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ABSTRACT: The specifically synthesized and selected carbon
dots of relatively high fluorescence quantum yields were evaluated
in their fluorescence labeling of cells. For the cancer cell lines, the
cellular uptake of the carbon dots was generally efficient, resulting
in the labeling of the cells with bright fluorescence emissions for
both one- and two-photon excitations from predominantly the cell
membrane and cytoplasm. In the exploration on labeling the live
stem cells, the cellular uptake of the carbon dots was relatively less
efficient, though fluorescence emissions could still be adequately
detected in the labeled cells, with the emissions again
predominantly from the cell membrane and cytoplasm. This
combined with the observed more efficient internalization of the same carbon dots by the fixed stem cells might suggest some
significant selectivity of the stem cells toward surface functionalities of the carbon dots. The needs and possible strategies for
more systematic and comparative studies on the fluorescence labeling of different cells, including especially live stem cells, by
carbon dots as a new class of brightly fluorescent probes are discussed.
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B INTRODUCTION

Fluorescent semiconductor nanocrystals, commonly referred to
as quantum dots (QDs), have attracted much attention for
serving as probes in cell imaging and other biomedical
applications. ** Strong cases have been made in the literature
for using QDs to replace organic dyes and in some applications
genetically encoded fluorescent tags due to their advantages
such as the fluorescence brightness at the individual dot level,
photostability, and so on.' > With a growing demand on high-
performance fluorescence tags and probes for cell labeling and
imaging purposes, much effort has been made to expand the
offering of QD-like fluorescent nanomaterials beyond those
based on conventional semiconductors. Among more signifi-
cant recent successes have been the finding and subsequent
development of carbon “quantum” dots or more appropriately
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Figure 1. Cartoon illustration on carbon dot, which is generally a small
carbon nanoparticle core with attached and strongly adsorbed surface
passivation molecules (a configuration similar to a soft corona).

the corresponding dots. The optical absorption of carbon dots

called carbon dots (for the lack of the classical quantum
confinement effect in these nanomaterials),*™"' which have
played a leading role in an emerging and rapidly expanding
research field centered on the design, preparation, and potential
biomedical uses of various carbon-based QDs."”™**°

Carbon dots are generally small carbon nanoparticles with
various surface passivation schemes by organic or biomolecules
(Figure 1),%%”'* where the more effective surface passivation
has been correlated with brighter fluorescence emissions from

-4 ACS Publications  © 2015 American Chemical Society

is assigned to z-plasmon transitions in the carbon nanoparticle
core of the dots, while the fluorescence emissions in the visible
to near-IR are attributed to photogenerated electrons and holes
trapped at diverse surface sites and their associated radiative
L 412 .
recombinations.” = Carbon dots also have relatively very large
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two-photon excitation cross sections in the near-IR (800—900
nm), with the resulting fluorescence emissions reported in the
literature comparable roughly to those associated with the
regular excitation into the optical absorption spectrum.s’%_28
Nevertheless, for specimens of carbon dots on a substrate,
colocalization experiments in which the same specimen was
imaged with both one- and two-photon excitations on the same
platform did confirm that the observed fluorescence emissions
were associated with the same nanoscale entity.” Carbon dots
have been found to be highly photochemically stable, without
the optical blinking commonly observed in semiconductor
QDs.* 1t is now generally acknowledged that carbon dots
represent a new class of high-performance one- and two-
photon fluorescence imaging agents.

According to results from various cytotoxicity assays, carbon
dots in terms of the intrinsic material configuration are
nontoxic to cells at concentration levels much higher than
those commonly used for fluorescence labeling and imaging
purposes.””**** Even at high concentrations, the effect of
carbon dots on cells is mostly associated with the surface
passivation agents, and interestingly, such agents in carbon dots
are less cytotoxic than their free counterparts.””*" Therefore,
there have been a number of experiments reported in the
literature on carbon dots for fluorescence labeling and imaging
of cells.”"" For example, Cao et al. used PEGylated carbon
dots for the fluorescence imaging of human breast cancer MCEF-
7 cells with one- and two-photon excitations.” Zhang et al.
prepared carbon dots from polydopamine for cell imaging. At
405 and 458 nm excitations, green and yellow fluorescence
emissions, respectively, were observed in the cytoplasm but not
in the cell nucleus.”’ Chen et al. prepared carbon dots by
carbonizing sucrose with oil acid for imaging 16HBE cells.
Green fluorescence emissions were observed around the cell
membrane, in addition to the cytoplasm, though only much
weaker fluorescence was detected in the cell nucleus.”” More
recently, Yang et al. conjugated hydrothermally synthesized
carbon dots with nuclear localization signal (NLS) peptides for
the fluorescence imaging of MCF-7 and A349 cells.” While
some accumulation within the cell nucleus was detected, the
majority of the carbon dots were found to be residing in the
cytoplasm and cell membrane.*® However, most of the reported
studies might be considered as being exploratory in nature, and
more experiments based on carbon dots of more desirable
properties (very bright fluorescence emissions, compactness,
etc.) are still needed, especially for broader applications to
include stem cells and other special cell lines. In the work
reported here, we evaluated the specifically selected carbon dots
of relatively high fluorescence quantum yields (with respect to
one-photon excitation in the visible spectral region) in their
labeling of cancer cell lines under one- and two-photon
excitation conditions, and we also explored the labeling of stem
cells with the carbon dots. For the latter especially, the results
concerning the effect of surface functionalities in carbon dots

on the cell labeling efficiency are highlighted and discussed.

B EXPERIMENTAL SECTION

Materials. Carbon nanopowder (<50 nm, purity >99%) and 2,2'-
(ethylenedioxy)bis(ethylamine) (EDA) were purchased from Sigma-
Aldrich, and bis(3-aminopropyl)-terminated oligomeric poly(ethylene
glycol) of average molecular weight ~1500 (PEGspy) was from
Anvia Chemicals. Thionyl chloride (>99%) was obtained from Alfa
Aesar, nitric acid from VWR, and Sephadex G-100 gel from GE
Healthcare. Dialysis membrane tubing of various cutoff molecular

weights was supplied by Spectrum Laboratories. Water was deionized
and purified by being passed through a Labconco WaterPros water
purification system.

Measurement. Baxter Megafuge (model 2630), Eppendorf
(model 5417 R), and Beckman-Coulter ultracentrifuge (Optima
L90K with a type 90 Ti fixed-angle rotor) were used for centrifugation
at various g values. Optical absorption spectra were recorded on a
Shimadzu UV2501-PC spectrophotometer. Fluorescence spectra were
measured on a Jobin-Yvon emission spectrometer equipped with a 450
W xenon source, Gemini-180 excitation and Tirax-550 emission
monochromators, and a photon counting detector (Hamamatsu
R928P PMT at 950 V). Fluorescence quantum yields were measured
in reference to 9,10-bis(phenylethynyl)-anthracene as a standard
(quantum yield of unity, calibrated against the quinine sulfate
standard). NMR measurements were performed on a Bruker Avance
500 NMR spectrometer. Transmission electron microscopy (TEM)
images were obtained on a Hitachi H9500 TEM system. A Leica laser
scanning confocal fluorescence microscope (DM IRE2, with Leica
TCS SP2 SE scanning system) equipped with an argon ion laser (JDS
Uniphase) and a femtosecond pulsed Ti:sapphire laser (Spectra-
Physics Tsunami with a S W Millennia pump) was used in the imaging
experiments, so was a Zeiss LSM 700 laser scanning microscope. On
both microscopes, a plan apochromat 100X oil immersion objective
was used. The images were processed and analyzed with the NIH
Image] software.

Carbon Dots. For carbon nanoparticles as the precursor for carbon
dots, an as-supplied carbon nanopowder sample (1 g) was refluxed in
an aqueous nitric acid solution (S M, 90 mL) for 48 h. The reaction
mixture was cooled back to ambient temperature and then dialyzed
against fresh water for up to 3 days. The postdialysis mixture was
centrifuged at 1000g to retain the supernatant, followed by the removal
of water to obtain the desired carbon nanoparticle sample.

In the synthesis of PEGon-carbon dots, the carbon nanoparticle
sample obtained from the processing above was refluxed in neat
thionyl chloride for 12 h, followed by the removal of excess thionyl
chloride under nitrogen. The post-treatment carbon nanoparticle
sample (100 mg) was mixed well with carefully dried PEG,5qoy (1 g)
in a flask, heated to 110 °C, and stirred at the constant temperature
under nitrogen for 72 h. The reaction mixture was cooled to ambient
temperature, dispersed in water, and then centrifuged at 20 000g to
retain the dark supernatant as an aqueous solution of the as-prepared
PEG; 5pon-carbon dots.

The EDA-carbon dots were synthesized in largely the same
experimental procedures as those described above. The post-thionyl
chloride treatment carbon nanoparticle sample (S0 mg) was mixed
well with carefully dried EDA liquid (600 mg) in a round-bottom flask,
heated to 120 °C, and vigorously stirred under nitrogen protection for
3 days. The reaction mixture was cooled back to ambient temperature,
dispersed in water, and then centrifuged at 20 800g to retain the
supernatant as an aqueous solution of the as-prepared EDA-carbon
dots.

The as-prepared PEGsyn-cartbon dots and EDA-carbon dots
samples were filtrated through a Sephadex G-100 gel column for
fractionation. The gel column was packed in house with commercially
supplied gel sample and evaluated according to protocols already
reported in the literature.>* For PEGgn-carbon dots, more
fluorescent fractions eluted from the gel column were collected and
combined to have the resulting sample in sufficient quantity and a
fluorescence quantum yield of ~40% at 440 nm excitation. For EDA-
carbon dots, the colored section on the gel column with high
fluorescence quantum yields was collected, followed by dialysis against
fresh water (dialysis tubing cutoff molecular weight ~500) to obtain
the desired sample, whose 'H and *C NMR spectra were similar to
those reported previously.*’

Cells and Imaging. The human breast cancer cell line MCF-7
(ATCC) and human colon adenocarcinoma grade II cell line HT-29
(ATCC) were grown at 37 °C with 5% CO, in EMEM medium
(ATCC, with nonessential amino-acids, 1 mM sodium pyruvate, 2 mM
L-glutamine, and 1.5 g/L sodium bicarbonate) supplemented with 10%
(v/v) fetal bovine serum (ATCC) and 1% of penicillin/streptomycin
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(Cambrex Bio Science). The cells were plated on a four-chambered
Lab-Tek cover-glass system (Nalge Nunc) at 50 000 cells per chamber
for 24 h. Separately, the selected carbon dots in aqueous solutions
were diluted to the desired concentrations with fresh culture medium
and sterilized with a 0.2 ym Acrodisc syringe filter just prior to the cell
exposure, and the samples were introduced to the cells. Cells cultured
in the free medium were taken as the control. Upon incubation for up
to 24 h, the cells were washed three times with PBS (500 uL each
time) and kept in PBS for fluorescence imaging. The confocal
fluorescence images were obtained with 405 or 458 nm excitation, and
the two-photon images were acquired with femtosecond pulsed laser
excitation at 800—900 nm.

The SD rat mesenchymal stem cells (MSCs) from passage 2
(OriCell Sprague—Dawley rat MSCs, Cyagen) were expanded in SD
rat MSC basal media with 10% fetal bovine serum and 1% v/v
penicillin/streptomycin. The MSCs within passage 8 were used in all
experiments. For the viability assay, the cells were plated in 96-well
plates at an initial density of 1 X 10* cells per well in 200 uL of growth
medium for incubation. The EDA-carbon dots were diluted with fresh
culture medium to the exposure concentrations, and the solutions
were introduced to the cells. The cells cultured in the free medium
were taken as the control. Upon the exposure for 24 h, the cell viability
was determined by using the Cell Counting Kit-8 (CCK-8, Dojindo
Laboratory) assay.

For the labeling, the stem cells were plated on a four-chambered
Lab-Tek cover-glass system (Nalge Nunc) at 50 000 cells per chamber
for 24 h, followed by their being mixed with the separately prepared
carbon dots sample. For the EDA-carbon dots, the sample preparation
included the treatment with aqueous HCI for the pH to be neutral
before the sample solution was used for labeling the MSCs. In another
set of experiments, the MSCs were plated on a four-chambered Lab-
Tek cover-glass system for 24 h and fixed by 4% formaldehyde,
followed by being mixed with the separately prepared carbon dots
sample. Upon incubation for up to 24 h, the live or fixed cells were
washed carefully with PBS for a complete removal of unattached
carbon dots, and the cells postwashing were kept in PBS for the
imaging experiments. The confocal fluorescence images were obtained
with 405 nm excitation. For a more quantitative comparison of the
signal intensities in the images, the as-acquired color fluorescence
images were converted to the grayscale by using the Image] software
(NIH). The images were then mapped digitally for a determination of
the corresponding fluorescence intensities.

B RESULTS AND DISCUSSION

The PEGsyn-carbon dots and EDA-carbon dots were
synthesized as reported previously.'”””** The as-synthesized
samples were separated on an aqueous Sephadex G-100 gel
column, from which more fluorescent fractions were collected.
Shown in Figure 2 are absorption and fluorescence spectra of
the PEG; 5yon-carbon dots and EDA-carbon dots that were used
in cell imaging experiments, with the fluorescence quantum
yields of the two samples at 440 nm excitation of ~40% and
~30%, respectively. These carbon dots are generally small in
size, as confirmed by results from microscopy analyses (Figure
3),”%** especially so for the EDA-carbon dots characterized as
being “ultracompact” due to the much shorter PEG chain in
EDA than that in PEG 5oon.>"

The carbon dots in aqueous solution were progressively
diluted for being deposited onto a substrate (glass slide) to
have them individually dispersed for fluorescence imaging
under single-dot conditions. The fluorescence of the specimen
could readily be detected under a confocal microscope, with the
observed images confirming the desired dispersion of the
carbon dots (Figure 4).

The specimens of PEGspn-carbon dots were also imaged
with two-photon excitation at 800 nm, in which fluorescence
emissions were readily detected, again confirming the desired
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Figure 2. Absorption (ABS) and fluorescence (FLSC, 440 nm
excitation) spectra of the PEGsoy-carbon dots (top) and EDA-
carbon dots (bottom) in aqueous solutions.

Figure 3. TEM images of the PEG yoy-carbon dots (top) and EDA-
carbon dots (bottom).

dispersion of carbon dots on the substrate (Figure S). The
fluorescence spectra corresponding to the individualized dot
images were collected on the microscope for comparison with
the solution-phase spectra of the carbon dots measured on a
conventional emission spectrometer at corresponding excita-
tion wavelengths (800 nm two-photon vs 400 nm one-photon).
The results suggested that the spectra were comparable
qualitatively (Figure S), reflecting not only their likelihood of
being from the same emissive excited states but also the
comparability between the fluorescence properties of the
carbon dots in solution and when dispersed on a substrate
under single-dot conditions.
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Figure 4. Confocal fluorescence images of the PEG syn-carbon dots
(top) and EDA-carbon dots (bottom) well-dispersed on a glass
substrate.
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Figure S. Comparison of the fluorescence spectrum (two-photon
excitation at 800 nm) of an individually dispersed PEG;sqon-carbon
dot on a glass substrate (solid line) with that (regular fluorescence
spectrometer at 400 nm excitation) of the corresponding dots in
aqueous solution (dashed line). Inset: Two-photon fluorescence
images (800 nm excitation) of the PEGspn-carbon dots.

The results highlighted above for the PEG syon-carbon dots
and EDA-carbon dots of relatively high fluorescence quantum
yields suggest that these are well-behaved fluorescence probes
in the visible spectral region for both one- and two-photon
excitations. These probes are generally stable in their optical
absorption and fluorescence properties in various aqueous
buffers, amenable to cell labeling and imaging applications.

The human breast cancer MCF-7 and human colon
adenocarcinoma HT-29 cells were selected for the labeling by
the PEG,5on-carbon dots. Both MCF-7 and HT-29 cells were
cultured by following established protocols.””** For the cell
imaging experiments, the cells were incubated with the
PEG;5gon-carbon dots in an aqueous buffer at 37 °C for up
to 24 h and then washed to remove carbon dots that were not
associated with the cells. Since the dot concentrations were
significantly lower than those that could cause cell damage,*
the cells were close to completely viable under the experimental
conditions.

For both cell lines, the fluorescence images acquired with 458
nm excitation (argon ion laser line) suggested significant uptake
of the carbon dots by the cells, with the dots mostly residing in

the cell membrane and cytoplasm and without any meaningful
presence in the cell nucleus (Figure 6). There were no major

Figure 6. Confocal fluorescence images (458 nm excitation, 470—590
nm emissions) for MCF-7 cells without (top left) and with the
PEG5qon-carbon dots (top right) and for HT-29 cells with the
PEG;son-carbon dots at different resolutions (bottom left and right).

differences between the two cell lines in terms of their
fluorescence labeling by the carbon dots. The contrast between
the emissive carbon dots and the background (somewhat
fluorescent in general) was very good, due likely to the high
fluorescence quantum yields of the carbon dots used for the cell
labeling. For an estimate of the fluorescence brightness in the
labeled cells, while using an established standard as intensity
reference was rather difficult in our setup and therefore not
pursued, qualitatively the brightness in the fluorescence images
of the cells was comparable with that in the images of the
carbon dots without cells. It suggests that the fluorescence
properties of the carbon dots were not degraded in any
significant fashion upon their being taken up by the cells. In
fact, there is experimental evidence from unrelated studies on
the carbon dots in polymer films indicating enhanced
fluorescence intensities for the dots in a more confined
environment. The possibility for similar effects on carbon dots
in various cellular domains will be evaluated in further
investigations.

The same cells labeled with the PEG oy -carbon dots were
imaged by using the fluorescence microscope with two-photon
excitation (femtosecond pulsed laser at 800—900 nm) under
otherwise the same experimental conditions. Green fluores-
cence emissions from the PEG sy-carbon dots in both cell
lines could readily be detected, with the results again suggesting
that the dots resided mostly in the cell membrane and
cytoplasm and no major differences between the two cell lines
(Figure 7). Two-photon fluorescence imaging has been widely
acknowledged as being particularly advantageous in terms of
minimizing background fluorescence interferences, though in
this case the advantage was not so obvious. The imaging
contrast appeared not so different from that found in one-
photon (regular confocal, Figure 6) experiments, as both were
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Figure 7. Fluorescence images with two-photon excitation (800 nm
excitation, 470—590 nm emissions) for MCF-7 (top) and HT-29
(bottom, and the inset) cells, both labeled with the PEG;qn-carbon
dots.

relatively high, again due likely to the high fluorescence
quantum yields of the carbon dots used for the cell labeling.
There was more experimental evidence supporting the
dependence of labeling and imaging outcomes on the quality
of the carbon dots. For example, when another PEG sy~
carbon dots sample of a lower fluorescence quantum yield
(~6% at 440 nm excitation, a fraction from the aqueous gel
column separation of the as-synthesized sample) was used for
labeling the same cells under otherwise the same experimental
conditions, the fluorescence intensities in the resulting images
were obviously lower, as expected.

In the fluorescence labeling of cells with the carbon dots, the
efficiency as reflected by the brightness and contrast in the
images obtained with one- and two-photon excitations was
clearly dependent on incubation conditions, especially the
length of time in which the cells were exposed to the carbon
dots. Under otherwise the same experimental conditions, the
longer incubation time (24 h vs 6 h, for example) resulted in
more effective fluorescence labeling of the cells, corresponding
to significantly brighter and higher-contrast images of the
resulting cell specimens. The cellular uptake of the carbon dots
was essentially absent when the incubation was at low
temperature (4 °C), as reported previously.’

Beyond the human cancer cells, the carbon dots were also
explored for their labeling of mesenchymal stem cells (MSCs).
As a justification, stem cells are widely considered as holding
the promise for a variety of in vivo tracking applications.
Fluorescence probes are in demand for labeling stem cells®> due
to some advantageous attributes over those of other labels, such
as magnetic and Raman probes.”* ™ In addition to the high
sensitivity associated with bright fluorescence emissions in the

probes for stem cells, these probes are also required to
minimally affect the subcellular structure and have no or little
toxic effect.’®*® For conventional semiconductor QDs as
fluorescence probes, it was found that those functionalized
with long ligands were more cytotoxic than those with short
ligands."' The EDA-carbon dots in this work were developed
specifically as bright fluorescence grobes of an ultracompact
configuration for related purposes,” and they were used in the
labeling of MSCs.

Experimentally, the SD rat MSCs within passage 8 were used
in the cell labeling experiments with the EDA-carbon dots. The
results from the cell viability assay suggested that the stem cells
were completely viable upon being exposed to the EDA-carbon
dots at concentrations much higher than those used in the
fluorescence labeling under otherwise the same experimental
conditions. In the labeling evaluation, postexposure of the stem
cells to the separately prepared EDA-carbon dots, the cells were
imaged under a confocal fluorescence microscope with 405 nm
excitation. The fluorescence images thus obtained confirmed
the labeling of the stem cells by the carbon dots (Figure 8),

Figure 8. Merged (fluorescence + bright-field) images of the live stem
cells labeled with the EDA-carbon dots (top and middle) and the
control (without the dots, bottom).

suggesting that the dots in the live cells were again mostly in
the cell membrane and cytoplasm, not in the nucleus, similar in
general to the cellular distribution of the other PEGylated
carbon dots in human cancer cells MCF-7 and HT-29
described above. However, the labeling efficiency for the stem
cells by the EDA-carbon dots was significantly lower, as
reflected in the low cellular uptake of the carbon dots and
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weaker fluorescence emissions in the images. One possible
cause might be related to the chemical structures of EDA-
carbon dots, which are rather basic (pH ~ 13) due to a
relatively large population of amino groups on the dot surface
(Figure 1). Consequently, aqueous EDA-carbon dots sample
had to be neutralized with an acid (aqueous HCI) before the
stem cell labeling. The acid treatment protonated the amino
groups to result in a similarly large population of cationic
moieties on the dot surface, which were probably not favorable
to the desired efficient uptake by the live cells. In a follow-up
exploration on this issue, the MSCs were fixed by the treatment
with 4% formaldehyde. The labeling of the fixed MSCs by the
EDA-carbon dots was much more efficient, corresponding to
much brighter fluorescence images and with the hyper-
chromatic nucleolus brighter than the other regions (Figure
9). Here, a quantification of the fluorescence brightness was

Figure 9. Fluorescence (left) and merged (fluorescence + bright-field,
right) images of the fixed stem cells labeled with the EDA-carbon dots.

accomplished by converting the as-acquired color images into
the grayscale (NIH Image]J software), followed by mapping the
resulting images digitally to determine the spatially resolved
fluorescence intensities.

The results described above suggested that the live MSCs
could be labeled by the EDA-carbon dots, but the labeling
efficiency was relatively low, insufficient for being used in
following the cell divisions (such as in the 20 day cell division
or differentiation culture). Further investigations with the
design and synthesis of brightly fluorescent and compact
carbon dots of surface functionalities more favorable to the
uptake by live stem cells will be pursued. Also, a comparison
between stem cells and commonly studied cancer cell lines
(those used in this study and others such as Hela cells) with
respect to carbon dots of the same surface functionalities will be
investigated. It seems that stem cells are more “picky” about
surface functionalities when taking up the carbon dots, as
cancer and other cell lines often used in the literature on carbon
dots have not exhibited in general the kind of issues with a high
population of amino moieties on the dot surface affecting

cellular uptake. This presents both challenges and opportunities
in the use of carbon dots as a new class of fluorescence probes
for the labeling of stem cells, with the latter enabling potentially
the exploitation of selectivity in the uptake of the probes by
stem cells vs other cell lines.

B CONCLUSION

The carbon dots of bright fluorescence emissions can be
synthesized in a relatively facile fashion, and they can be imaged
down to the individual dot level on a substrate by using both
one- and two-photon excitations. The uptake of the carbon
dots by cancer cells is generally efficient, resulting in the
labeling of the cells with bright fluorescence from predom-
inantly the cell membrane and cytoplasm, again with both one-
and two-photon excitations. In the use of the ultracompact
EDA-carbon dots for labeling live stem cells, the cellular uptake
is relatively less efficient, though the fluorescence emissions can
still be adequately detected and they are again predominantly
from the cell membrane and cytoplasm. This combined with
the observed more efficient internalization of the same carbon
dots by the fixed stem cells may suggest selectivity of the live
stem cells toward the dot surface functionalities. More
systematic and comparative studies on the fluorescence labeling
of different cell lines by carbon dots, including more specific
design and synthesis of carbon dots that are more suitable for
the labeling of stem cells, are needed and will be pursued.
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