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a b s t r a c t

Nanodiamond (ND) is carbon nanomaterial developing for biological applications in recent years. In this
study, we investigated the location and distribution of 100 nm carboxylated ND particles in cell division
and differentiation. ND particles were taken into cells by macropinocytosis and clathrin-mediated
endocytosis pathways. However, the cell growth ability was not altered by endocytic ND particles after
long-term cell culture for 10 days in both A549 lung cancer cells and 3T3-L1 embryonic fibroblasts. ND
particles were equal separating into two daughter cells of cell division approximately. Finally, the cell
retained a single ND’s cluster in cytoplasm after sub-cultured for several generations. Interestingly, ND’s
clusters were carried inside of cell but without inducing damages after long-term cell culture. Moreover,
ND particles did not interfere with the gene or protein expressions on the regulation of cell cycle
progression and adipogenic differentiation. Together, these findings provide that endocytic ND particles
are non-cytotoxic in cell division and differentiation, which can be applied for the labeling and tracking
of cancer and stem cells.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Nanoparticles have been intensively evaluated for biomedical
applications. Manipulation of nanoparticles is applied for both
diagnostic and therapeutic applications [1–4]. Nanodiamond (ND)
is a promising carbon nanomaterial developing for bio-applications
in recent years. ND particles can emit bright fluorescence without
photobleaching [5,6]. In addition to fluorescence property, the
property of ND spins can be applied for nanoscale imaging as
a scanning probe magnetometer [7,8]. Furthermore, the modified
ND’s surfaces provide platforms to conjugate with bio-molecules
[9–11]. However, the location and distribution of ND particles in cell
division and differentiation for the tracking of cancer and stem cells
remain unknown.

The size, shape, and surface modifications may influence
nanoparticles uptake into cells [12]. Cells utilize various endocytic
mechanisms, including phagocytosis, macropinocytosis, clathrin-
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dependent endocytosis, caveolae-dependent uptake, and non-
clathrin/noncaveolae endocytosis [13]. Phagocytosis is restricted by
specialized cells such as macrophages and monocytes, which
execute to clear large pathogens (e.g. bacteria). The assembly of
actin filament (F-actin) mediates the formation of cell-surface
ruffling and extension for filopodia formation is required for
phagocytosis [13,14]. Like phagocytosis, F-actin assembly and filo-
podia formation need for macropinocytosis [13]. Furthermore, all
mammalian cells use clathrin-dependent endocytosis to obtain
essential nutrients, such as cholesterol and iron [15]. The clathrin-
cage assembly is required for clathrin-dependent endocytosis [13].
The structural organization of caveolae is mediated by caveolin,
a dimeric protein that binds cholesterol [16,17]. In addition to the
above endocytosis mechanisms, the clathrin- and caveolae-inde-
pendent pathways are discovered when cells can take into foreign
molecules by disruption of clathrin or caveolin [13].

In this study, we investigated possible endocytic mechanisms of
100 nm ND particles in cancer and stem cells. ND particles can be
taken into cells by both macropinocytosis and clathrin-mediated
endocytosis. Moreover, endocytic ND’s clusters are carried in
cytoplasm and do not interfere with the normal cellular functions
including cell division and differentiation.
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2. Materials and methods

2.1. Preparation of carboxylated ND

The carboxylated ND particles were prepared as described recently [11]. The
nominal 100 nm ND powder was from Diamond Innovations (Worthington, OH).
Briefly, 0.2 g powders of ND particles were added into 15 mL acid mixture of
H2SO4:HNO3 (3:1) in ultrasonic bath for 24 h, then in 0.1 M NaOH aqueous solution
at 90 �C for 2 h, finally in 0.1 M HCl aqueous solution at 90 �C for 2 h. Thereafter, the
treated ND particles were washed with distilled water and at high speed centri-
fugation for several times to collect the sediment and dry. After drying, these
particles were dissolved in distilled water. ND particles were ultrasonic for 20 min
at room temperature before use. Importantly, the samples need to be freshly
prepared.

2.2. Cell culture

A549 lung epithelial cell line was derived from the lung adenocarcinoma of a 58-
year-old Caucasian male. RKO and HCT116 were colon carcinoma cell lines. BFTC905
cells were derived from bladder carcinoma. MCF-7 was a breast cancer cell line. 3T3-
L1 was a fibroblast cell line derived from mouse. A549, BFTC905, MCF-7 cells were
maintained in RPMI-1640 medium (Invitrogen Co., Carlsbad, CA). RKO and 3T3-L1
cells were cultured in DMEM medium (Invitrogen). HCT116 cells were maintained in
McCoy’s 5A medium. The complete media were supplemented with 10% FBS. These
cells were cultured at 37 �C and 5% CO2 in a humidified incubator (310/Thermo,
Forma Scientific, Inc., Marietta, OH).

2.3. Bio-atomic force microscopy (Bio-AFM)

To measure ND interacting and binding with cell membrane, A549 cells were
cultured on coverslips and then treated with ND particles. The cells were analyzed
by a bio-atomic force microscope (NanoWizard, JPK Instruments, Berlin). Bio-AFM
was mounted on an inverted microscope, TE-2000-U (Nikon, Japan). Silicon nitride
non-sharpened cantilevers used had a nominal force constant of 0.06 N/m (DNP-20,
Veeco). Imaging was performed using contact mode. Line scan rates varied from 0.5
to 2 Hz.

2.4. Transmission electron microscopy (TEM)

After treatment of ND particles, the cells were harvested and washed with
phosphate buffer (pH 7.4) and then fixed with 2.5% glutaraldehyde for 1 h at 4 �C.
Fig. 1. Interaction of ND particles and cell membrane observed by bio-atomic force microsco
were treated with or without 100 nm ND particles (100 mg/mL for 4 h) and were observe
membrane surrounding. The upper pictures were from an ND-untreated A549 cell. The arrow
particles (the stars, lower pictures) were taken into the ruffling and invagination of cell me
The cells were washed with 5% sucrose (in PBS) for 15 min twice at 4 �C. Then the
cells were fixed by 1% osmium tetroxide at room temperature for 1 h, and washed
with 5% sucrose in PBS for 15 min twice at 4 �C. Thereafter, the cells were washed
by ddH2O for 15 min four times, and then stained with 2% uranyl acetate for 1 h at
room temperature. Cells were dehydrated in graded series of ethanol (final in
100% ethanol) for 10 min. The sample was incubated with 100% ethanol for
15 min twice and replaced with incubation at acetone for 15 min. Finally, the
sample was embedded in Spurr’s resin (Electron microscopy science). Ultra-thin
cross sections (Leica EMUC6) (w80 nm) of cells were observed under a TEM
(HITACHI H-7500).
2.5. Confocal microscopy

The cells were cultured on coverslips, which were kept in a 35-mm Petri dish
for 16–20 h before treatment. After treatment with or without NDs, the cells were
washed with isotonic PBS (pH 7.4), and then were fixed with 4% paraformaldehyde
solution in PBS for 1 h at 37 �C. The coverslips were washed three times with PBS,
and non-specific binding sites were blocked in PBS containing 10% FBS, 0.3% Triton
X-100 for 1 h. The cells were incubated with mouse anti-clathrin (1:100) (Milli-
pore) antibody in PBS containing 10% FBS for overnight at 4 �C. Thereafter, the
cells were washed three times with 0.3% Triton X-100 in PBS. Subsequently, the
cells were incubated with goat anti-mouse Cy3 (1:50) in PBS containing 10% FBS
for 2.5 h at 37 �C. Cytoskeleton of b-tubulin proteins was stained with anti-b-
tubulin Cy3 (1:50) for 30 min at 37 �C. The nuclei or chromosomes were stained
with Hoechst 33258. After staining, the samples were examined under a Leica
confocal laser scanning microscope (Mannheim, Germany) that equipped with
a UV laser (351/364 nm), an Ar laser (457/488/514 nm), and an HeNe laser
(543 nm/633 nm).
2.6. Cell cycle analysis

To examine the effect of ND on the cell cycle progression, the cells were plated at
a density of 1�106 cells per p60 dish in complete medium for 16–20 h. The cells
were treated with or without 100 mg/mL ND particles for 48 h, and then re-cultured
in fresh medium for cell cycle analysis by every 2 days until total 10 days. At the end
of incubation, the cells were collected and fixed with ice-cold 70% ethanol overnight
at �20 �C. Thereafter, the cell pellets were incubated with 4 mg/mL PI solution
containing 1% Triton X-100 and 100 mg/mL RNase for 30 min. To avoid cell aggre-
gation, the cell solutions were filtered through nylon membrane (BD Biosciences,
San Jose, CA). A minimum of ten thousand cells in each samples were analyzed by
pe (Bio-AFM). A549 cells were cultured on the coverslips in 35-mm Petri dish. The cells
d by Bio-AFM. The deflection images of Bio-AFM show the contour of an A549 cell
s indicated filopodia formed from cell membrane extension (lower pictures). The ND’s
mbrane.



Fig. 2. Location and distribution of ND particles observed by transmission electron microscope (TEM). A549 cells were treated with 100 nm ND particles (100 mg/mL for 4 h). At the
end of treatment, the cells were fixed 2.5% glutaraldehyde and analyzed by TEM. (A) ND particles were ingested into an A549 cell or surrounding in the cell membrane (dark black
spots). (B) The morphology of macropinocytosis by a filopodium (the arrow) of cell membrane extension was formed for ND’s entrance. The stars indicated cell membrane ruffling
and invagination were formed for ND’s uptake. N indicated the location of cell nucleus. M indicated the location of mitochondria. (C) An endocytic vesicle of ND particles was formed
inside of cell (the arrow). (D) The amplify picture showed several ND particles accumulated to a single ND’s cluster.
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a CellQuest software in flow cytometer (BD Biosciences). The percentage of each cell
cycle phase was quantified by a ModFit LT software (Ver. 2.0, BD Biosciences).

2.7. Cell growth assay

A549 or 3T3-L1 cells were plated at a density of 1�106 cells per p100 Petri dish
in complete medium for 16–20 h. Then the cells were treated with or without
100 mg/mL NDs for 48 h. After treatment with ND particles, the cells were re-
cultured in fresh medium for counting total cell number by every 2 days until total
10 days.

2.8. Western blot analysis

At the end of treatment, the cells were lysed in the ice-cold whole cell extract
buffer containing the protease inhibitors. Total protein extracts were prepared for
Western blot analysis using specific CDC2 (Calbiochem, San Diego, CA), cyclin B1
(Calbiochem), phospho-CDC2 (threonine-161) (Cell Signaling Technology, Inc.,
Beverly, MA), cyclin D1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and actin
(Millipore) antibodies. Briefly, equal amounts of proteins in samples were subjected
to electrophoresis using 10% sodium dodecyl sulfate-polyacrylamide gels. After
electrophoretic transfer of proteins onto polyvinylidene fluoride membranes, they
were sequentially hybridized with primary antibody and followed with a horse-
radish peroxidase-conjugated second antibody (Santa Cruz Biotechnology). Finally,
the protein bands were visualized followed by detection with a chemiluminescence
kit (PerkinElmer Life and Analytical Sciences, Boston, MA).
2.9. Adipogenic differentiation

To induce adipogenic differentiation, 3T3-L1 cells were plated at a density of
1�106 cells per 100-mm Petri dish in DMEM medium with 10% calf serum. After cell
growing confluent, the cells were treated with differentiated medium, which sup-
plemented with 0.5 mM isobutyl-1-methylxanthine (Sigma Chemical Co., St. Louis,
MO), 1 mM dexamethasone (Sigma), 10 ng/mL insulin (Sigma), 50 mM indomethacin
(Sigma), 1 mM roseglitazone (GlaxoSmithKline) and 10% FBS. Adipogenic differenti-
ation was determined by the accumulation of neutral lipid vacuoles in cells. The
differentiated fat cells were fixed with 4% paraformaldehyde for 1 h and then stained
with oil-red O (Sigma–Aldrich) for 30 min.



Fig. 3. Protein expression and vesicle formation of clathrin in ND-treated cells. A549 cells were incubated with or without 100 mg/mL ND particles for 4 h. At the end of treatment,
the cells were subjected to nuclear and clathrin staining analyzed by a laser scanning confocal microscope. The cells were incubated with mouse anti-clathrin antibody and then
incubated with goat anti-mouse Cy3. The red color indicated the location of clathrin proteins. The nuclei were stained with Hoechst 33258 that presented with blue color. Clathrin
vesicles (the arrows) were formed around the membranes of A549 cells.
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2.10. Reverse transcription-polymerase chain reaction (RT-PCR)

Cells were plated at a density of 1–2�106 cells per 60-mm Petri dish in culture
medium. Total cellular RNA was purified by TRIzol (Invitrogen) according to the
manufacturer’s protocol. RNA concentrations were determined by spectrophoto-
metry. cDNAs were synthesized by Moloney murine leukemia virus (M-MLV) reverse
transcriptase with oligo (dT)15 primer (Promega, Madison, WI). Each reverse
Days after ND (100 µg/mL, 48 h) treatment

0 2 4 6 8 10

C
e
l
l
 
n

u
m

b
e
r
 
(
X

 
1
0

6
)

0

50

100

150

200

250 untreated
ND

A549 cells (n=3)A

Fig. 4. The long-term effect of ND on the long-term cell growth ability in A549 and 3T3-L1
(100 mg/mL for 48 h), and the cells were re-cultured in fresh medium for counting the total
experiments and the bar represents the mean� S.E.
transcript was amplified with actin as an internal control. The following primer pairs
were used for amplification: adiponectin: 50-ATGCTACTGTTGCAAGCTCT-30 and 50-
CACCCTTAGGACCAAGAAG-30; PPARg: 50-ATGGGTGAAACTCTGGGAGA-30 and
50-CAACTGTGGTAAAGGGCTTG-30; actin: 50-TGTATTCCCCTCCATCGTGG-30 and 50-
CTCTTTGATGTCACGCACGATTTC-30 . RT-PCR was performed by a DNA thermal cycler,
5331/Mastercycler gradient (Eppendorf, Hamburg, Germany). The initial denatur-
ation was performed at 94 �C for 2 min, followed by 30 cycles at 94 �C for 15 s, 55 �C
Days after ND (100 µg/mL, 48 h) treatment
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cells. (A) A549, and (B) 3T3-L1 cells were treated with or without 100 nm ND particles
cell number by every 2 days until total 10 days. Results were obtained from 3 separate
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for 15 s, and 72 �C for 30 s; and 72 �C for 2 min. The PCR products were visualized on
2% agarose gels with ethidium bromide staining under UV transillumination, and
photograph was taken by a camera (Ezcatcher, Medclub Scientific Co., Taipei, Taiwan).

3. Results

3.1. ND particles are taken into the cells by macropinocytosis
and clathrin-mediated endocytosis

A549 is a human lung cancer epithelial cell. The endocytic
process of ND particles in A549 cells was observed by bio-atomic
force microscope. A549 cells were treated with or without 100 nm
ND particles (100 mg/mL for 4 h) and simultaneously observed by
Bio-AFM. The deflection and high-measured images of Bio-AFM
showed the contour of the membrane surrounding of an ND-
untreated A549 cell (Fig. 1, upper pictures). The macropinocytosis
mediated by filopodia from cell-surface ruffling and extension
that formed in the ND-treated cell (Fig. 1, lower picture, the
arrows). ND particles (Fig. 1, the stars) were contacted with filo-
podia to help ND’s uptake into cell. To further investigate the
endocytosis of ND particles, transmission electron microscope
(TEM) was used to examine the location of ND particles inside
cell. As shown from the TEM images, ND particles can be found in
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Fig. 5. The long-term effect of ND particles on cell cycle progression. (A) A549 cells were trea
re-cultured in fresh medium and then were harvested by every 2 days until total 10 days. The
S, and G2/M were quantified by a ModFit LT software of flow cytometer. Results were obtai
treatment with or without ND particles (100 mg/mL for 48 h) in A549 cells, total protein extra
CDC2 (threonine-161), CDC2, and actin antibodies. Western blot data were shown from on
the surrounding cell membrane or ingested into cell (Fig. 2A, dark
black spots). A filopodium of cell membrane extension (Fig. 2B,
the arrow) and membrane ruffling and invagination were formed
for ND’s uptake (Fig. 2B, the stars). An endocytic ND vesicle was
formed inside of cell (Fig. 2C, the arrow). These ND’s particles are
located in cytoplasm but not nucleus. ND particles were accu-
mulated to develop a single ND’s cluster, which contained several
ND particles (Fig. 2D). In addition to macropinocytosis, we
examined clathrin-dependent endocytosis pathway for ND’s
entrance. As illustrated in Fig. 3A, the red color (Cy3) indicated the
location of clathrin proteins, and the nuclei were stained with
Hoechst 33258 that presented with blue color. The right picture of
Fig. 3A indicated ND particles under phase contrast microscope
observation. The magnified picture showed clathrin vesicles or
cages that were formed in the ND-treated A549 cells (Fig. 3B, the
arrows).
3.2. ND particles do not alter the cell growth ability and cell cycle
progression

A549 and 3T3-L1 cells were treated with 100 nm ND particles
(100 mg/mL for 48 h) and then re-cultured for 10 days. The total
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Fig. 6. The detection and distribution of ND particles in mitosis. A549 cells were incubated with or without 100 mg/mL ND particles for 48 h, and then replaced fresh medium for re-
cultured 24 h. At the end of incubation, the cells were subjected to nuclear and microtubule staining, and observed by laser scanning confocal microscope. The microtubule was
stained with anti-b-tubulin Cy3 that presented with red color. The nuclei were stained with Hoechst 33258 that presented with blue color. The green fluorescence from ND’s
particles was excited with wavelength 488 nm and the emission was collected in the range of 510–530 nm. ND particles were located in interphase and mitotic phases (prophase,
metaphase, and telophase). During cytokinesis, these ND’s particles were separated into two daughter cells.
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cell number and cell cycle progression were analyzed by every 2
days up to total 10 days. It is found that ND particles did not alter
the cell growth ability in both A549 (Fig. 4A) and 3T3-L1 (Fig. 4B)
cells after long-term culture for 10 days. Subsequently, the effects
of ND particles on cell cycle progression were analyzed by a flow
cytometer. ND particles did not alter the cell cycle progression in
Fig. 7. The separation of ND particles in variety of cell lines during cytokinesis. (A) A549 ce
fresh medium for re-cultured 24 h. At the end of incubation, the cells were subjected to nucl
microtubule was stained with anti-b-tubulin Cy3 that presented with red color. The nuclei w
from ND’s particles was excited with wavelength 488 nm and the emission was collected in
(prophase, metaphase, and telophase). During cytokinesis, these ND’s particles were separ
(A549), colorectal (RKO and HCT116), bladder (BFTC905), breast (MCF-7) cancer cell lines,
48 h), and then replaced fresh medium for re-cultured 24 h. After incubation, the cells we
intensities of ND’s particles in separating daughter cells were quantified in each cell line.
A549 cells after long-term cell culture (Fig. 5A). The percentages
of cell cycle phases (G1, S, and G2/M) were quantified by ModFit
LT software of flow cytometer. The percentages in each phase
were not altered by exposure to ND particles (no significant
differences, p> 0.05) (Fig. 5B). The cell cycle-regulated proteins
were examined by Western blot analysis using specific antibodies
lls were incubated with or without 100 mg/mL ND particles for 48 h, and then replaced
ear and microtubule staining, and observed by laser scanning confocal microscope. The
ere stained with Hoechst 33258 that presented with blue color. The green fluorescence
the range of 510–530 nm. ND particles were located in interphase and mitotic phases
ated into two daughter cells. (B) A variety of cancer cell lines including human lung

and mouse 3T3-L fibroblast were incubated with 100 nm ND particles (100 mg/mL for
re subjected to nuclear and microtubule staining. The ratios of the green fluorescence
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cyclin D1, cyclin B1, phospho-CDC2 (threonine-161), CDC2, and
actin. Actin protein is an internal control. Comparing with
untreated samples, ND particles did not significantly alter the
protein levels of cyclin D1, cyclin B1, phospho-CDC2 (threonine-
161), and CDC2 (Fig. 5C).

3.3. Location and distribution of ND particles in cell division

To investigate the location and distribution of ND particles in
cell division, the ND-treated cells were subjected to nuclear and
microtubule staining, and observed by laser scanning confocal
microscope. ND particles display natural green fluorescence upon
laser excitation that can be detected by scanning confocal micro-
scope (Fig. 6). Mitosis is sequencing order as spindle formation (red
color) at prophase and metaphase, chromosome segregation (blue
color) at anaphase, and separating two daughter cells at telophase
and cytokinesis (Fig. 6). Interestingly, endocytic ND particles pre-
sented in all cell cycle phases, including interphase and mitotic
phases (prophase, metaphase, and telophase) but did not disturb
spindle formation and chromosome segregation (Fig. 6, lower
panel). During cytokinesis, ND’s particles were separated into two
daughter cells (Fig. 6, lower panel). Moreover, ND’s particles spread
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in cytoplasm but not located in nucleus (interphase) or chromo-
somes (mitotic phases).

3.4. Separation of ND particles during cytokinesis in varying cancer
cell lines and embryonic fibroblast

Varying cell types have been examined for illustrating
universal of ND’s uptake and their effects on cell division. Human
cancer cell lines including human lung (A549), colorectal (RKO and
HCT116), bladder (BFTC905), breast (MCF-7), and a mouse 3T3-L1
embryonic fibroblast were treated with ND particles (100 mg/mL
for 48 h), and then replaced fresh medium for re-cultured 24 h.
ND’s particles were taken into all cell types (Fig. 7). Moreover, we
have quantified the fluorescence intensities of ND particles in each
cell line. The ratios of ND’s particles were separated by
56.4%:43.6% (A549), 48.9%:51.1% (RKO), 46.5%:53.5% (HCT116),
41.1%:58.9% (BFTC905), 45.4%:54.6% (MCF-7) and 48.0%:52.0%
(3T3-L1) in two daughter cells during cytokinesis (Fig. 7).
Approximately, ND particles were separated equally into two
daughter cells during cell division. One or three single ND’s clus-
ters (green color) were clearly presented in cells after sub-cultured
for 10 days via several cell generations (Fig. 8A). The magnified
picture showed a single ND’s cluster, which contained w5 ND
particles (Fig. 8B, the arrows). We suggest a model that endocytic
ND’s clusters will be separated by cell division (Fig. 8C). Finally, the
cell retained a single ND’s cluster in cytoplasm after several cell
generations.
Fig. 9. The nanoparticle distribution and the effect on cell cycle progression following exp
particles (100 mg/mL for 48 h) in 3T3-L1, the cells were re-cultured in fresh medium for 10
and the blue color indicated nuclei by staining with Hoechst 33258. The green fluorescence i
days. (B) Several single ND’s clusters were formed and located in cytoplasm but not nucleus.
particles. (D) After treatment with or without 100 nm ND particles (100 mg/mL for 48 h), thes
progression by every 2 days until 10 days.
3.5. Tracking of ND particles in 3T3-L1 adipogenic differentiation

To study the location and distribution of ND particles in cell
differentiation, the adipogenic differentiation of mouse 3T3-L1
fibroblast was used in this study. Endocytic ND particles were
retained inside of 3T3-L1 cells after cultured for 10 days (Fig. 9A,
green color). Several single ND’s clusters were formed in 3T3-L1
cells (Fig. 9B). Similar to A549 cells, these ND’s clusters were located
in cytoplasm but not nuclei in 3T3-L1 cells. The enlarged picture
shows a single ND’s cluster, which contained w6 ND’s particles
(Fig. 9C, the arrows). Moreover, ND particles did not alter the level
of cell cycle phases in 3T3-L1 cells (Fig. 9D). For adipogenic differ-
entiation, the cells were incubated until confluent and then re-
cultured in the differentiated DMEM medium, which contained
differentiated promoting drugs including isobutyl-1-methylxan-
thine, dexamethasone, insulin, indomethacin, and roseglitazone.
Adipogenic differentiation was assessed by the cellular accumula-
tion of neutral lipid vacuoles by staining with oil-red O. 3T3-L1 cells
were not differentiated when cultured in the drug-free DMEM
medium (Fig. 10A and Fig. 10B). However, ND will be accumulated
in 3T3-L1 cells by treatment with 100 nm ND particles (100 mg/mL
for 48 h) (Fig. 10B, brown color). Neutral lipid vacuoles (red color)
were highly presented in the differentiated adipocytes when cells
incubated with differentiated DMEM medium. ND particles did not
disturb the adipogenic differentiation of 3T3-L1 cells (Fig. 10D). The
gene expressions (mRNA levels) of regulated adipogenic differen-
tiation were analyzed by reverse transcription-polymerase chain
osure to ND particles in 3T3-L1 cells. (A) After treatment with or without 100 nm ND
days. The red fluorescence intensity exhibited by microtubule proteins of cytoskeleton,
ndicated the ND’s particles. ND’s particles were retained inside of cells after cultured 10
(C) The amplified picture of a single ND’s cluster from (B) showed that contained 6 ND’s
e cells were re-cultured in fresh medium, and analyzed by flow cytometry for cell cycle



Fig. 10. The effect and distribution of ND particles in 3T3-L1 adipogenic differentiation. (A) and (B), 3T3-L1 cells were plated at a density of 1�106 cells per 100-mm Petri dish in
DMEM medium. (C) and (D), 3T3-L1 cells were incubated until confluent and then re-cultured in differentiated DMEM medium, which supplemented differentiated drugs. 3T3-L1
fibroblasts were treated with (C) or without (D) 100 nm ND particles (100 mg/mL for 48 h) in the differentiated DMEM medium, and then the cells were re-cultured in fresh medium
for 10 days. At the end of incubation, the cells were fixed and stained with oil-red O. Adipogenic differentiation was assessed by the cellular accumulation of neutral lipid vacuoles
that observed under a phase contrast microscope. (E) 3T3-L1 fibroblasts were treated with or without 100 nm ND particles (100 mg/mL for 48 h) in control medium or the
differentiated DMEM medium. Total cellular RNA was purified for reverse transcription-polymerase chain reaction (RT-PCR) analysis. The RT-PCR amplified gene products of PPARg,
adiponectin, and actin were 204, 243 and 544 bps, respectively. Actin is an internal control gene. (F) The lipid vacuoles were presented in a differentiated fat cell (the stars). The red
fluorescence intensity exhibited by microtubule proteins of cytoskeleton. The blue color indicated nuclear staining by Hoechst 33258. The green fluorescence from the ND particles
was excited with wavelength 488 nm and the emission was collected in the range of 510–530 nm.
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reaction (RT-PCR). The RT-PCR amplification products of PPARg,
adiponectin, and actin were 204, 243 and 544 bps, respectively
(Fig. 10E). Actin gene is a common internal control expressed in
undifferentiated and differentiated cells. The mRNA levels of PPARg
and adiponectin were markedly increased when 3T3-L1 cells
incubated with the differentiated medium (Fig. 10E). However,
treatment with ND particles did not alter the mRNA levels of PPARg
and adiponectin in the adipogenic differentiation of mouse 3T3-L1
fibroblast (Fig. 10E). The ND particles were retained inside of
a differentiated adipocyte after long-term cell culture for 10 days
(Fig. 10F, green color). ND particles existed in cytoplasm but not in
vacuoles (the stars) or nucleus (blue color) in differentiated fat cell
(Fig. 10F).

4. Discussion

Development of a non-toxic and biocompatible nanomaterial
has been highly desirable for biomedical applications. In this
study, we provide that endocytic ND particles are non-cytotoxic in
cell division and differentiation, which can be utilized for the
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tracking of cancer and stem cells. It has been shown that ND
particles do not induce cytotoxicity in lung [18], neuronal [19],
renal [20,21], and cervical cells [22]; however, the short-term
examinations (1–3 days) of ND particles were examined in these
studies. We have further provided the 100 nm ND particles do not
alter the cell growth ability and cell cycle progression for long-
term observation (10 days). Accordingly, we suggest that ND is
a promising non-cytotoxic carbon nanoparticle for biological
applications.

The cell cycle progression mediated by appropriate activation
of the cyclin-dependent protein kinases (CDKs) and cyclins for cell
division and growth. CDK1 (CDC2) interacts with cyclin B1 that
has been shown to play a critical role in the mitotic progression
[23]. We found that 100 nm ND particles did not alter the cell
cycle-regulated protein levels of cyclin D1, cyclin B1, phospho-
CDC2 (threonine-161), and CDC2. Moreover, ND particles did not
alter the total cell number and the percentage of cell cycle phases
in both A549 and 3T3-L1 cells after long-term culture. The growth
rate is relative quicker in A549 cells than 3T3-L1 cells (Fig. 4). It is
possible that A549 is a lung cancer cell line, which displays highly
proliferating in cell growth. 3T3-L1 is a normal fibroblast dis-
played slow growth rate in such condition. In addition, we also
found that 5 nm ND particles did not alter the cell cycle
progression in A549 cells (data not shown). The effect of ND
particles on the adipogenic differentiation of mouse 3T3-L1
fibroblast was examined in this study. Cell differentiation is the
specific process from progenitor or stem cells becoming another
typing cell after stimulating with differentiated factors and genes
[24,25]. Peroxisome proliferator-activated receptor gamma
(PPARg) is a lipid-activated transcription factor that promotes the
adipogenesis of fibroblasts [25]. Adiponectin is a marker of
differentiated adipocyte. ND’s particles were retained inside of
3T3-L1 cells after cultured for 10 days. However, ND particles did
not alter the mRNA levels of PPARg and adiponectin in the adi-
pogenic differentiation of mouse 3T3-L1 fibroblast. Thus, our
results provide that these ND-bearing cells do not lose the cellular
physiological functions on cell division and differentiation.

Subsequently, 100 nm ND particles can be taken into cells by
macropinocytosis and clathrin-mediated endocytosis. The endo-
cytic vesicles are generated differ in size and structure depending
on different endocytosis pathways. We found the ND endocytic
vesicle sizes that ranged from 0.2 mm to 1.0 mm. It has been
proposed that the vesicle size is <1.0 mm (50–1000 nm) by mac-
ropinocytosis [13]. Moreover, the macropinocytosis mediated by
filopodia from cell-surface ruffling and extension for ND’s uptake
into cells. In addition to macropinocytosis, we also found that cla-
thrin-dependent endocytosis pathway mediated for ND’s entrance.
Clathrin is a three-legged structure, called a triskelion [15]. The
clathrin-cage (w120 nm in diameter) assembly is required for
clathrin-dependent endocytosis [13]. Accordingly, we suggest that
100 nm-sized ND particles can be taken into cell by both macro-
pinocytosis and clathrin-dependent endocytosis. Previously, 5 nm
ND particles were relative higher uptake ability than 100 nm ND
particles [18]. We cannot exclude the caveolae-dependent uptake
(vesicle size w60 nm) [16,17] and clathrin-/caveolae-independent
endocytosis (vesicle size w90 nm) [13] that mediate ND’s uptake by
smaller size (<100 nm) ND particles. Therefore, the different size
and modification of ND particles for entering cells need further
investigation.

It is interested that endocytic ND’s clusters can be formed in
cytoplasm, which are not degradable and persistently existed
inside cell without inducing cellular damages. Previously, we have
shown that ND particles display natural green fluorescence upon
laser excitation [18]. The location and distribution of ND particles in
cell division and differentiation can be chased by laser scanning
confocal microscope. Endocytic ND particles presented in mitosis
but did not disturb spindle formation and chromosome segrega-
tion. Moreover, ND particles were separated into two daughter cells
during cytokinesis. ND particles spread in cytoplasm but not
located in nucleus or chromosomes. The findings indicate that ND
particles do not induce the damages of chromosomes and micro-
tubules. Finally, the cell retained a single ND’s cluster, which con-
tained 5–6 ND’s particles in cytoplasm after sub-cultured for
several cell divisions. Macropinosomes or endosomes will be
formed by different endocytotic pathways, and further mature into
and/or fuse with lysosomes for degradation of endocytic cargos
[26,27]. Recently, Faklaris et al. have reported that ND particles are
not trapped in endosomes [28]. Thus, we suggest that ND’s clusters
are not degradable and carry inside of cell. The ND-labeling cells
can be developed the tracking for cancer or stem cells in vitro and
in vivo.

5. Conclusions

ND particles can be taken into cell by both macropinocytosis
and clathrin-mediated endocytosis. More importantly, endocytic
ND particles do not disturb the cellular functions on cell division
and differentiation. ND is a non-cytotoxic nanomaterial for the
labeling and tracking of cancer and stem cells. Furthermore, the
uptake ability of ND particles will provide the delivery of drugs,
proteins, and nucleic acids for diagnostic and therapeutic
applications.
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Appendix

Figures with essential colour discrimination. Figures 1, 3, and 6–
10 in this article may be difficult to interpret in black and white. The
full colour image can be found in the on-line version, at doi:10.
1016/j.biomaterials.2009.04.056.
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