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Abstract—With the increasing applications of carbon nano-
tubes (CNTs) in fields of biomedical engineering and medical
chemistry, it is important to understand the response of
mammalian cells to the CNTs exposure and treatment. In
this study, the influences of multiwalled carbon nanotubes
(MWCNTSs) on cellular behavior of human dermal fibro-
blasts and NIH 3T3 murine fibroblasts were investigated.
Results showed that the MWCNTs treatment induced dose-
dependent cytotoxicity and arrested the cell cycle in the G1
phase, indicating inhibition of DNA synthesis. The presence
of MWCNTs also down regulated the expression level of
adhesion-related genes, and simultaneously caused cytoskel-
eton damage and disturbance of actin stress fibers, thereby
inducing dramatically adverse effects on the cell physiolog-
ical functions such as cell spreading, adhesion, migration,
and wound healing ability.
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INTRODUCTION

Carbon nanotubes (CNTs) comprised of cylinders
of one or several graphite layers were first reported by
Oberlin er al® in 1976 and described in detail by
Iijima16 in 1991. As a class of stiff, stable, and hollow
nanomaterials with many unique physical, chemical,
and mechanical properties, the CNTs have being
broadly used as nanowires, electronic components,
catalyst supports, and recently extended to fields of
biomedical engineering and medical chemistry.'* For
example, the CNTs may function as scaffolds for bone
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growth®® and neuronal growth.'> CNT-ligand conju-
gates can be taken up by special cell types and used to
deliver drug or bioactive molecules, which is highly
prospective in gene or peptide storage and delivery in
molecular therapy of diseases.''** As an atomic force
microscopy tip, the CNTs also have been used to
image biological molecules such as DNA and proteins
with atomic resolution.'*

However, the excellent properties that make the
CNTs interesting also raise concerns about their
potential adverse effects on biological systems, which
may lead to health issues.’>* Particularly, with the
increasing interest of the CNTs applications in
biomedical research, it has become a focus to investi-
gate the influences of CNTs and associated nanomate-
rials on human cells and environment. Actually, a large
number of in vitro studies have demonstrated that both
single walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs) can induce cyto-
toxicity in different cell types.>’-317:18:22:26.28.29.40.45.46 gy .
example, it is found that the SWCNTs inhibit the
proliferation of both HEK 293 cells’ and human
fibroblasts*® through inducing cell apoptosis and
decreasing cellular adhesive ability. Compared with
activated carbon, the SWCNTSs cause more severe
inhibition of growth of smooth muscle cells.’” The
MWCNTs also induce a concentration- and time-
dependant decrease in mitochondrial metabolism of
human pulmonary cells* and cause oxidative stress in
HEK 293 cells.®® In order to reveal the molecular
mechanism of cytotoxicity, Ding et al. performed
whole genome expression array analysis on human
skin fibroblasts and found that the genes involved in
cellular transport, metabolism, cell cycle regulation,
and stress response were activated after MWCNTs
exposure.® A recent study reported that the SWCNTs
damaged the actin cytoskeleton organization and
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affected cell spreading,'® suggesting that besides pro-
liferation inhibition, the SWCNTs can induce
impairment of certain vital cell functions. How-
ever, some contradictory results are also reported,
revealing non-toxicity of the CNTs.** Particularly, to
our best knowledge the influences of the MWCNTSs
on important cellular physiological events such as
cell adhesion and migration have not been well
documented.

It is known that the cell adhesion is of crucial
importance in governing a variety of cellular functions
including cell growth, migration, proliferation, differ-
entiation, and tissue organization. Moreover, as one of
the most important physiological processes of organ-
isms, cell migration orchestrates embryonic morpho-
genesis, contributes to tissue repair and regeneration,
and drives disease progression in cancer, mental
retardation, atherosclerosis, and arthritis.*® Therefore,
in this study, human dermal fibroblasts from primary
cultures and NIH 3T3 murine fibroblasts are used as
the in vitro models to explore their interactions with the
MWCNTs in terms of cell proliferation, adhesion,
migration, change of wound healing ability and cyto-
skeleton organization. The CNTs both used in the
biomedical field and exist in environment may cross
through the skin or open wounds and contact with
fibroblasts, which play an important role in the cell
renewing system and wound repair process.*' Thus,
investigating the change of cell adhesion and migration
abilities can further unveil the physiological side effects
brought by the cellular uptake of the MWCNTSs, which
are usually neglected before.

MATERIALS AND METHODS

MWCNTs

The MWCNTs prepared by the method of chemical
vapor deposition®> were kindly offered by Prof.
Xiaobin Zhang of Department of Materials Science
and Engineering, Zhejiang University. They were
purified according to the procedures described previ-
ously.?” In brief, the MWCNTSs were sonicated in a 3:1
(v/v) mixture of H,SO4 and HNOj; for 30 min, refluxed
for 6 h and then sonicated for another 30 min. The
MWCNTs-acid mixture was cooled to room temper-
ature, diluted with a large amount of deionized water
and filtered through a 0.45 um filter (Millipore, USA)
to remove any residual acid. The treated MWCNTs
was washed to neutral and re-suspended from the filter
membrane into fresh water under sonication. The
aqueous suspension was centrifuged at 5000 rpm for
5 min and the supernatant was decanted to remove any
large impurities. The suspension containing only the

finely dispersed MWCNTs were then lyophilized and
used throughout this work.

The size and morphology was characterized with a
JEM-200 transmission electron microscope (TEM,
JEOL, Japan) and a ULTRA-55 scanning electron
microscope (SEM, ZEISS, Germany). The average
hydrodynamic size and zeta potential of the MWCNTs
in aqueous solution were determined by dynamic light
scattering (DLS) and electrophoretic movement using
a Delsa™ Nano zeta potential and submicron particle
size analyzer (Beckman Coulter, USA), respectively.
The residues of metallic impurities were analyzed by
an atomic absorption spectrophotometer (Hitachi,
Japan). The Fourier transform infrared (FT-IR) spec-
tra were recorded on a Vector 22 FT-IR spectropho-
tometer (Bruker Optics, Switzerland).

Cell Culture

Primary human dermal fibroblasts were obtained
from spare skin tissues with agreement of patients and
were used between passages 5 and 13 in this study. Cell
line NIH 3T3 murine fibroblast was obtained from
American Type Culture Collection (ATCC, USA). The
cells were maintained in regular growth medium con-
sisting of high-glucose DMEM (Gibco, USA) supple-
mented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pug/mL streptomycin at 37 °C in a
5% CO, humidified environment. To make the results
more close to the physiological conditions, the
MWCNTs were suspended in growth medium sup-
plemented with 10% serum in all the cell relevant
experiments. Sonication of the MWCNTs containing
medium was performed to ensure good dispersion
before use.

Cell Viability Assay

The influences of the MWCNTs on the cell viability
was assessed using the 3-[4,5-dimethylthiazol-2-yl]-2,
S-diphenyltetrazolium bromide (MTT) assay. Briefly,
10* fibroblasts in 100 uL medium were seeded into a
well of a 96-well plate and incubated overnight. Then,
the cells were treated in triplicate with MWCNTs of
variable concentrations (weight/volume of solution): 1,
5, 10, 20, 50, and 100 pg/mL for 24 h, and maintained
in fresh medium containing 0.5 mg/mL of MTT for
another 4 h at 37 °C. The dark blue formazan crystals
generated by the mitochondria dehydrogenase were
dissolved with 150 L dimethyl sulfoxide. 100 uL
solution from each well was added into a new 96-well
plate and measured at 570 nm using a MODEL 550
microplate reader (Bio Rad, USA). The data were
normalized to the control group.
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Flow Cytometric Analysis of the Cell Cycle

After treated with desired concentrations of
MWCNTs for 24 h, the human dermal fibroblasts and
NIH 3T3 fibroblasts were washed with phosphate
buffered saline (PBS) thoroughly, and then harvested
by trypsin treatment and fixed by incubation with
cold 75% ethanol for 24 h. The fixed cells were then
washed with PBS and incubated with staining solution
(20 pg/mL propidium iodide, 100 ug/mL RNase-A
in PBS) for 30 min. Flow cytometric measurement
was performed on a FACS Calibur flow cytometry
(Becton-Dickinson, USA). For each analysis, 10,000
events were monitored.

Cell Adhesion Assay and Real-Time RT-PCR Analysis

The cells were seeded on a 6-well plate at a density
of 3 x 10° cells per well and cultured for 24 h. After
treated with the MWCNTs of variable concentrations
for 24 h, the cells were washed with PBS and detached
with 0.25% trypsin, kept separated, and then placed on
a 24-well plate at a density of 5 x 10* per well and
allowed to adhere for another 24 h. The MWCNTs
untreated cells were used as control. The morphologies
of the cells were observed by using an optical micro-
scope (Axovert 200, Carl Zeiss, Germany). After the
non-adherent cells were removed by washing with PBS
for three times, the adherent cells were quantitated by
counting in 12 different areas under the optical
microscope. The assays were repeated twice and each
sample was assayed in triplicate. Data were averaged
and normalized to the control.

Real-time quantitative reverse transcription poly-
merase chain reaction (real-time RT-PCR) was per-
formed to examine the expression profiles of adhesion
specific genes, i.e., fibronectin, laminin, and focal
adhesion kinase (FAK) in human dermal fibroblasts.
The fibroblasts were treated with 50 yg/mL MWCNTs
for 24 h. The total RNA was extracted by using Trizol
reagent (Invitrogen, USA) according to the manufac-
turer’s instructions and quantified by using a biopho-
tometer (Eppendorf, Germany). Total RNA samples
(2 ng each) were used for reverse transcription under
standard conditions using M-MLV Reverse Trans-
criptase ¢cDNA synthesis kit (Promega, USA). The
resulted cDNA was used as template in the subsequent
PCR amplifications. The primer sequences used in this
study are listed in Table 1. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as endoge-
nous reference housekeeping gene. The real-time PCR
reactions were performed with the SYBR Premix
Ex-Taq™ Kit (Takara, Japan) and iQ™ qPCR sys-
tem (Bio Rad, USA). The relative gene expression
values were calculated with the comparative AACT

TABLE 1. Primer sequences for fibronectin, laminin, FAK,

and GAPDH.
Gene Primer sequence
Fibronectin 5-CCTGGCACTTCTGGTCAGCAAC-3
5’-CCTACATTCGGCGGGTATGGTC-3
Laminin 5’-CACCTATGTGCGTCTCAAGTTCC-3

5-GCTGCTCGTCCCCTCCTGT-3’
FAK 5-CTCCTGGTGCAATGGAGCGAGTAT-3
5-GCAGGTGACTGAGGCGGAATC-3’
5-CTGCTCCTCCTGTTCGACAGT-3
5-CCGTTGACTCCGACCTTCAC-3

GAPDH

(threshold cycle) method, as normalized to the house-
keeping gene. The data were normalized to those of the
cells cultured without the MWCNTs.

Transwell Assay

The cell migration assay was carried out according
to literature with some modifications.*? Briefly, after
treated with 20 ug/mL of MWCNTs for 24 h, the
fibroblasts were washed with PBS, detached, and then
5 x 10* cells were suspended in DMEM containing
1% FBS and seeded into a Millicell (8-um pores;
Greiner Bio-One, Germany) which was mounted into a
well of a 24-well plate in prior. 600 uL of the DMEM
culture medium containing 20% FBS was added to the
culture well. The cells were allowed to migrate for 10 h
at 37 °C and 5% CO,. After stained with 0.1% crystal
violet, the migrated clones were photographed under
an optical microscope. The cell number was counted at
12 different areas. Data were averaged from three
parallel experiments, which were normalized to that of
the control.

Wound Healing Assay and F-Actin Staining

The 70-80% confluent cells were treated with
MWCNTs of variable concentrations for 24 h, and
then scraped with a pipette tip to create a linear
wound. The culture wells were washed twice with PBS
and incubated with fresh regular medium. The wound
closure of cells was observed and photographed using
an optical microscope after 24, 48 and 72 h, respec-
tively. The assays were repeated twice and each sample
was assayed in triplicate. In order to observe the
wound healing process more clearly, fluorescein diac-
etate (FDA), a live cell indicator, was added to mon-
itor the cells by fluorescence microscopy. The images
were analyzed by Image J software to obtain the
quantitative data of the wound healing degree.

For staining cellular F-actin, 24 h after wounding,
the fibroblasts were washed twice with PBS, fixed
with 4% paraformaldehyde for 30 min, and then
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permeabilized with 0.5% Triton X-100 at 4 °C for
5 min, then incubated at 37 °C for 30 min in 1%
BSA/PBS to block non-specific bindings. The cells
were subsequently treated with 0.15 uM rhodamine-
conjugated phalloidin (Molecular Probes, USA) for
20 min and the nuclei were stained by incubation with
2 ug/mL DAPI dye (Sigma, USA) for 10 min at room
temperature in dark.

Statistic Analysis

Results are reported as mean + SD. Data were
analyzed using ¢ test for differences. The significant
level was set as p < 0.05.

RESULTS

Characterization of MWCNTs

As illustrated in Fig. 1a, the pristine MWCNTSs
were easily accumulated with each other and hardly
dispersed in water, and even in ethanol. After treat-
ment by strong acid and sonication, the tube-like
structure of the MWCNTs was well maintained, with a
diameter of 10-50 nm and a length of several

FIGURE 1.

micrometers (Fig. 1b, c¢). The acid-treated MWCNTs
could be stably suspended in deionized water over
several months. Figure 1d presents the size distribution
of the MWCNTs dispersed in water, from which the
average hydrodynamic size was calculated as 171.6 nm
with a polydispersity index of 0.179. Zeta potential
measurement revealed a surface potential of about
—56.5 mV, implying that a large number of carboxyl
or hydroxyl groups were introduced in the process of
acid oxidization. The FT-IR spectra (Fig. 2) confirmed
the existence of the carboxyl groups, which appeared
at 1712 ecm™". The results of atomic absorption spectra
revealed that the metal impurities were removed from
the purified MWCNTs (wt%Mg <0.005%, wt%Co
<0.005%). Although the treated MWCNTs had a
large number of carboxylic groups with a negative
surface charge, its dispersion with a concentration of
100 pug/mL in PBS or culture medium brought a neg-
lectable change of pH value (<0.1) of the solution.

Influences of MWCNTs on Cell Viability

MTT reduction assay was used to investigate the
cytotoxic effect of the MWCNTSs on the human dermal
fibroblasts and NIH 3T3 cells. It has been reported
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FIGURE 2. FT-IR spectra of pristine MWCNTs and acid-trea-
ted MWCNTSs.

140

120
] 0.1

Absorbance

T

0
[

100 ~

40 60 80

tration (p

100
80 U

60

40

—&— Human Dermal Fibroblasts
—o— NIH 3T3

Relative Cell Viabilty (%)

20

0 T T T T T T T T T T T
0 20 40 60 80 100
Concentration (pg/ml)

FIGURE 3. Relative viability of 3T3 cells and human dermal
fibroblasts in the presence and absence of MWCNTs. The
cells were incubated with MWCNTs of different concentra-
tions (1, 5, 10, 20, 50, and 100 xg/mL) at 37 °C for 24 h. The
viability of the control sample was set as 100%. Inset: effects
of MWCNTs on the MTT dyes. MWNTs were treated with the
MTT dyes without cells at the same concentrations for the
same time periods.

that some types of NPs may bind to or react with
MTT, leading to interference of toxicity assays.’*
However, the MWCNTs wound not react with
MTT. Before using the MTT assay to detect the cell
viability, control experiments were performed with
corresponding concentrations of MWCNTs, finding
no interference on the MTT assay (Fig. 3 inset). The
study performed by Cheng et al. also approved this
feasibility.’

As shown in Fig. 3, after culture with different
concentrations of MWCNTs for 24 h, there was a
significant dose-dependent decrease in viability with

increasing dose of the MWCNTSs for both types of
fibroblasts. However, the MWCNTs had shown higher
cytotoxicity to human fibroblasts than to NIH 3T3
fibroblasts, indicating that the human dermal fibro-
blasts are more sensitive to the MWCNTs stimulation.

Cell Cycle Analysis

We used fluorescence-activated cell sorting (FACS)
analysis to study the cell cycle distribution of propi-
dium iodide-stained cells treated with different con-
centrations of MWCNTSs. The results are shown in
Fig. 4 and Table 2. Along with increasing dose of the
MWCNTs, more cells were found in the G1 phase and
a fewer cells were found in the S phase and G2/M
phase, regardless of the type of the fibroblasts. For
example, after incubation with 50 yg/mL MWCNTs
for 24 h the cell number in the G1 phase increased for
about 16 and 13% for the 3T3 cells and human dermal
fibroblasts, respectively.

Cell Adhesion and Real-Time RT-PCR Analysis

The adhesive ability of the MWCNTs-treated cells
was quantified by comparing the MWCNTs-treated
adhesive cell number to the control adhesive cell
number. As shown in Fig. 5, the morphologies,
attachment, and spreading behavior of the MWCNTs-
treated cells were different from the untreated control
cells. Compared to the normal spindle-shaped mor-
phology of the control cells, the cells treated with the
MWCNTs were less elongated and even became
round. Black dots appeared in the cytoplasm of most
cells, indicating cellular uptake of the MWCNTs. The
cells attached for 24 h and the adherent cells were
quantitated by counting in 12 different areas under an
optical microscope (Fig. 5g). As a result, for the 3T3
cells incubated with 20 and 50 ug/mL MWCNTs, rel-
ative percentages of adherent cells were found to be
about 77 and 55% of the control, respectively. For the
human dermal fibroblasts, the relative percentages
decreased to 77 and 59% of the control, respectively.

The real-time RT-PCR found that the MWCNTs
treatment (50 pug/mL, 24 h) caused significantly
decrease in the mRNA level of fibronectin (35%),
laminin (28%), and FAK (39%) in human dermal
fibroblasts (p < 0.05) too (Fig. 6).

Transwell Assay

To investigate the effect of the MWCNTSs on cell
migration, the migration ability of the fibroblasts was
evaluated by using Millicell separate culture plate
inserts. Figure 7 shows that the human dermal fibro-
blasts and 3T3 cells migrated through the filter of
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FIGURE 4. Cell cycle analysis of (a) 3T3 cells and (b) human dermal fibroblasts determined by flow cytometry. The cells were
incubated without and with MWCNTSs of a concentration of 5, 50 ug/mL at 37 °C for 24 h, respectively.

TABLE 2. Quantitative analysis of the cell cycle distribution.

Cell Sample G1 (%) S (%) G2/M (%)

NIH 3T3 Control 423 +1.9 35.0 +£ 1.1 22.7 £ 0.9
5 ug/mL MWCNTs 50.2 + 2.4* 29.9 + 0.7* 195 + 1.2
50 ug/mL MWCNTSs 58.0 £ 0.3* 24.2 + 0.5* 17.8 + 0.2*

Human dermal fibroblasts Control 69.3 + 3.1 12.0 + 0.4 18.7 + 2.7
5 ug/mL MWCNTSs 76.9 + 2.8* 6.5 + 0.2* 16.6 + 2.6
50 ug/mL MWCNTSs 82.5 + 2.6* 4.0 + 0.2¢ 135+ 24

* Indicates significant difference at p < 0.05 vs. control sample.

transwell chamber. As quantitatively depicted in
Fig. 7g, the cell migration was significantly affected by

the MWCNTs treatment regardless of the type of the
fibroblasts.

The Wound Healing Assay and Stress Fiber Formation

In order to study whether the MWCNTSs influence
the wound healing process, the fibroblasts were
exposed to different concentrations of MWCNTSs for
24 h, and then scratched to form a linear wound. The
process of wound closure was observed over the fol-
lowing 72 h. As shown in Fig. 8, the untreated cells
migrated into and recovered the exposed surface within
a shorter time period than the cells treated with the

MWCNTs. Wound closure of the control cells almost
finished at 48 and 72 h after initial wounding for the
human dermal fibroblasts and 3T3 cells, respectively.
However, the cells treated with 100 ug/mL MWCNTs
moved more slowly and needed much longer closure
time. Figure 8c shows the fluorescence image of FDA
stained cells after wound closure for 72 h. It shows
more clearly that the control cells arrayed orderly
while the cells treated with the MWCNTs were much
sparser and arranged stochastically. Quantitative
analysis found that the wound healing degree was
progressively decreased along with the increase of
the MWCNTs concentration (data above the
images). Particularly, when the cells were treated with
100 ug/mL MWCNTs, the healing degrees were only
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FIGURE 6. Real-time quantitative RT-PCR for the gene
expression of fibronectin, laminin and FAK in human dermal
fibroblasts in the presence and absence of MWCNTSs. The data
were normalized to that of the control. Asterisk indicates
significant difference at p<0.05.

47.0 and 11.7% for the 3T3 cells and human dermal
fibroblasts, respectively, both are far smaller than that
(>95%) of the controls of both fibroblasts.

F-actin staining was performed to examine the
effects of MWCNTs on the cytoskeleton of human
dermal fibroblasts and 3T3 cells. Figure 9 shows that
the stress fibers in the control cells at the wound edge
were well ordered and orientated parallel to the
direction of cell migration, while the stress fibers in the
cells treated with the MWCNTSs decreased and became
disordered.

DISCUSSION

Because of their geometry and hydrophobic surface,
the pristine CNTs are not well soluble or dispersible in
water. Previous studies have shown that the combine
treatment by oxidization and sonication in strong acid
produces short CNTs of high purity with carboxyl
groups on the side walls and ends of the tubes.?'*” The
produced carboxyl groups impart hydrophilicity to the
nanotubes and can couple simultaneously biomole-
cules such as oligonucleotides or proteins in order to
achieve functional modifications.?' According to the
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FIGURE 7. Optical images of (a, b, ¢) 3T3 cells and (d, e, f) human dermal fibroblasts (purple color) that had crossed through the
pores (the tiny round hollows in the images) of transwell chamber and stained by crystal violet. Scale bar = 50 um. The cells were
incubated (a, d) without or with (b, ) 20 ug/mL and (c, f) 50 ug/mL of MWCNTs for 24 h, respectively, detached, and then seeded to
the upper chamber with a cell number of 5 x 10* and incubated for another 10 h. (g) Quantitative analysis of the cell migration from
the images as shown in (a—f). The data were normalized to that of the control. Asterisk indicates significant difference at p<0.05 vs.

control sample.

results of TEM and DLS, the tube-like structure of the
MWCNTs was well maintained and the purified
MWCNTs could be stably suspended in aqueous
solution.

Ding et al.® and Patlolla et al.*® demonstrated that
the MWCNTs exposure caused strong cytotoxicity on
human skin fibroblasts. In our study, we also observed
a significant dose-dependent decrease in cell viability
along with the increase of MWCNTs for both human
fibroblasts and NIH 3T3 mouse fibroblasts. However,
the human dermal fibroblasts are more susceptible to
the MWCNTs stimulation. Intrinsic reasons for this
phenomenon need to be clarified, although previously
the slower population doubling time of the human
fibroblasts is partially responsible.*

The cell cycle consists of interphases (G1, S, and
G2) and mitosis (M). During the G1 period, the cells
increase in size, produce RNA, and synthesize proteins
for DNA formation. At the S phase DNA replication
occurs, and the cells continue to grow, producing new
proteins at the G2 phase. Nuclear and cytoplasmic

division complete at the M stage.’' According to the
results of FACS analysis illustrated in Fig. 4 and
Table 2, the cell cycle was blocked at the GI1/S
boundary and arrested in the GI phase, indicating
that DNA synthesis was impaired by the MWCNTs
treatment.

Cell adhesion is an interaction between focal adhe-
sion proteins and extracellular matrix or neighbor
cells. It plays an important role in a range of cellular
functions including cell migration, proliferation, dif-
ferentiation, and tissue organization. Therefore, a
quantitative analysis of cell adhesion ability is neces-
sary to understand the effect of nanomaterials on cel-
lular physiological functions. As illustrated in Fig. 5,
the cells treated with the MWCNTs were less elongated
and even became round compared with the spindle-
shaped morphology of the control cells. Quantitative
analysis indicated significant decrease of the adhesive
cell number after exposed to 20 ug/mL MWCNTs for
24 h. These results are consistent with the previous
report by Kaiser et «l. that the mesothelioma cells
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MSTO-211H incubated with the SWCNTs exhibited a
weaker adherence than the control cells.'” In order to
explore the molecular mechanism of the weakened cell
adhesion, real-time RT-PCR was performed to exam-
ine the expression profiles of adhesion specific genes,
i.e., fibronectin, laminin, and FAK. The fibronectin
and laminin are two important extracellular matrix
glycoproteins that play major roles in cell adhesion,
spreading, migration, and differentiation. Moreover,
the fibronectin is also important for physiological
processes such as wound healing and embryonic
development.®** FAK is an intracellular kinase
localizing to focal adhesions, which regulates both
cellular adhesion and antiapoptotic survival signal-
ing.*” The results of real-time RT-PCR indicated that
the MWCNTs treatment caused significant decrease in
the mRNA level of fibronectin, laminin, and FAK in
human dermal fibroblasts. Cui et al.” and Tian er al.*®

&)

2%

Control

used western blot to investigate the protein expression
change of HEK?293 cells and human fibroblasts caused
by SWCNTs exposure, respectively. At the level of
protein they found that the expression of fibronectin,
laminin, and FAK decreased gradually as the culture
time and the amount of SWCNTS increased, which is
in agreement with our results. Their explanation are
that the SWCNTs insert ruffles of the cell membranes,
disturb the surface protein acceptors and activate extra
cellular matrix protein signals. Consequently, the cell
starts regulating the expressions levels of related genes
and changing the cytoskeleton. Afterward, a displace-
ment of internal organelles and a deformation of cell
membrane take place, and thereon disturb cell adhe-
sion and spreading. In our study, the similar mecha-
nism should be applied, since the MWCNTs are
structurally similar as the SWCNTs in terms of cellular
interaction.

.
-~

100 pg/ml

FIGURE 8. The wound healing process of (a) 3T3 cells and (b) human dermal fibroblasts observed by an optical microscope.
(c) The fluorescence images of 3T3 cells (the upper panel) and human dermal fibroblasts (the lower panel) after wound closure for
72 h. The cells were stained with FDA, and the data above the images represent the wound healing degree. The cells were
incubated without or with 10, 50 and 100 xg/mL of MWCNTs for 24 h before scratching, respectively. Scale bar = 100 ym.
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FIGURE 9. Cytoskeleton organization of (a) 3T3 cells and (b) human dermal fibroblasts treated without or with 50, 100 xg/mL of
MWCNTSs, respectively, at the wound edge 24 h after scratching. Upper, phase-contrast images; lower, fluorescence images. The
F-actin was stained by rhodamine-conjugated phalloidin and the cell nuclei were stained by DAPI. Scale bar = 50 ym.

Cell migration participates in a variety of physio-
logical and pathological processes such as embryonic
development, cancer metastasis, blood vessel forma-
tion and remolding, tissue regeneration, immune sur-
veillance, and inflammation.” Migration of the
fibroblasts plays a central role in the wound healing
process. In the initial period after injury, the fibroblasts
from neighboring tissue proliferate and migrate into
the wound area. Subsequently, they become the main
cells that lay down the collagen matrix in the wound
site,** and then keratinocytes differentiate and migrate
across the wound bed.>* According to the results of
transwell assay and wound healing assay in this study,
the migration ability of both the two kinds of fibro-
blasts were greatly impaired after MWCNTSs treat-
ment. Figure 8 indicates that with the increasing
concentration of MWCNTs, the denuded area
increased and the fibroblasts became much sparser
and arranged stochastically. The inhibition of DNA

replication and cell proliferation is believed to be one
of the responsible reasons too since the wound healing
process involves both cell proliferation and migration.

One of the important factors in regulating cell
migration is the architecture of the cytoskeleton.'” The
cell migration is a complex cellular behavior resulted
from the coordinated changes of the actin cytoskele-
ton, and the controlled formation and dispersal of cell
adhesion sites.*® The actin cytoskeleton, which is
associated with protruding cellular structures such as
filopodia and lamellipodia that form at the front of
migrating cells,*® in fibroblasts always exhibit as fila-
ments. They are bundled into stress fibers which
anchor within focal contacts at the cell periphery. Not
only control over the cell morphology and migration,
the cytoskeleton has also been found to be related with
cell proliferation, mitosis, differentiation, and gene
expression.*” As previously reported, internalization of
particles may disrupt cytoskeleton by forming vacuoles
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in the cell body.'®!® Therefore, F-actin staining was
performed to examine the effects of the MWCNTSs on
the cytoskeleton of human dermal fibroblasts and 3T3
cells. According to the results presented in Fig. 9, the
actin fibrils were disturbed and the stress fibers
decreased after treatment with the MWCNTs, which
may be the major cause of the impedance of cell pro-
liferation, adhesion, and migra‘[ion.36 It has been
reported that coating with layers of biocompatible
polymer would decrease the toxicity of nanoparticles
to cells and tissues.?”*** Furthermore, functionalization
of the CNTs with biopolymers such as proteins is
emerging as a promising way to expanding their bio-
medical applications. In the serum-containing culture
medium, non-specific adsorption of proteins on the
MWCNTs took place too (75 + 10 ug proteins/mg
MWCNTs after 6 h incubation, as detected by BCA
assay). Although it is not clear if the MWCNTs were
fully covered by the proteins, we believe that the one-
dimensional shape or the nature of small size of the
MWCNTs is still the main reason. Whether the surface
modification can really reduce the adverse effects of the
CNTs to organisms especially the physiological func-
tions of cells is still uncertain.

CONCLUSION

In the present study, the adverse effects of acid-
treated MWCNTs on NIH 3T3 cells and human der-
mal fibroblasts were explored. The presence of the
MWCNTs was responsible for the down-regulated
expression level of adhesion-related genes and abnor-
mal actin filaments, and thereby affected the physio-
logical functions of the cells in terms of cell
proliferation, mitosis, adhesion, and migration.
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