CDs

Fig. 5 The frozen section of liver and spleen from the mice
administrated with CDs@SN and CDs after intravenous injection at

different interval. The scale bars denote 20 um.

A

Fig. 6 The frozen section of tumor from the mice administrated with
CDs@SN and the control group after intratumoral injection. The scale
bars is 20 pm.

Low cytotoxicity is necessary for ideal multifunctional
biomaterials applied for bioimaging. Hence, we evaluate the
cytotoxicity of the CDs@SN by using the HepG2 with WST-1
assay and calcein-AM/PI staining method. As shown in Fig. 7A,
the relative cell viability is over 85% after exposure with the
CDs@SN even at the concentration of 250 pg mL™" for 24 h
and 48 h, suggesting the excellent biocompatibility of the
CDs@SN. The calcein-AM/PI staining also reveals strong
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green fluorescence, which is indicative of live cells, in the
entire field of vision. No red fluorescence representing the dead
cells are observed after exposing HepG2 cells with CDs@SN
for 48 h, as shown in Fig. 7C and 7D. Moreover, it is found that
the hemolysis rate of the CDs@SN at 800 and 600 pg mL™" is
about 2%, which is much less than the upper limited value of
hemolysis index (5%), indicating that no hemolysis happened
after intravenous administration of the CDs@SN (Fig. 7B and
S4). All these results confirm the good biocompatibility of the
CDs@SN.
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Fig. 7 The cytotoxic evaluation of the CDs@SN on the HepG2 cells
with WST-1 assay (A) and calcein-AM/PI staining (C-D) methods, C
represents the HepG2 cells treated with the CDs@SN and D represents
the control group. B is the photo of red blood cell after adding
CDs@SN at 800 and 600 pg mL™.

Conclusion

In conclusion, highly luminescent and biocompatible carbon
dots@silica nanoratte (CDs@SN) nanocomposite involving the
presence of CDs in the interior of silica nanorattle was
synthesized simple hydrothermal method. The
combination of SN not only protects the CDs from fluorescence
quenching but also makes the CDs have a long retention time in
organs. Consequently, the CDs@SN can be effectively used for
in vitro cell labeling and in vivo bioimaging. We believe the
highly luminescent and good biocompatible CDs@SN with
unique mesoporous and hollow structure shows great potential

via a

application in biomedicine as nanotheranostics.
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