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ABSTRACT Although it has been demonstrated that carbon nanotubes (CNTs) may have potentials for tissue engineering applications
because of their unparalleled physical properties, little has been known on the cell adhesion mechanisms on model CNT monolayer
pertaining to the design of novel cell therapeutics device. In this study, the adhesion dynamics of primary porcine esophageal fibroblasts
(PEFs) on CNT monolayer were elucidated with confocal reflectance interference contrast microscopy (C-RICM) integrating with phase
contrast microscopy. Moreover, CNT monolayer (CNT-ML) was functionalized with two typical extracellular matrix (ECM) proteins
including collagen type I (COL) and fibronectin (FN) in order to promote its biocompatibility. First, it is shown by atomic force
microscopy that the topographical features of CNT-ML were dependent on the types of immobilized ECM protein. Second, significant
time lag in adhesion contact evolution (around 10 min) for PEFs was found on both CNT-ML and CNT-COL compared to the negligible
time lag on CNT-FN. It was found that adhesion energy of PEFs on the CNT-COL and CNT-FN surfaces reached steady state at 60 and
30 min after cell seeding compared to 70 min on CNT-ML surface. At steady state, the adhesion energy of PEFs on the CNT-COL and
CNT-FN surfaces was about twice as much than that on the CNT-ML surface. Moreover, immobilization of collagen or fibronectin on
CNT monolayer led to an increase in seeding efficiency and proliferation rate of PEFs. Scanning electron microscopy and
immunostaining together demonstrated that PEFs displayed an elongated morphology and highly polarized actin network on both
CNT-COL and CNT-FN surfaces, whereas PEFs displayed nonuniform cell morphology and actin organization on the CNT-ML surface.
Overall, our results demonstrated that the biophysical responses and biological behavior of PEFs on unmodified or functionalized
CNT monolayer were different. Functionalization of CNT through extracellular matrix protein immobilization effectively promotes
cell adhesion and proliferation, which may provide information for designing CNT-based biomaterials or novel cell therapeutics devices
in biomedical engineering.
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1. INTRODUCTION

Carbon nanotubes (CNTs), cylindrical macromolecules
of carbon with unique, unparallel mechanical, elec-
trical, and thermal properties, were discovered in

1991 (1). Because of their unique physical properties, CNTs
are potentially useful in a wide variety of applications, such
as electronics, optics, and advanced materials (2, 3). Re-
cently, CNTs have also stimulated immense interest in their
potential applications in biomedical devices (4). For ex-
ample, the unique properties of CNTs, such as a large surface
area to volume ratio and high mechanical strength, make
them an excellent candidate for providing the needed
structural reinforcement for tissue engineering scaffolds
(5–8). Although there is a concern about cytotoxicity of CNT
(9–12), several published studies supported the biocompat-
ibility of CNT and CNT-based biomaterials (13–16). Further-

more, the toxicity of CNT can be possibly mitigated through
functionalization with biological molecules (5, 17, 18).

The aim of tissue engineering is “... development of
biological substitutes that restore, maintain, or improve
tissue function or a whole organ,” according to Langer and
Vacanti (19). Therefore, the design of successful engineered
tissue requires thorough understanding of the interaction
between cells and tissue transplant (20). The effective adhe-
sion of cell to biomaterial surface is an indispensable re-
quirement for designing any engineered tissue equivalent
(21). Functionalization of biomaterials with extracellular
matrix (ECM) proteins has been proven to be useful for
improving the biocompatibility of biomaterials for cell re-
generation (22). Generally, it is known that ECM proteins
immobilized on biomaterial surface convey both mechanical
and chemical stimuli into the adhering cell, and in turn
induce cytoskeleton remodeling, morphology transforma-
tion and gene expression (23). Thus it is natural to hypoth-
esize that ECM protein functionalization would promote cell
adhesion to CNT or CNT-based composite biomaterials.
CNTs can be functionalized with various biomolecules in-
cluding ECM proteins with or without chemical coupling (24).
The large aromatic (π-electrons) surface of CNTs makes it
easy for biomolecules to bind through hydrophobic interac-
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tions (25). After introducing the biomolecular ligands onto
CNTs, it is possible to enhance the biorecognition of cells
and promote cell adhesion onto CNTs. For instance,
MacDonald et al. reported design of collagensCNT compos-
ite materials as potential scaffolds in tissue engineering (6).
However, the lack of quantitative understanding on the
effect of ECM protein immobilization on the adhesion mech-
anism of cells on CNTs becomes a hurdle for the develop-
ment of CNT-based biomaterials.

Cell adhesion to biomaterials comprises three stages: cell
attachment, cell spreading, and focal adhesion, as well as
stress fiber formation (26). Conventional methods including
phase contrast microscopy and fluorescence microscopy are
employed to study cell morphology and the focal adhesion
formation. Recently, confocal reflectance interference con-
trast microscopy (C-RICM) has emerged as an ideal real-time
imaging technique for probing the interfacial contact zone
between cell and biomaterial (27). By integrating C-RICM
with conventional microscopy, the adhesion kinetics of
HepG2 on different engineered surfaces has been elucidated
(28–30). To date, little is known on the interactions between
cells and CNT-based surfaces in quantitative sense, thus
more comprehensive studies are needed for a thorough
understanding on related issues; this is particularly impor-
tant for specific cell types for specific applications, such as
esophagus tissue engineering.

Esophagus cancer is one of the most common cancers.
Replacement of the cancerous esophagus by engineered
tissue equivalent is considered an ideal treatment in the
future. However, there is currently a lack of focus on the
development of novel materials for enabling esophagus
regeneration. One of the key tasks of esophageal tissue
engineering is to develop biofunctional materials that can
for tissue regeneration for esophagus substitute; CNT-based
biomaterials could be one of the solutions. To date, study
on the adhesion behavior of primary esophageal cells on
CNT-based material is scarce. The primary objective of this
study is to quantitatively elucidate adhesion dynamics of
primary porcine esophageal fibroblasts (PEFs) on CNT mono-
layer with a combination of unique biophysical approaches.
First, collagen type I (COL) and fibronectin (FN), two key
ECM proteins, were immobilized on CNT monolayer through
physical adsorption. Several physical parameters, (i) the
initial rate of cell deformation, (ii) steady-state degree of
deformation, and (iii) adhesion energy of PEFs on neat or
ECM protein-immobilized CNT monolayer during initial cell
seeding, were determined. It is shown by the results that the
biophysical parameters of cell adhesion can be tuned sig-
nificantly by immobilization of biomolecules. Moreover, cell
seeding efficiency and proliferation activity were correlated
to the adhesion dynamics on various CNT-based materials.
In addition, fluorescence microscopy and scanning electron
microscopy (SEM) were used to examine actin filament
distribution and degenerated structures of PEFs, respectively.

2. EXPERIMENTAL SECTION
2.1. Materials. Dulbecco’s modified eagle medium (DMEM),

penicillin-streptomycin solution, fetal bovine serum (FBS), and

trypsin-EDTA were obtained from Invitrogen (USA). Phosphate
buffer saline, collagen type I (bovine), fibronectin (bovine),
QuantiPro bicinchoninic acid (BCA) assay kit, MTT solution,
glutaraldehyde, and paraformaldehyde, were all purchased
from Sigma-Aldrich Chemical Inc. (USA). The CNT monolayers
supported on glass substrate were obtained from Nanolab
biosystem Inc. (USA).

2.2. Substrate Preparation. The CNT monolayer used in our
study was a layer of multiwalled carbon nanotubes (MWCNTs)
covalently bound to a silica coverslip. Before usage, each
coverslip with CNT monolayer was thoroughly washed by
deionized water. Subsequently, the coverslip was dry by air and
exposed to UV light for 30 min. Collagen type I or fibronectin
solution (0.6 mg/mL in 1× PBS) was dispensed onto the CNT
monolayer followed by incubation for 24 h at 4 °C. Finally, the
coverslip was washed three times with 1× PBS to remove
unbound collagen or fibronectin. For convenience, CNT mono-
layer, collagen-coated CNT monolayer, and fibronectin-coated
CNT monolayer are abbreviated as CNT-ML, CNT-COL, and CNT-
FN, respectively, hereafter.

The density of immobilized collagen or fibronectin was
determined by QuantiPro BCA assay kit (31). In brief, the
protein-coated substrates were immersed in 1% sodium dode-
cyl sulfate (SDS) and shaken for 30 min to desorb the im-
mobilized proteins. The desorbed protein solution was then
transferred into a centrifuge tube and QuantiPro BCA working
reagent was added to the tube with protein solution, followed
by gentle mixing. After incubation for 2 h at 37 °C, the sample
was cooled down to room temperature and its absorbance was
measured at 562 nm with UV-visible spectrophotometer (Shi-
madzu UV-2450, Shimadzu Corp., Japan). The amount of
proteins adsorbed on each surface was calculated based on
standard curves made from each individual protein. Each
measurement was run in triplicate.

2.3. Atomic Force Microscopy. The topographical feature
of the CNT based material was examined by a NanoMan AFM
(Vecco Inc., USA) with tapping mode. A cantilever with a spring
constant of 0.03 N/m was used to scan an area of 1 µm in
dimension for each sample. Each AFM image is a representation
of at least three scans collected from each type of surface. All
AFM images were analyzed by AFM associated software to
determine the root-mean-square (rms) roughness.

2.4. Contact Angle Measurement. The contact angle of
distilled water (18.2 MΩ) on CNT based surfaces was measured
by the sessile drop technique using a contact-angle measure-
ment equipment (FTA 1000, First Ten Angstroms Inc., USA) at
room temperature. Water droplets of 5 µL formed by an
automatic microsyringe were dropped onto different points of
each surface, and the image of attached droplet was record after
30 s. Water contact angle was obtained by analyzing the image
of the droplet. Eight or more measurements were carried out
and the mean values were calculated.

2.5. Porcine Esophageal Fibroblast Culture. Primary por-
cine esophageal fibroblasts (PEFs) were isolated and cultured
according to a previously reported method (32). Following
isolation, PEFs were incubated in DMEM, supplemented with
10% heat-inactivated FBS, 100 U/ml penicillin, and 100 U/ml
streptomycin at 37 °C in 5% CO2 atmosphere. Upon 80-90%
confluence, cells were harvested for subculturing or experi-
ments using trypsin-EDTA solution. The cells used for all experi-
ments were controlled between passage 6 and passage 10.

2.6. Phase Contrast Microscopy and Confocal Reflection
Interference Contrast Microscopy. The details of (inverted)
phase contrast microscopy and C-RICM have been described
previously (27). These two techniques were used to visualize
the contour of adherent cells and their adhesion contact,
respectively. Strong adhesion contact of an adherent cell ap-
pears as a dark or light gray region in the gray background on
the C-RICM image. A Pascal 5 confocal microscope system (Carl
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Zeiss, Germany) was used for imaging the adherent cells on
CNT-ML or ECM protein functionalized CNT-ML. After cell
seeding, a series of phase contrast and C-RICM images were
taken at regular intervals. Throughout the experiment, the cells
were kept at 37 °C and 5% CO2 through a customized chamber
(Carl Zeiss, Germany). Using an image analysis software (ZSM5,
Carl Zeiss, Germany), the midplane radius of adhering cells (R)
and contact zone radius (a) were obtained. The degree of
deformation, R, is defined as R ) a/R ) sin θ. On the basis of
a mechanical model of adherent cells, the adhesion energy is
given by (33)

where ε, average biaxial strain of cell membrane, is expressed
in terms of R:

and C, proportionality constant of the cell membrane, is calcu-
lated by

In eq 3, v and h are Poisson ratio and membrane thickness,
respectively. Elastic modulus of porcine esophageal fibroblast,
E, is taken as 12 kN/m2 according to the reported result by AFM
indentation (34).

2.7. Cell Seeding Efficiency Assay. Cell seeding efficiency
is defined as the ratio of the number of adherent cells to original
number of seeded cells. Before each assay, cells were seeded
onto the different substrates. Following 24 h of cell culture, the
substrates were washed and the adherent cells were detached
with trypsin-EDTA. The numbers of seeded cells and adherent
cells were counted with a hemocytometer. Each assay was run
in triplicate for each of the three surfaces.

2.8. MTT Assay. MTT assay was carried out to investigate
proliferation activity of PEFs. This assay is based on the cleavage
of tetrazolium ring of MTT by mitochondrial dehydrogenases
of viable cells, yielding purple formazan crystals that are
insoluble in aqueous solutions. Briefly, PEFs at the seeding
density of 1 × 105 cells/cm2 were cultured on three different
types of substrates for 1 or 3 days. In the last 4 h of each culture
period, cells were covered with 1 mg/mL of MTT solution.
Following 4 h of incubation, the MTT solution was removed and
the specimen was washed with 1× PBS. The formazan crystals
produced were dissolved in dimethyl sulfoxide and a microplate
reader (GENios, Tecan Inc., USA) was used to measure the
absorbance at a wavelength of 570 nm. Each test was repeated
three times for each surface.

2.9. Scanning Electron Microscopy. The detailed morphol-
ogy of the cells was examined by scanning electron microscopy
(SEM). First, cells seeded on different substrate (CNT-ML, CNT-
COL and CNT-FN) were cultured for 24 h. Then the substrates
with adherent cells were rinsed with 1× PBS followed by
fixation with 2.5% glutaraldehyde (SEM grade) for 2 h. After
three rinses with 1× PBS, the specimens were immersed in 1%
osmium tetroxide solution for 1 h. The fixed specimen were
dehydrate with a graded ethanol series (30, 50, 70, 90, 95, 2 ×
100%) for 10 min at each concentration, soaked in hexameth-
yldisilazane for 10 min, and dried in air. Finally, the specimens

were sputtered with a layer of platinum and visualized by a field
emission SEM (JSM-6700, JEOL Ltd., Japan).

The SEM images were analyzed using AxioVision, an image
analysis software (Carl Zeiss, Germany). After measuring spread
area and perimeter of cells, we calcualted the cell shape factor
coefficient (Sfc) (35), defined as 4π × (spread area)/(perimeter2).
Sfc ranges from 0 to 1, where 0 implies a straight line, and 1
denotes circular shape.

2.10. Immunofluorescence Staining. To visualize actin
filaments, we cultured PEFs on three surfaces for 24 h. The cells
was then washed in 1× PBS, fixed in 4% paraformaldehyde
solution for 30 min, washed again in 1× PBS, and stained with
FITC-labeled phalloidin (5 µg/mL) for 40 min. Finally, the
samples were washed in 1× PBS to remove residual stain and
viewed using confocal laser scanning microscope (Pascal 5, Carl
Zeiss, Germany).

2.11. Statistical Analysis. All data are shown as mean (
standard deviation. A one-way ANOVA was performed to
compare mean values among different groups. Probability
values of p < 0.05 were considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Surface Characterization. A typical SEM image

of unmodified CNT monolayer supported on glass substrate
is shown in Figure 1. The result shows that long, curly
MWCNTs with length of 1.7 ( 0.8 µm are randomly distrib-
uted on the substrate. The diameters of MWCNTs are in the
range of 20 to 40 nm, with average value of 27.4 nm. In
addition, it is seen that these MWCNTs protrude from the
bottom of the coverslip and their frontal parts may overlap.
Thus the thickness of the monolayer varies slightly across
the substrate.

Proteins can be immobilized onto CNT by spontaneous
adsorption or chemical reactions (24). Although protein
immobilization onto CNT via chemical reaction may be
carried out in a more controllable way, protein coating
through physical adsorption remains to be common practice
due to its simplicity (24). Because of the hydrophobic nature
of CNT surface, collagen or fibronectin can nonspecifically
bound to the wall of CNT through noncovalent bonding. AFM
height and phase images of CNT-ML, CNT-COL and CNT-FN
surfaces are shown in Figure 2. The peak of a surface is
represented as bright region in an AFM phase image. It is
shown in images A and B in Figure 2 that CNTs with different
length protrude from the coverslip. Compared to Figure 2A,
the CNT-COL surface shown in Figure 2C is relatively flat.
However, some very bright regions are observed in Figure

w ) (1 - cos θ)Cε + Cε2 (1)

ε ) 1
2[2 + 2(1 - α2)1/2

4/R1
2 - α2

- 1] (2)

C ) Eh
1 - v

(3)

FIGURE 1. SEM image of CNT monolayer on a silica coverslip.
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2D, suggesting that some CNTs are exposed outside the
protein layer. After collagen immobilization, the ridges
between tangled CNTs are filled with collagen, leading to a
more homogeneous morphology as shown in the phase
image of the CNT-COL surface than that of the CNT mono-
layer. As shown in images E and F in Figure 2, similar
topographic features are also found on the CNT-FN surface.
However, the fibronectin layer on the CNT-FN surface is not
as smooth as the collagen layer on the CNT-COL surface,
possibly attributed to the higher molecular weight of fi-
bronectin (approximately 450 kD) compared to collagen
(approximately 300 kD), and because of differential tertiary
organizational capacities of the proteins. By analyzing the
topographic images of the three surfaces, the root-mean-
square (rms) roughness of CNT-ML, CNT-COL, and CNT-FN
surfaces are 9.45 ( 1.32, 4.55 ( 0.31, and 6.23 ( 0.42 nm,
respectively (p < 0.05). ECM immobilization leads to a
decrease in rms roughness compared to neat CNT mono-
layer, which confirms successful ECM immobilization onto
the CNT monolayer.

Functionalization of CNT monolayer may induce change
of its hydrophobic nature due to the introduction of ECM
proteins. Contact angles of CNT-ML, CNT-COL, and CNT-FN
surfaces are 120.6 ( 3.0, 53.3 ( 2.2, and 93.1 ( 1.5°,
respectively (p < 0.01). The contact angle of CNT monolayer
was found to be significantly higher than those of CNT-COL
and CNT-FN surfaces, exhibiting the innate hydrophobic
nature of carbon nanotubes. Because of the immobilization
of collagen, the CNT-COL surface became more hydrophilic.
In contrast, the CNT-FN surface was still somewhat hydro-

phobic. It was previously reported by Harnett et al. that
fibronectin-coated surface retained hydrophobic nature and
was independent of the underlying substrates (36). Our
result is consistent with their finding. By QuantiPro BCA
measurement, the densities of absorbed collagen on CNT-
COL surface and fibronectin on CNT-FN surface were deter-
mined to be 2.14 ( 0.26 and 2.38 ( 0.31 µg/cm2 (which is
statistically insignificant, with p > 0.05), respectively. The
result showed that both proteins formed multiple molecular
layer on CNT since the required density for forming a
collagen or fibronectin monolayer is 0.30 and 0.25 µg/cm2,
respectively (29, 37). Thus the amount of immobilized ECM
proteins on CNT-ML is believed to be sufficient for enhancing
cell adhesion.

3.2. Adhesion Dynamics of PEFs on CNT-ML,
CNT-COL, and CNT-FN Surfaces. Cell attachment and
spreading are phenotypic responses of all anchorage-de-
pendent cells (26). Using C-RICM in conjunction with phase
contrast microscopy, adhesion contact and spreading area
can be monitored simultaneously, which provides succinct
descriptions of cell geometry on a planar substrate. A series
of phase contrast and C-RICM images of a typical PEF on
the CNT-ML surface during 2 h of culture is shown in Figure
3. The result shows that the PEF maintains round shape
within 40 min after cell seeding on CNT-ML. After 2 h of
culture, the PEF begins to spread with filopodia protruding
from cellular membrane. It has been shown that cell spread-
ing was shown to be decoupled from the adhesion contact
development in the initial phase of cell adhesion (38). Thus
C-RICM provides additional information about cell adhesion
mechanism. As demonstrated in the C-RICM images of
Figure 3, the PEF forms strong adhesion contact at 20 min
after cell seeding as represented by a light gray patch with
an area of 31 µm2 in the C-RICM image (indicated by the
white arrow in Figure 3). The gray patch significantly in-
creases in area over time. After 120 min of culture, the
adhesion contact area reaches 296 µm2. By comparing the
phase contrast images with C-RICM images within 40 min,
it is found that the evolution of adhesion contact is different
from that of cell spreading. The contact area of PEF at 40
min is 204 µm2, 560% higher than that of PEF at 20 min. In
contrast, the projected area of PEF retains almost constant
at about 310 µm2 during the initial 40 min of culture. Despite
the lack of adhesive ligand, CNT-ML is effective at inducing
adhesion contact formation. The result observed herein is
likely caused by rapid adsorption of serum proteins on CNT-
ML by hydrophobic interaction. In fact, the first stage of cell
adhesion (cell attachment) is mainly driven by binding of
integrin receptors to the ligands on biomaterials (26), whereas
the development of cell spreading is controlled by cytosk-
eleton remodeling (39). Although the ligand-receptor inter-
actions trigger signal transduction cascades, the downstream
biophysical responses, such as cytoskeleton reorganization,
occur later than the adhesion contact evolution. This evi-
dence supports the independent trend of adhesion contact
evolution and cell spreading during the initial cell adhesion
process.

FIGURE 2. AFM images of CNT-ML, CNT-COL, and CNT-FN surfaces.
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Immobilization of ECM protein on biomaterials provides
necessary ligands for cell adhesion, which is critical to the
long-term anchorage of seeded cells. A series of phase
contrast and C-RICM images of a typical PEF on the CNT-
COL surface are shown in Figure 4. From the phase contrast
images, it is observed that a PEF displays round shape during
the initial 40 min of cell seeding. At 40 min, the PEF spreads
a little with filopodia formations near cell periphery, which
is not found in PEF on CNT monolayer at the same time of
observation. Through 2 h of culture, this PEF spreads
extensively. Lamellipodia and filopodia are seen to protrude
from the cell membrane. As indicated in the C-RICM images
of Figure 4, the PEF initiates its adhesion contact formation
(indicated by the white arrow in Figure 4) 20 min post
seeding. Thereafter, the adhesion contact area climbs up
from 58 µm2 at 20 min to 785 µm2 at 120 min. The result
implies that the interaction between the integrin receptors
of PEF and immobilized collagen accelerates adhesion
contact formation compared to that for PEF on CNT-ML.

Switching one ECM protein to another alters ligand-
receptor interactions, which may induce a shift of down-
stream signal transductions inside the adherent cells. A
series of phase contrast and C-RICM images of a typical PEF
on the CNT-FN surface are shown in Figure 5. The cell goes
through the significant filopodia formation and extensive
spreading in 2 h of culture, which is similar to the PEF on
the CNT-ML or CNT-COL surface. However, there is a notable
distinction between the evolution of adhesion contact of
PEFs on the CNT-FN surface compared to that of PEFs on

the CNT-ML or CNT-COL surface. Just 5 min after cell
seeding, a dark patch (as indicated by the white arrow in
Figure 5), with an area of 91 µm2 emerges on the CNT-FN
surface. This faster adhesion contact formation of PEFs to
the CNT-FN surface than that on the CNT-ML and CNT-COL
demonstrates better biorecognition of fibronectin by PEFs.
Moreover, the density of adsorbed fibronectin is close to that
of collagen. It is because fibronectin contains abundant types
of binding domains including Arg-Gly-Asp (RGD) and Arg-
Glu-Asp-Val (REDV) (20), which may favor more rapid
identification and binding of transmembrane integrin recep-
tors of PEFs to the immobilized fibronectin. From 5 to 120
min, the contact zone grows quickly. After 2 h of culture,
the contact area reaches 1288 µm2, which is the biggest for
PEFs at 120 min among all of the three surfaces. In our
previous adhesion dynamics results of PEFs on poly(lactic
acid) (PLA), collagen-functionalized PLA (PLA-COL), and
fibronectin-functionalized PLA (PLA-FN) surfaces, PEFs on
the PLA-FN surface also exhibit the fastest adhesion contact
formation among three cases (38). These results support the
notion that adhesion contact development is modulated by
the interactions between immobilized ECM protein and
cellular receptors in the CNT system.

Cell adhesion always induces cell deformation through
the geometric transformation. The degree of deformation,
a/R, which characterizes the geometric change during cell
adhesion, can be obtained conveniently by our biophysical
approaches. The average degree of deformation (a/R) against
seeding time for PEFs on three surfaces (CNT-ML, CNT-COL,

FIGURE 3. Series of phase contrast and C-RICM images of a typical PEF in a cell population adhering to the CNT-ML surface from 5 to 120 min
after cell seeding. The white arrow indicates the adhesion contact forming at 20 min. Scale bar ) 20 µm.

FIGURE 4. Series of phase contrast and C-RICM images of a typical PEF in a cell population adhering to the CNT-COL surface from 5 to 120
min after cell seeding. The white arrow indicates the adhesion contact forming at 20 min. Scale bar ) 20 µm.
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and CNT-FN) during 2 h culture is shown in Figure 6A. It is
demonstrated that a/R of PEFs on CNT-ML surface retains
zero within the initial 10 min of cell seeding. Moreover, the
average increase rate of a/R is defined as deformation rate
that is a/R divided by the time needed for the cells during
initial stage of adhesion contact formation. At 20 min, a/R
obtains a value of 0.21 (with deformation rate of 0.021
min-1). The rate of increase of average a/R against time is
gradually slackened from 30 min onward. At 80 min, a/R
acquires its maximum value on CNT-ML. Similarly, a/R of
PEFs on CNT-COL surface remains to be zero within 10 min
followed by the rapid rise from 20 min (with deformation

rate of 0.042 min-1). However, the trend of a/R against time
for PEF on the CNT-FN surface is largely different from those
of the other two surfaces. From 0 to 5 min, a/R of PEFs on
CNT-FN surface jumped from 0 to 0.52 (with deformation
rate of 0.1 min-1). The lag time for PEFs to initiate adhesion
to CNT-FN surface is 15 min shorter than that of CNT-ML
and CNT-COL surfaces, which may be attributed to the
quicker recognition of fibronectin by integrin receptors of
PEFs based on the indifference in the density of adsorbed
collagen and fibronectin. After 40 min, a/R of PEFs on CNT-
FN surface reaches the maximum value. The result strongly
indicates that the evolution of cell adhesion contact on CNT-
FN surface is most rapid and has the highest deformation
rate among the three surfaces reported herein. Different
pairs of ligands and receptors may modulate the adhesion
contact dynamics of PEF cells. In particular, the integrin
receptors on most anchorage dependent cells play a critical
role in several cellular processes including tissue morpho-
genesis, organogenesis, tumor metastasis (22). It is known
that integrin R5�1 specifically recognizes fibronectin and
subsequently triggers ECM remodelling (22). Moreover, col-
lagen is one of the major ECM proteins containing a lot of
cell binding sites such as RGD sequences. Integrin R2�1

mediates the adhesion of cell to collagen and is closely
associated with intracellular signal transduction (30). The
results herein demonstrates the clear role of ligand-receptor
interaction in dictating the initial adhesion kinetics of PEF
cells.

Through 2 h of culture, PEFs on three surfaces reach a
steady state and gain their maximum value of a/R. The
maximum a/R of PEFs on CNT-ML, CNT-COL, and CNT-FN
surfaces is 0.76, 0.93, and 0.98, respectively (p < 0.05). For
spreading cells, a/R is translated into the ratio of the radius
of adhesion contact zone to the radius of spreading portion.
The maximum a/R value for PEFs on CNT-COL and CNT-FN
surfaces is almost 1, suggesting major spreading membrane
of cells is tightly bound to the substrates because of ECM
immobilization. The result also shows that CNT-ML alone is
not optimized for cell activation.

Adhesion energy is a useful biophysical parameter de-
scribing the binding affinity between adherent cells and
biomaterials surfaces (40). The average adhesion energy of
PEFs against time of cell seeding, calculated using eq 1, on

FIGURE 5. Series of phase contrast and C-RICM images of a typical PEF in a cell population adhering to the CNT-FN surface from 5 to 120 min
after cell seeding. The white arrow indicates the adhesion contact forming at 5 min. Scale bar ) 20 µm.

FIGURE 6. (A) Average degree of deformation and (B) average
adhesion energy versus time for PEFs on CNT-ML, CNT-COL and
CNT-FN surfaces within 2 h after cell seeding. n > 50 for each data
point.
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CNT-ML, CNT-COL, and CNT-FN surfaces during 2 h culture
is shown in Figure 6B. For all three surfaces, the adhesion
energy of PEFs goes up over time until reaching their steady
state. Because the zero value would not appear in log scale,
the average adhesion energy of cells on CNT-ML and CNT-
COL surfaces before 20 min is not shown in Figure 6B,
implying no formation of strong adhesion contact for PEFs
on CNT-ML and CNT-COL surfaces before 20 min. The
average adhesion energy of PEFs on CNT-ML surface climbs
up from 1.66 × 10-10 J/m2 at 20 min to 4.86 × 10-7 J/m2 at
70 min, spanning 3 orders of magnitude. During the same
culture period, it only spans about 2 orders of magnitude
on CNT-COL surface, from 1.16 × 10-8 J/m2 to 9.54 × 10-7

J/m2. For PEFs on CNT-FN surface, high adhesion energy
with 4.45 × 10-8 J/m2 shows up only at 5 min after cell
seeding. It then keeps on rising and reaches a steady state
of 9.54 × 10-7 J/m2. The time needed for PEFs on CNT-ML,
CNT-COL, and CNT-FN surfaces to reach maximum adhesion
energy is 70, 60, and 30 min, respectively. The adhesion
energy PEFs on CNT-FN surface spend the least time to
arrive at the steady state. In our previous study, PEFs on
ECM protein-functionalized PLA surfaces followed a similar
trend to gain the maximum adhesion energy over time (38).
These results suggest immobilized ECM proteins may act as
major mediator of cell adhesion (23).

3.3. Seeding Efficiency and Proliferation Activ-
ity of PEFs on CNT-ML, CNT-COL, and CNT-FN
Surfaces. Cell seeding efficiency assay was carried out to
characterize the global affinity of biomaterial surfaces to
PEFs. It is indicated in Figure 7A that seeding efficiency of
PEFs on CNT-ML, CNT-COL and CNT-FN surfaces after 2 h
of culture is 32 ( 11, 68 ( 6, and 83 ( 7%, respectively
(p < 0.05). Through the introduction of ECM protein as
ligands onto CNT monolayer, the seeding efficiency was
elevated approximately 2-fold. Particularly, PEFs on CNT-
FN surfaces possess the highest seeding efficiency among
the three cases, demonstrating that fibronectin immobiliza-
tion enhances cell adhesion most effectively among the
three cases. A similar effect of ECM immobilization on
seeding efficiency was found on PLA-COL and PLA-FN
surfaces in our previous studies (38).

An MTT assay was conducted to monitor the variation of
cell number in 3 days of culture. Data shown in Figure 7B
are represented in the form of relative values to the control
surface (CNT-ML, 1 day). As shown in Figure 7B, cell number
of PEFs on CNT-COL and CNT-FN surfaces was significantly
higher than that on CNT-ML surface after either 1 day or 3
days of culture according to the linear correlation between
cell number and MTT value. This result agrees well with
published studies of myoblastic mouse cells (C2C12) cultured
on unmodified or FBS-functionalized carbon nanotube films
(41).

To systematically investigate cell proliferation activity, we
integrated cell seeding efficiency data with MTT results for
analysis. The ratios of cell number on CNT-ML, CNT-COL,
and CNT-FN surfaces are deduced to be 1:2.1:2.6 (2 h), 1:2.5:
3.0 (1 day), and 1:2.7:3.2 (3 days), respectively. Obviously,

the ratio of cell number on CNT-COL or CNT-FN surface to
that on CNT-ML surface increases steadily from 2 h to 3 days,
demonstrating PEFs proliferates more quickly on ECM
protein functionalized surfaces. By considering the different
seeding efficiency on three surfaces, proliferation rate is
defined as MTT value of 3 days divided by that of 1 day to
compare cell proliferation activities in absence of the effect
of seeding efficiency. The proliferation rate of PEFs on CNT-
ML, CNT-COL, and CNT-FN surfaces is 2.07, 2.36*, and
2.33*, respectively (* p < 0.05, compared to CNT-ML
surface), suggesting immobilization of ECM protein acceler-
ates proliferation activity of PEFs. Therefore, higher cell
number on functionalized CNT monolayer than that on CNT-
ML surface could be attributed to the enhancement of both
seeding efficiency and proliferation rate through engineering
the CNT-ML surface with ECM proteins.

3.4. Cell Morphology of PEFs on CNT-ML, CNT-
COL, and CNT-FN Surfaces. Cell morphology under high
resolution are intimately related to many physiological
processes, including cell growth, differentiation and apop-
tosis (42). In our experiments, PEFs cultured on different
surfaces for 24 h were fixed, dehydrated, and then observed
under SEM to examine their morphology. SEM images of
PEFs adhering to CNT-ML, CNT-COL and CNT-FN surfaces
are shown in Figure 8. On the CNT-ML surface, the morphol-

FIGURE 7. (A) Cell seeding efficiency of PEFs on CNT-ML, CNT-COL,
and CNT-FN surfaces after 24 h of culture. (B) MTT value for PEFs
cultured on CNT-ML, CNT-COL, and CNT-FN surfaces after 1 or 3
days of culture. * Represents significant difference among the
groups for comparison (p < 0.05); in A and B (3 days), the comparison
is among all of the three groups; in B (1 day), the comparison is
between CNT-ML and CNT-COL, and CNT-ML and CNT-FN.
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ogy of cells is not uniform: Some cells are almost circular,
whereas others are polygonal. As shown in Figure 8A, the
cell spreads slightly and exhibits a relatively round shape.
In contrast, the cell as shown in Figure 8B significantly
spreads and display elongated morphology. It is known that
anchorage-dependent cells rely on spreading to enter G1 and
G2 of the cell cycle (43). It was found that cells which only
bound to ECM and lacked spreading did not elevate cyclin
D1 level and downregulate the cell-cycle inhibitor p27 (44),
suggesting PEFs with nearly round morphology on the CNT-
ML surface may not proliferate normally. Comparatively, the
morphology of PEFs on CNT-COL or CNT-FN surface is
uniform. In Figure 8D, E, G, and H, all cells display highly
elongated morphology. The details of filopodia of a typical
PEF on CNT-ML, CNT-COL and CNT-FN surfaces are shown
in Figure 8C, F, and I, respectively. It is depicted in these
figures that filopodia sprawl on the CNT sidewalls. On
multiwalled CNT construct, other researchers noticed that
filopodia of human osteoblastic cells grasped and deformed
the surrounding compliant CNTs (45). No similar phenom-
ena were found in our study. A possible explanation is that
CNTs on our substrate are shorter. Under the same load, the
deflection of shorter CNTs is so small that it is unnoticeable
under SEM.

To quantitatively compare the different morphology of
cells on three surfaces, spread area and shape factor coef-
ficient (Sfc) of cells are determined by analyzing the SEM
images. Spread area and Sfc of PEFs on the three surfaces
after 24 h of culture are listed in Table 1. These two
parameters are used to evaluate the degree of cell spreading

and cell elongation, respectively. The lower the Sfc value for
a cell, the more elongated its morphology. It is indicated in
Table 1 that spread area of cells on CNT-COL and CNT-FN
surfaces is bigger than that on CNT-ML surface. In contrast,
Sfc of cells on CNT-COL and CNT-FN surfaces is lower that
on CNT-ML surface. The functionalization of CNT-ML with
ECM proteins modulates the morphology of adherent cells.
For instance, cells adhering on functionalized CNT mono-
layer possess larger spread area and more elongated mor-
phology than those on unmodified CNT monolayer. Particu-
larly, cells on CNT-FN surface display most expanded and
elongated morphology among the three surfaces, very simi-
lar to the bipolar morphology of PEFs in vivo. The difference
in cell morphology on three surfaces reflects the variation
of ligand-receptor interactions, which tune cell morphology.
It is worth emphasizing that inconsistency of cell morphol-
ogy was not found on biofunctionalized CNT monolayer. A
possible explanation was related to the improved uniformity
of the surface chemistry through functionalization. It was
reported that spread area of human osteoblastic cells cul-
tured on CNT construct was negatively correlated with

FIGURE 8. SEM images of PEFs adhering to CNT-ML, CNT-COL, and CNT-FN surfaces after 24 h of culture. The arrows in A, E, and H indicate
the filopodia of a typical PEF on CNT-ML, CNT-COL and CNT-FN surfaces, respectively. The corresponding details of the filopodia in A, E, and
H are shown in C, F, and I, respectively.

Table 1. Spread Area and Sfc of PEFs on CNT-ML,
CNT-COL, and CNT-FN Surfaces
surfaces spread area*(µm2) Sfc*

CNT-ML 1326 ( 594 0.81 ( 0.10
CNT-COL 2456 ( 467 0.67 ( 0.07
CNT-FN 2886 ( 536 0.62 ( 0.05

* Significant difference in spread area or Sfc between PEFs on
three types of surfaces (p < 0.05). n ) 50-60 for each data point.
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nanotube diameter (45). The diameters of CNTs on CNT-ML
surface used herein ranged from 20 to 40 nm. The dissimilar
cellular shape and spread area for cells on the CNT-ML
surface may just act as the mirror of underlying CNTs with
different size. On the CNT-COL and CNT-FN surfaces, the
ECM protein layer encapsulating the CNT sidewalls possible
insulates the effect of size of CNT on cell morphology. In our
previous studies, PEFs also exhibited more spread area and
elongated morphology on PLA-FN surface than PLA and PLA-
COL surfaces (38). These results supports that immobilized
ligands, not the underlying supporting materials mainly
dictates the resulted phenotypes of adherent cells.

3.5. Actin Filament Distribution of PEFs on CNT-
ML, CNT-COL, and CNT-FN Surfaces. Cell adhesion to
biomaterials triggers signal transduction cascades, inducing
cytoskeleton reorganization. The change of biomaterial
surface may lead to alteration of signal transduction path-
ways and cytoskeleton organization of adherent cells. In
present study, F-actin was immunostained by FITC-phalloi-
din to observe the actin filament organization. Representa-
tive images of stained PEFs on three surfaces after 24 h of
culture are shown in Figure 9. It is found in Figure 9A that
the F-actin distribution in PEFs on CNT-ML surface is not
consistent. There are two types of actin organization on CNT-
ML surface: one is in the less-spreaded cells (indicated by
the white arrows in Figure 9A), with concentrated actin
filaments near cell cortex; the other is in well-spread cells,
with actin filament bundles appearing all over the cytosol.
In the former case, actin microfilament bundles are not
observed. Only the randomly oriented actin filaments near
cell cortex form a roughly ringlike structure correlating with
its nearly round shape. In contrast, no circular actin structure
is found in the latter, but the cells exhibit clearly visible stress
fibers. Functionalization of CNT monolayer affects the actin
organization of adherent cells. Contrary to the CNT-ML, the
distribution of F-actin inside various PEFs on the CNT-COL
surface is more consistent in comparison with that on CNT-
ML. As demonstrated in Figure 9B, PEFs spread extensively
on CNT-COL surface. It is seen from the figure that cells are
highly polarized on CNT-COL, with stress fibers (indicated
by the white arrow) aligning parallel to the long axis of the
cells, which indicates the presence of focal adhesions
although formation of focal adhesions may not necessarily
warrant the formation of stress fibers. It can be inferred from
these images that the number of focal adhesions for PEFs
on CNT-COL are much more than those on CNT-ML. It is
shown in Figure 9C that F-actin distribution of PEFs on CNT-
FN surface is very similar to that on the CNT-COL surface.
Highly anisotropic orientation of stress fibers are seen inside
the highly polarized PEFs. Comparing the F-actin distribution
of PEFs on the three surfaces, it is obvious that ECM protein
immobilization on CNT monolayer has greatly transformed
the diverse actin organizations of PEFs into consistent actin
organization with parallel alignment of stress fibers, which
demonstrated the critical role of immobilized ligands in
modulating cell adhesion. The results of actin organization
of PEFs on three surfaces coincide with the SEM observations.

4. CONCLUSIONS
In summary, the adhesion dynamics of PEFs on CNT-ML

surface and functionalized CNT-ML surfaces (CNT-COL and
CNT-FN) was investigated. First, the effect of ECM im-
mobilization on the interfacial properties of CNT-ML has
been thoroughly characterized. It is shown that adhesion
dynamics of PEFs on three surfaces is different. In general,
a/R and adhesion energy for PEFs reach steady state more
quickly on functionalized CNT-ML surfaces than on CNT-ML
surface. Particularly, PEFs on the CNT-FN surface initiate
adhesion contact formation and reach steady state earlier
than that on CNT-COL surface, reflecting the different innate
bioactive domains inside ECM proteins. Seeding efficiency
and proliferation activity of PEFs were also elevated after
functionalization of CNT-ML. The most prominent result in
our study is that the inconsistent cell morphology and actin

FIGURE 9. Actin filament distribution of PEFs on CNT-ML, CNT-COL,
and CNT-FN surfaces after 24 h of culture. The arrows in A indicate
less spread cells with concentrated actin filaments near cell cortex.
The arrow in B indicates the stress fibers in spreading cells; similarly,
stress fibers are also seen in C. Scale bar ) 50 µm.
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organization on CNT-ML surface become uniform on func-
tionalized CNT-ML surface. PEFs on CNT-FN surface possess
the highest elongated morphology and largest spread area
among three cases after 24 h culture. Thus, ECM protein
functionalization effectively promotes PEF adhesion to the
CNT monolayer. Engineering the CNT surface with ECM
proteins provides a feasible way in designing optimized
biomaterial surface for tissue engineering.
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