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ARTICLE INFO ABSTRACT

Carbon dots (CDots) for their excellent optical and other properties have been widely pursued for potential
biomedical applications, in which a more comprehensive understanding on the cellular behaviors and me-
chanisms of CDots is required. For such a purpose, two kinds of CDots with surface passivation by 3-ethox-
ypropylamine (EPA-CDots) and oligomeric polyethylenimine (PEI-CDots) were selected for evaluations on their
uptakes by human cervical carcinoma HeLa cells at three cell cycle phases (Go/G;, S and G»/M), and on their
different internalization pathways and translocations in cells. The results show that HeLa cells could internalize
both CDots by different pathways, with an overall slightly higher internalization efficiency for PEI-CDots. The
presence of serum in culture media could have major effects, significantly enhancing the cellular uptake of EPA-
CDots, yet markedly inhibiting that of PEI-CDots. The HeLa cells at different cell cycle phases have different
behaviors in taking up the CDots, which are also affected by the different dot surface moieties and serum in
culture media. Mechanistic implications of the results and the opportunities associated with an improved un-
derstanding on the cellular behaviors of CDots for potentially the manipulation and control of their cellular
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uptakes and translocations are discussed.

1. Introduction

As newly established fluorescence nanoprobes, fluorescent semi-
conductor nanocrystals, commonly referred to as quantum dots (QDs),
have been used to replace organic dyes and also in some applications
genetically encoded fluorescent tags for major advantages such as the
fluorescence brightness at the individual dot level, photostability, and
others [1-3]. For both the growing demand on high-performance
fluorescence probes and the need to address some serious shortcomings
of the established semiconductor QDs, especially with respect to their
known toxicities, much effort has been made to expand the offering of
QD-like fluorescent nanomaterials beyond those based on conventional
semiconductors. In this regard, carbon dots (CDots) have emerged to
represent a performance-wise competitive yet benign and nontoxic al-
ternative [4-6], and the broad appeal of these zero-dimensional carbon-
based nanomaterials of bright and colorful fluorescence emissions to
the research community is made evident by the large and even in-
creasing number of relevant publications in the recent literature [6,7].

* Corresponding authors.

CDots are generally defined as small carbon nanoparticles with
various surface passivation schemes [4,6,8]. Structurally more closely
adhering to the definition are the CDots prepared from pre-existing
carbon nanoparticles with deliberate particle surface chemical func-
tionalization by selected organic molecules [4,9]. These CDots have
strong fluorescence in the green spectral region [9,10], the same region
for the emission of green fluorescence proteins [9-11], and their pro-
mise in fluorescence tagging and imaging of cells was already demon-
strated in the initial finding of CDots [4]. Nevertheless, in addition to
these CDots for cell imaging and related investigations [12], there have
been many syntheses mostly based on “one-pot” carbonization of var-
ious organic precursors for CDots or the like to be used for cell imaging
and other cellular studies [12-15]. For example, Shuang et al. reported
subcellular targeting features of surface regulated CDots, with the dots
of surface amine moieties targeting lysosome and those of laurylamine
on the dot surface residing in endoplasmic reticulum in cells [14].

Generally for CDots as a new class of nanoscale fluorescence probes,
most reported investigations have been limited to their toxicity profiles
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in cells or simple demonstrations on their being able to enter cells or
serving as fluorescence tags for cells. Yet, many of the potential appli-
cations of CDots, such as those for bioimaging, drug delivery, specific
targeting, therapeutic assessments, and so on, require a more compre-
hensive and in-depth understanding of their cellular behaviors, in-
cluding details on interactions between CDots and cells, endocytosis
mechanisms, intra-cellular distributions of CDots and their evolution
over time, among others.

In the work reported here, we used human cervical carcinoma HeLa
cell line as a cell model to systematically study the cellular uptake and
translocation of CDots with two different surface passivation molecules,
3-ethoxypropylamine (EPA-CDots) versus oligomeric polyethylenimine
(PEI-CDots), both of which were prepared by the deliberate chemical
functionalization of pre-processed and selected small carbon nano-
particles. The results suggested that both kinds of CDots could be in-
ternalized by the cells and translocated to lysosomes. However, the
internalization processes were significantly different between the two
kinds of CDots due to their different surface moieties, and the processes
were also clearly influenced by the cycle phase of cells and the presence
of serum in culture media. Mechanistic implications of the findings and
the opportunities associated with an improved understanding on the
cellular behaviors of CDots for potentially the manipulation and control
of their cellular uptakes and translocations are discussed.

2. Experimental section
2.1. Measurement

UV/vis absorption spectra were recorded on a Shimadzu UV2501
spectrophotometer. Fluorescence spectra were acquired on a Jobin-
Yvon emission spectrometer equipped with a 450 W xenon source,
Gemini-180 excitation and Triax-550 emission monochromators, and a
photon counting detector (Hamamatsu R928P PMT at 950 V). Fourier-
transform infrared (FT-IR) spectra were acquired on a Perkin Elmer
Spectrum Two spectrometer. High-resolution transmission electron
microscopy (HRTEM) imaging was performed on a JEM-2100F in-
strument (JEOL, Japan).

2.2. Carbon dots

Small carbon nanoparticles were harvested from the commercially
acquired carbon nano-powders (US Research Nanomaterials, Inc.) in
procedures similar to those reported previously [10,16]. EPA-CDots and
PEI-CDots were prepared by functionalizing the small carbon nano-
particles with EPA and oligomeric PEI (molecular weight “1200) in the
same procedures and under the same conditions as ref. 10 and ref. 16,
respectively.

Solutions of the CDots with concentrations of 20 ug/mL and 2 ug/
mL were used for recording the UV/vis absorption spectra and fluor-
escence spectra, respectively.

2.3. Cell line and cell culture

HeLa cells (human cervical carcinoma cells) were purchased from
the Cell Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). The cells were cultured in high-glucose
DMEM (4.5g/L glucose) supplemented with 1% penicillin/strepto-
mycin and with/without 10% FBS (fetal bovine serum, Sigma-Aldrich).
The cells were cultured in a humidified atmosphere with 5% CO, and
95% air at 37 °C.

2.4. Cell viability assay
WST-8 cell counting kit (CCK-8; Dojindo Molecular Technologies

Inc., Kumamoto, Japan) was used to evaluate the viability of cells
treated with CDots. HeLa cells (5,000/well for the 24 h exposure and
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8,000/well for the 2h exposure) were seeded into 96-well plates and
cultured overnight. Then, the cells were exposed to fresh culture media
containing CDots. The final concentrations of EPA-CDots were 2.5, 5,
10, 20 and 40 pg/mL, and those of PEI-CDots were 5, 10 and 20 pg/mL.
The cells cultured in the media without CDots were used as the control.
After 2h or 24 h, the culture media were abandoned, and the absor-
bance of the cells treated with or without CDots was measured at
450 nm. The agreement in observed absorbance values suggested that
the internalized CDots did not interfere with the CCK-8 assay. Then,
CCK-8 solution (100 pL, containing 10% WST-8) was added. After in-
cubation for about 0.5h, the optical density (OD) of each well at
450 nm was recorded on a microplate reader (Thermo, Varioskan Flash,
Waltham, MA, USA). The cell viability (% of control) is expressed as the
percentage of (ODtest'ODblank)/(ODcontml'ODblank): where ODtest is OD
of cells exposed to CDots, ODontro1 is OD of the control, and ODyyapy is
OD of the well without cells.

2.5. Cell synchronization

HeLa cells were synchronized to Go/G; phase, S phase or Go/M
phase by thymidine (TdR) double blocking method. The cell cycle
synchronization rates were analyzed by flow cytometry. The details are
provided in Supporting Information.

2.6. Cellular uptake

HelLa cells (1 x 10° cells per well) were seeded in 6-well plates and
incubated overnight. Then, the cells were synchronized to G,/G; phase,
S phase or G,/M phase. After that, 1 mL of fresh media containing
40 ug/mL EPA-CDots or 10 pg/mL PEI-CDots was introduced to the
normal cells, or the cells at different phases. The cells cultured in the
media without nanoparticles were set as the control. After 2 h incuba-
tion, the cells were washed twice with ice-cold D-Hanks, trypsinized,
suspended in media, and then analyzed by flow cytometry. The green
fluorescence produced by excitation at 488 nm was recorded.

2.7. Cellular uptake mechanism

After synchronized to Gy/G; phase, S phase or G5/M phase, the cells
were incubated at 4 °C or 37 °C (control) for 30 min before incubating
with CDots at the same temperature for 2 h. Then, the media were re-
moved and the cells were detected by flow cytometry. The green
fluorescence spectra under 488 nm excitation were recorded.

For endocytosis inhibition experiments, HeLa cells were pretreated
with media containing an inhibitor involving 7 ug/mL CPZ, 5ug/mL
nocodazole, or 2.5ug/mL Filipin III before exposure to CDots. After
30 min, the media were removed and a fresh media containing the same
inhibitor plus 40 pg/mL EPA-CDots or 10 pg/mL PEI-CDots were added
to the cells. After 2 h incubation, the media were removed and the cells
were detected by flow cytometry.

2.8. Cellular localization of CDots

Hela cells (2 X 10* cells per well) were seeded in the Lab-tek™
chamber cover glass (4 holes) and incubated overnight. After the cells
were synchronized to Go/Gi, S and Go/M phases, fresh media (10%
FBS) containing 40 pg/mL of EPA-CDots or 10 pg/mL of PEI-CDots were
introduced to the cells. After incubation for 2h, the media were dis-
carded and D-Hanks buffer containing 100 nM of LysoTracker-Red
DND-99 (excitation at 540 nm and emission at 590 nm) or 100 nM of
MitoTracker-Red CMXRos (excitation at 540nm and emission at
590 nm) was introduced to the wells. After 30 min, the supernatants
were discarded, and the cells were washed with cold D-Hanks buffer.
Finally, 100 pL of media was added, and the cells were investigated and
imaged under a confocal laser scanning microscope (Olympus FM 1000,
Japan).
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For the investigation on the location of CDots in normal HeLa cells,
the cells (6 x 10* cells per well) were seeded in the Lab-tek™ chamber
cover glass (4 holes). After incubated overnight, 0.5 mL of fresh media
containing 40 pg/mL of EPA-CDots or 10pug/mL of PEI-CDots was
added to the cells and cultured for 2h or 6 h, respectively. Then, ly-
sosomes and mitochondria of cells were labeled, and the cells were
imaged under a confocal laser scanning microscope by following the
same procedures described above.

2.9. Statistical analysis

The data are expressed as mean + standard deviation (SD) and all
means were calculated from at least three independent experiments.
Statistical analysis was performed using the Student t-test. The statis-
tical difference was considered significant when p value < 0.05.

3. Results and discussion
3.1. Carbon dots

Two kinds of CDots samples including EPA-CDots (EPA = 3-ethox-
ypropylamine) and PEI-CDots (PEI = oligomeric polyethylenimine of
an average molecular weight "1200) were selected for cellular experi-
ments in this study. These samples were prepared and characterized by
following the previously reported procedures and techniques [10,16].
The characterization results including those from optical spectroscopy,
atomic force microscopy (AFM), transmission electron microscopy
(TEM), nuclear magnetic resonance (NMR), and FT-IR (Fig. S1 in Sup-
porting Information) indicated the dots we obtained consisted of small
carbon nanoparticle core functionalized by EPA or PEI molecules
[10,16]. The two kinds of CDots are both readily soluble in water to
form colored homogeneous solutions. The optical absorption and
fluorescence spectra of the EPA-CDots and PEI-CDots in aqueous solu-
tions are shown in Fig. 1, and the corresponding fluorescence quantum
yields were estimated to be 19% and 10%, respectively. According to
results from high resolution TEM analyses (Fig. 2), the EPA-CDots and
PEI-CDots are on average 5.2 nm and 6.1 nm in diameter, respectively.

3.2. Cellular uptake of the CDots

CDots are generally benign to cells [5,12], without any severe cy-
totoxicity found for CDots that are similar to those used in this study
[17]. Nevertheless, before the cellular uptake study, effects of the CDots
samples on the cell viabilities of HeLa cells were evaluated at different
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Fig. 1. Absorption (ABS) and fluorescence (FLSC, 440 nm excitation) spectra of
EPA-CDots (dashed lines) and PEI-CDots (solid lines) in aqueous solution.
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dot concentrations to confirm the nontoxic nature of these CDots. The
standard cell viability assay (CCK-8) probing the mitochondrial activity
of cells was applied to HeLa cells treated with the CDots. As shown in
Fig. 3, the EPA-CDots exhibited no toxicity to the cells across the entire
dot concentration range. The cell viability was still above 90% even
with the cells exposed to EPA-CDots at the highest concentration of
40 pg/mL for 24 h (Fig. 3A). However, PEI-CDots were more toxic to the
cells at higher dot concentrations and more so with a longer exposure
time (Fig. 3B). Thus, the concentration of the PEI-CDots at 10 ug/mL
was used in all cellular uptake experiments.

Next, flow cytometry was adopted to quantify the cellular uptake of
the CDots. HeLa cells were incubated with the CDots for 2h in culture
media with/without serum, and the mean fluorescence intensities (MFI)
of a large number of the treated cells were analyzed by flow cytometry.
The MFI of cells was used to reflect the uptake of the CDots by HeLa
cells (Fig. 4). The higher the value of MFI of cells was, the more CDots
were internalized by the cells [18,19].

As reported in the literature [20,21], the presence of serum in media
would usually decrease the cellular uptake of nanomaterials. Recently,
several reports have also been indicated that the cell cycle may be a
factor influencing the cellular uptake [22-25]. In this study, we in-
vestigated the effects of both the serum in media and the cell cycle on
the uptake of the CDots by HeLa cells. In general, cells proliferate via
mitosis and thus go through a complete cell cycle from the end of a
division to the end of the next division along phases of Go/G to S to G5/
M repeatedly. With use of the thymidine (TdR) double blocking
method, HeLa cells could be selectively synchronized to the Go/G;
phase, S phase, or Go/M phase. In our experiments we achieved a
synchronization rate of 88.97% for Go/G;, 84.39% for S, and 61.57%
for Go/M (Fig. S2 and Table S1). These results are comparable with
those reported in the literature [24]. Since cells grow continuously,
namely the cell cycle continues, the synchronized cells may grow in
different speeds and then gradually enter different phases, which would
allow an estimate on how long the synchronized cells remain at the
targeted phase. Our results suggested that the synchronized cells could
stay at their own phase for more than 2 h (Fig. S3). More details on the
cell synchronization are provided in Supporting Information. As shown
in Fig. 4, the results on the cellular uptake of the CDots by normal HeLa
cells and the cells at the different phases were summarized. Apparently,
both kinds of CDots could be internalized by HeLa cells, with or without
the presence of serum in media. More quantitatively, however, it is
interesting that serum enhances the cellular uptake of EPA-CDots
(Fig. 4A), yet hinders that of PEI-CDots (Fig. 4B), regardless of any cell
synchronization.

For the cells at different phases, their abilities of internalizing the
CDots were different, and the degree of the difference was somewhat
dependent on the presence of serum. With or without the serum, the
uptakes of EPA-CDots by the phase Gp,/M and phase S cells were
comparable (Fig. 4A), and they were both higher than that by the phase
Go/G; cells (Fig. 4A), but the difference was smaller in the absence of
serum, suggesting that the serum could affect the uptakes by the cells at
different phases. The results on the uptakes of PEI-CDots were similar in
the presence of serum (Fig. 4B). However, in serum-free media, cells at
the S phase had the highest uptakes of PEI-CDots, followed by cells at
the Go/G; phase, and the least by cells at the G,/M phase. As reported
in the literature [20,21,23], the uptake of nanoparticles by cells in
different phases generally follows the trend of Go/M > S > Go/Gj.
Apparently, such a trend is applicable to the uptake of EPA-CDots. For
PEI-CDots, however, the same trend can be found only in the presence
of serum, obviously not in serum-free media (Fig. 4).

The different behaviors of EPA-CDots and PEI-CDots in the cellular
uptake in serum-free media (Fig. 4) are likely due primarily to the
different characteristics of the dot surface moieties between the two
CDots. PEI is generally considered as being cationic for the fact that
amine groups in the molecule are protonated at physiological pH (D-
Hanks buffer in this study), as oligomeric or polymeric PEI is commonly
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Fig. 2. Representative TEM images and size distributions of EPA-CDots (A) and PEI-CDots (B).
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Fig. 3. Viabilities of HeLa cells after exposure to EPA-CDots (A) and PEI-CDots (B) for 2h or 24h. *p < 0.05 compared with the control (0 pg/mL) (n=6).

used in gene transfection for improved efficiency [13,26]. There have
also been reports on the ability of PEI in cell adhesion and their ap-
plications for enhanced membrane permeability to facilitate easier cell
entry [27]. In media containing serum, the cellular uptake of PEI-CDots
was overall lower, probably due to the adsorption of proteins resulting
in the formation of a protein corona on the dot surface, which would
impede the entry of PEI-CDots into cells. However, such a rationale may
not be consistent with the observation that EPA-CDots cultured in
media with serum exhibited higher cellular uptake than that in serum-
free media. More investigations are necessary for an improved me-
chanistic understanding of these very interesting results.

For cells at the different phases in media with serum, the lowest
uptake of both CDots was found at the Go/G; phase or G,/M phase, and
the highest at the S phase (Fig. 4). The lowest uptake at the Go/G; phase
is consistent with the previously reported studies [22,23,28]. On the
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latter, Kim, et al. reported that in the internalization of carboxyl
polystyrene nanoparticles by A549 cells, the highest uptake was at the
Gy/M phase [23]. However, in their study, cellular uptake efficiencies
were determined after the nanoparticles were interacted with the syn-
chronized cells for 24 h. Since synchronized cells could only maintain
for a short period of time (2-4h see also Fig. S3 in Supporting In-
formation) [29,30], the 24 h time period used in their study was likely
much too long to reflect accurately the behavior of the synchronized
cells.

For both CDots with or without the serum in media, the amount of
internalization by normal HeLa cells was always less than that by the
cells at the different phases. A possible explanation is that the syn-
chronized cells were treated with thymidine, which might cause some
cell damages.

As a new class of QDs-like nanomaterials, CDots are being
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Fig. 4. Flow cytometry results based on the mean fluorescence intensity (MFI) for the uptake of EPA-CDots (A) and PEI-CDots (B) by normal HeLa cells (Cont) and the
cells at the indicated different phases. HeLa cells were cultured in culture media with and without serum. Blank presents normal cells without CDots treatments.

considered and developed as versatile platforms for various biomedical
applications involving cellular uptakes, such as improved targeting and
accumulation of drugs in cells. It is generally understood that the cel-
lular uptake of nanoscale particles or dots varies with their properties
such as the size, surface group and surface charge, and also cell para-
meters such as cell culture conditions and cell line/state [31-33]. The
cell-cycle sensitivity may play a major role in determining the cellular
uptake of drugs and other biological agents, and consequently dictating
many biological effects [34-36]. Therefore, the results on the behaviors
of cells in different cycles with respect to their uptake of CDots are
valuable to the investigation of dot-cell interactions and to the ongoing
effort on developing CDots-based drug delivery systems [34-37].

3.3. Cellular internalization pathways

For an understanding on the cellular uptake of CDots under different
conditions, mechanistic issues associated with the uptake of EPA-CDots
and PEI-CDots by HeLa cells were explored. Three kinds of endocytosis
inhibitors including chlorpromazine hydrochloride (CPZ), nocodazole,
and Filipin III were selected for probing contributions of clathrin-
mediated endocytosis, macropinocytosis, and caveolin-mediated en-
docytosis to the cellular uptake of CDots, respectively.

The initial investigation was to determine if the uptake of EPA-
CDots by cells was an energy dependent process, and the results were
affirmative. As shown in Fig. 5, the cellular uptake of EPA-CDots de-
creased by about 85% at 4 °C in media with/without serum, suggesting
an energy-dependent process for the uptake.

Next, the cells were pre-incubated for 30 min with known endocytosis
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inhibitors, including clathrin-mediated endocytosis (CPZ), caveolae-
mediated endocytosis (Filipin III), or macropinocytosis (nocodazole), and
then exposed to the CDots for 2h, and the results are also compared in
Fig. 5. In media containing serum, the primary uptake pathway of EPA-
CDots was apparently clathrin-mediated endocytosis (Fig. 5A). The ca-
veolae-mediated endocytosis contributed to the cellular uptake as well,
especially in cells at the S phase, with an inhibition rate of around 50%.
Moreover, there was also macropinocytosis in the cellular uptake by cells
at the G;/Gy phase, with an inhibition rate of around 13%. In serum-free
media on the other hand, clathrin-mediated endocytosis was the most
important pathway for cellular uptake of EPA-CDots (Fig. 5B), and unlike
in media containing serum caveolae-mediated endocytosis and macro-
pinocytosis only had minor contributions to the cellular uptake.

In similar experiments, the cellular uptake of PEI-CDots was found
to be only partially energy dependent. As shown in Fig. 6, the uptake at
4 °C was not completely inhibited, suggesting that the HeLa cells took
up PEI-CDots in a combination of energy-dependent and non-energy
dependent processes. This was different from the uptake of EPA-CDots,
for which the non-energy dependent process was less significant,
especially in serum-free media.

In serum-containing media, the internalization of PEI-CDots was
apparently not affected by nocodazole (Fig. 6), an inhibitor of macro-
pinocytosis. Caveolae-mediated endocytosis and macropinocytosis were
responsible for some of the cellular uptake of PEI-CDots. For example,
the reduction in cellular uptake was only about 10% in cells at the Go/
G; phase after the cells were pretreated with CPZ, an inhibitor of cla-
thrin-mediated endocytosis, suggesting that there must be other inter-
nalization pathways for the uptake of PEI-CDots by the cells. In serum-

Fig. 5. Mechanisms likely involved in the in-
ternalization of EPA-CDots by HeLa cells. (A)
p For cells cultured in media with serum. (B) For
cells cultured in serum-free media. In abscissa,
4 °C: energy inhibition of cells; CPZ: inhibitor
of clathrin-mediated endocytosis; Nocodazole:
inhibitor of macropinocytosis; Filipin III: in-
hibitor of caveolae-mediated endocytosis.
*p < 0.05 compared with the control (n=3).
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Fig. 7. Confocal fluorescence images of intracellular distribution of EPA-CDots (green color) after incubated with HeLa cells for 2h and 6 h. (A) Lysosomes were
labelled (red color). (B) Mitochondria were labelled (red color). The scales represent 10 pm.
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Fig. 8. Confocal fluorescence images of intracellular distribution of PEI-CDots (green color) after incubated with HeLa cells for 2h and 6 h. (A) Lysosomes were
labelled (red color). (B) Mitochondria were labelled (red color). The scales represent 10 pm.

free media, on the other hand, it was found that the uptake of PEI-CDots
by the cells at S phase was contributed by all three endocytosis path-
ways (Fig. 6B). The uptakes by the cells at S phase decreased by about
23% and 34% after the cells were treated with CPZ and Filipin III, re-
spectively. The uptake by the cells at Go/G; phase was due primarily to
clathrin-mediated endocytosis, with minor contribution by caveolae-
mediated endocytosis. Only caveolae-mediated endocytosis contributed
very little to normal cells and cells at G,/M phase. Obviously, the cell
cycle had a complex effect on the internalization of PEI-CDots by the
cells.

Cells are typically capable of several forms of endocytosis. The
primary mechanism of endocytosis may vary, leading to changes in
uptake pathways [38]. For example, endocytosis is suppressed during
mitosis, because of the higher tension in cell membrane [39].

3.4. Intracellular localization of CDots

Upon entering cells, nanomaterials are in general transported to
different intracellular organelles, where lysosome and mitochondria are
the two main locations for the nanomaterials [40,41]. Experimentally,
LysoTracker-Red DND-99 and MitoTracker-Red CMXRos were used to
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label lysosomes and mitochondria, respectively, in HeLa cells for an
investigation on the intra-cellular distribution and localization of the
CDots.

Fig. 7 shows distributions of EPA-CDots in normal cells after 2 h or
6h culture. At 2h, it is clearly that the fluorescence images of EPA-
CDots and lysosomes overlapped nicely (Fig. 7A). After 6 h, except for
well overlapped fluorescence images of EPA-CDots and lysosomes,
there were more EPA-CDots in the cells, consistent with the increased
uptake of CDots at a longer culture time. Interestingly, however, the
results shown in Fig. 7B suggested that some EPA-CDots were co-loca-
lized with mitochondria after incubation for 2h, but apparently not
after 6 h. A logical explanation might be that EPA-CDots could have
entered both lysosome and mitochondria in the beginning, and then
moved out of mitochondria [42-44]. Similarly for PEI-CDots, fluores-
cence images of CDots and lysosomes overlapped very well after in-
cubation for 2h and 6 h (Fig. 8A), but not many CDots in mitochondria
(Fig. 8B). The positive charge of PEI-CDots maybe the reason for their
lysosome delivery [15,45]. Thus, for PEI-CDots in the cells, their des-
tination was in lysosomes, while lysosome was only one of the desti-
nations for EPA-CDots.
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(A) EPA-CDots Lyso Tracker Merge

G0/G1
S
G2/M

PEI-CDots

Fig. 9. Confocal fluorescence images of intracellular distribution of EPA-CDots (A) and PEI-CDots (B) after incubated with HeLa cells synchronized at different phases
for 2 h. The scales represent 10 um.
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For the cells synchronized at different phases, their fluorescence
imaging results post-incubation with EPA-CDots for 2h are shown in
Fig. 9. The fluorescence images of EPA-CDots and lysosomes overlapped
much better in cells at S and G,/M phases than those at Go/G; phase
(Fig. 9A), suggesting that more EPA-CDots entered lysosomes of cells at
S and G»/M phases after 2h incubation. In addition, the fluorescence
imaging results confirmed higher uptakes of EPA-CDots by cells at S and
G,/M phases that at Go/G; phase, which is consistent with the flow
cytometry results (Fig. 4). Similar to PEI-CDots (Fig. 9B), fluorescence
images of PEI-CDots and lysosomes also overlapped much better in cells
at S and Go/M phases than those at Go/G; phase, along with the higher
uptakes of PEI-CDots by cells at S phase (Fig. 9B). Thus, it may be
concluded that upon the cellular uptake both kinds of CDots entered the
lysosomes, regardless of the cell cycle phase.

The results present above show consistent yet complicated de-
pendencies of cellular uptakes of the CDots on not only the dot surface
functional groups but also the composition of cell culture medium and
more interestingly the cell phase. As reflected by the reports in the
literature, the investigations on the development and potential bio-
application of CDots have shifted from the simple dot syntheses to the
design and preparation of more complex dot structures with multiple
moieties for targeting, imaging and therapeutic functions [46]. For
example, anticancer drug doxorubicin, 5-fluorouracil, oxaliplatin (Oxa)
and cisplatin (IV) prodrug were conjugated with CDots for theranostic
uses, and CDots grafted with protophyrin (IX) sensitizer were explored
for bioimaging and photodynamic therapy [47-51]. These and other
potential applications require a clear understanding of interactions
between CDots and cells, including cellular uptake processes, transport
and location in cells, etc., which are still in the relatively early stage of
exploration. As related in a more specific example, it was reported that
the uptake of nanoparticles by tumor cells and the subsequent locali-
zation could be achieved by arresting the cells in G,/M phase using
docetaxel in vivo [52]. This suggests opportunities to adjust cells at
certain phase to achieve significantly enhanced uptake of CDots, and
thus to improve the efficiency in drug delivery and the sensitivity in cell
imaging.

4. Conclusions

Cellular uptakes of CDots with two different surface functional
groups, EPA-CDots and PEI-CDots, were evaluated using HeLa cells in
various cell cycle phases under different cell culture conditions. The
internalization pathways of the CDots and their translocations in cells
were also investigated. The results indicate that the two CDots have
different cell uptake efficiencies, cell internalization pathways and
translocations in cells. More specifically, HeLa cells could internalize
both CDots by different pathways, with an overall slightly higher in-
ternalization efficiency for PEI-CDots. The presence of serum in culture
media could have major effects on significantly enhancing the cellular
uptake of EPA-CDots, yet markedly inhibiting that of PEI-CDots. The
HeLa cells at different cell cycle phases have different behaviors in
taking up the CDots, which are also affected by the different dot surface
moieties and serum in culture media. Since CDots are being developed
for various biomedical applications that are dependent on or dictated
by their cellular properties, such as bioimaging, drug delivery and
photomediated therapy, the investigation on the cellular behaviors and
cellular uptake/translocation mechanisms of CDots will prove valuable
information in the design, preparation, manipulation, and uses of CDots
for their targeted bio-applications.
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