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a b s t r a c t

Nanocomposites of Ethylene Vinyl Acetate (EVA 260) with Cloisite 20A organo clay and Cloisite 20A
organo clay impregnated with Fe(CO)5 were produced in a twin-screw extruder. Dynamic mechanical
analysis (DMA) measurements indicated that the moduli increased monotonically for the Cloisite, up to
a concentration of 10%, after which the modulus decreased. Adult human dermal fibroblasts (AHDF) were
plated on these surfaces and the cell growth was found to be maximal on the nanocomposites containing
10% Cloisite. AHDFs cultured on substrates with higher Cloisite content had low surface area, poor
growth curves, and misshaped actin fibers. Compounding EVA with Fe(CO)5 soaked Cloisite did not
enhance the modulus even at a loading of 10%. TEM images indicate nanoparticles form and coat the
Cloisite platelet surfaces, possibly interfering with the exfoliation process. On the other hand, cell culture
of MC3T3 osteoblasts proliferated on the Fe containing nanocomposites, the largest effect being observed
when cultured in a constant magnetic field. These results indicate how the chemical nature of the Cloisite
20A organo clay can also play a major role. Finally, since natural ECM is fibrillar, these EVA nano-
composites were also electrospun into micron thick fibers. MC3T3s proliferated well on these fibers and
the MC3T3 proliferation was maximized by culture on electrospun aligned fibers in a constant magnetic
field.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoparticles have become the catalyst behind many novel
technologies mainly because of their large surface-to-volume ratio.
However, there is concern about the potential long-term harmful
effects of their use. For example, even nanoparticles that consist of
biologically inert materials can harm cells by penetrating the cell
membrane, disrupting intracellular processes [1–4] and attaching
to DNA [5]. Nanoparticles are commonly blended with polymers to
form nanocomposites. Clays, which are composed of platelets that
have a thickness on the order of 1 nm, and range from 8 to 10 mm in
diameter, are a frequent component of nanocomposites [6–10]. Due
to their high aspect ratio, clays increase the strength, mechanical
modulus, and toughness of the polymer while also improving
barrier and flame retardant properties [11]. Furthermore, some
clays have been shown to contain Fe, Na, and other minerals, and
hence exhibit either charge or magnetic properties.

As a result, clay nanocomposites are currently being used in
numerous applications which range from electronics and rein-
forcing structural materials, to viscosity modifiers in personal care
products and controlling the gas/bio-organism permeability of
biomedical plastics [12,13]. Yet despite their popularity and ubiq-
uitous use, little is known regarding their interactions with living
tissues and cells. We therefore decided to focus on this aspect of
clay nanocomposites. We first performed studies of cell
morphology and proliferation as a function of clay concentration.
We then modified the clays by exposing them to Fe pentacarbonyl
vapors, which penetrated the galleries and rendered the clays
magnetic. Hence magnetic polymer nanocomposites could be
molded from these clays, and the effects of external magnetic fields
could be studied. Previous research has shown that strong
magnetic fields can stimulate bone growth [14–19]. Hence for these
studies we chose to use osteoblasts, and probe the effect of the
external fields on their proliferation and orientation. Since the skin
is also the first point of contact with nanoparticles that are encased,
we also tested the effects of clay nanocomposites on primary
culture dermal fibroblast cells.
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We first experimented with flat surfaces, but since the actual
ECM formed by the dermal fibroblasts in vivo is fibrillar [20–22], we
also had electrospun fibers of the nanocomposites, and studied the
effects of the fibrillar structures. In this study we chose to use
Ethylene Vinyl Acetate random copolymers (EVA 260) because it is
an elastomer whose modulus more closely resembles tissue than
that of hard glassy polymers.

2. Materials and methods

2.1. Preparation of bulk nanocomposite samples

2.1.1. Preparation of magnetic clay platelets
Five grams of Cloisite 20A (Southern Clay Products, Gonzales, TX) organo clay

was placed in a glass jar and sealed with a rubber stopper. Fe(CO)5 (Aldrich, St. Louis,
MO) liquid was then injected through the stopper, such that the clay and Fe carbonyl
were in a 1:1 ratio by mass, or 5 g Cloisite to 3.4 mL Fe(CO)5. The powder was then
stirred for 5 min and left sealed in the glass jar overnight. The followingmorning, the
powder was stirred again for 5 min and then the mixture was left under a ventilated
hood for 24 h. During that time all Fe(CO)5 liquid was adsorbed within the clay
galleries and allowed to decompose. Some of the platelets were then encased in
a glassy polymethylmethacrylate (PMMA) matrix and microtomed at room
temperature. Themicrographs are shown in Fig.1, wherewe can see that the Fe(CO)5
decomposed to form nanoparticles which appear to be adsorbed to the clay platelets.
Additionally, as shown in Fig.1(A), there is an even distribution and exfoliation of the
Cloisite 20A platelets throughout the polymer matrix. Furthermore, in Fig. 1(B) the
Fe-nanoparticles are clustered along the exfoliated clay platelets. The average size of
the particles obtained is 3.5 nm. Another set of samples was also made where the
amount of the Fe(CO)5 was doubled and was added in a 1:2 ratio (5 g Cloisite, to
6.7 mL Fe(CO)5). The amount of Fe in each of the samples containing Fe(CO)5 was
determined using mass spectroscopy at Desert Analytics, Inc., in Tucson, AZ.

2.1.2. Polymer nanocomposite blending
The polymer we used was EVA 260 (DuPont Corp, Wilmington, DE), which is

a rubbery polymer at room temperature with Tm¼ 75 �C. The nanocomposites were
blended in a Brabender (C.W. Brabender Instruments, Inc., South Hackensack, NJ) by
using the following procedure:

The total mass of EVA 260 and nanoparticles in all of the nanocomposites
produced was 50 g. First, half of the mass of EVA 260 was poured into the Brabender
which was rotating at 5 revolutions per minute at 150 �C. When all of the EVA 260
that was poured inwas molten, half of the mass of the nanoparticles was added into
the Brabender. When it appeared that all of the nanoparticles have been incorpo-
rated into the polymer matrix, half of the remaining EVA 260 was added and when
all of the EVA 260 that had been added was molten, half of the remaining nano-
particles were added into the Brabender. When it appeared that all of the nano-
particles had been incorporated into the polymer matrix, the remaining EVA 260
was added into the Brabender; when the EVA 260 that was just added in was in
a molten state, the remaining nanoparticles were added into the brabender. The
brabender was closed and the rotation speed was increased to 100 revolutions per
minute for 20 min at 150 �C to ensure homogeneity. The brabending process was
carried out to produce the nanocomposites that consisted of 95% EVA with 5%
Cloisite 20A, 92% EVA 260 with 8% Cloisite 20A, 90% EVA 260 with 10% Cloisite 20A,

88% EVA 260 with 12% Cloisite 20A, 85% EVA 260 with 15% Cloisite 20A, 80% EVA 260
with 20% Cloisite 20A, 80% EVA 260 with 20% Cloisite 20A:Fe(CO)5 in a 1:1 ratio, 90%
EVA 260 with 10% Cloisite 20A:Fe(CO)5 in a 1:1 ratio, and 90% EVA 260 with 10%
Cloisite 20A:Fe(CO)5 in a 1:2 ratio.

2.1.3. Preparation of bulk nanocomposite samples
The nanocomposites were molded into disks 1.5 cm in diameter using a Carver

Heated Press (Carver, Inc., Wabash, IN). The bulk samples were pressed between
Kapton polyimide films (DuPont Corp, Wilmington, DE) in order to keep the
roughness below 100 nm. 100% EVA 260 was also pressed into bulk disks for cell
growth tests. The pure polymer and the nanocomposites were adhered to 24-well
dishes (Becton Dickinson Labware, Franklin Lakes, NJ) by adding three drops of
toluene (Fisher Scientific Company, Pittsburgh, PA) beneath the disks, which
temporarily plasticizes the polymer, but evaporated quickly, so that they would not
float in the cell media. The surfaces were sterilized for cell plating under an ultra-
violet light lamp (Englehard Industries, Inc., Newark, NJ) for 30 min.

2.1.4. Preparation of electrospun nanocomposite samples
Electrospinning is a process that creates a mat of fibers using an electric charge.

A viscous polymer solution is drawn into a syringe, and then a high voltage supply is
attached to the needle. A graduated pump slowly and uniformly pushes the solution
out of the needle, and the high voltage stretches the solution droplet into a Taylor
cone and an electrified jet is formed. The jet is continuously elongated by electro-
static charge repulsion and solvent evaporation, creating a mat of electrospun fibers
on the grounded collector surface.

1.40 grams of 100% EVA 260, 90% EVA with 10% Cloisite 20A, and 90% EVA 260
with 10% Cloisite 20A:Fe(CO)5 in a 1:2 ratio by mass were each added to four vials,
each containing 8.6 mL of chloroform (J.T. Baker, Phillipsburg, NJ), to create a 14% w/
v solution. The solutions were left for 24 h on a 100 �C surface to completely dissolve
the pure polymer and the nanocomposites. 3 mL of the dissolved solution were
drawn into a 5 mL glass syringe (Hamilton Company, Reno, NV) that was then
secured onto the graduated pump (Kd Scientific, Holliston, MA), and the flow rate
was set to 3 mL/h. The high voltage power supply (Gamma High Voltage Research,
Ormond Beach, FL) was set to 10 kV and attached to the needle, and the collector
surface was grounded. The fibers were collected on approximately .75 cm2 silicone
wafer chips (Umicore Semiconductor Processing, Boston, MA) to make the mesh
nanofiber surfaces. To create the aligned fibers, wafer chips were attached to
a cylindrical rotator (Talboys Engineering, Thorofare, NJ). The electrospinning set up
was the same as was used to create the mesh fibers, with the addition of the
cylindrical rotator, which was set at 700 rotations per minute. When the fibers
landed on the surface, they were immediately pulled straight by the rotations and
aligned onto the silicon wafer. The electrospun mesh and the electrospun aligned
fibers were examined with a light microscope (Olympus, Center Valley, PA) at 100�
magnification. The average size of the fibers obtained was 7.1 mm and 7 mmwith and
without clay. The addition of clay therefore did not change the fiber diameter
significantly. The spacing between the fibers was 15.1 mm. All the electrospun
samples were sterilized with the ultraviolet lamp for 30 min.

2.2. Characterization of clay polymer nanocomposite substrates

2.2.1. Vibrating sample magnetometry
A Vibrating Sample Magnetometer (VSM) (Digital Measuring Systems, West-

wood, MA)measured themagnetic moment of iron oxide in all of the samples. Using

Fig. 1. Micrographs of the Fe(CO)5 – Cloisite 20A platelets encased in PMMA: (A) Cloisite 20A platelets are exfoliated and distributed evenly throughout the polymer matrix (B) Fe-
nanoparticles are clustered along the exfoliated clay platelets.
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rubber cement, the sample is attached to a vertically vibrating glass rod suspended
between a pair of magnetic coils, and the flux changes caused by the movement of
the sample introduce a current in the coils, which is read by an ammeter.

Paramagnetic samples have a strong affinity to external magnetic fields but lose
all magnetism once the field is removed. A hysteresis loop resulting from the VSM
will showa straight, positive slope in the presence of paramagnetic nanocomposites.
Diamagnetic samples have a negative slope and nomagnetic properties. To calculate
the magnetism of each sample, the measured magnetization, measured in memu
was divided by the fractional iron content, as determined from mass analysis.

2.2.2. Dynamic mechanical analysis
Dynamic mechanical analysis (Triton Technology, Ltd., Keyworth, Nottingham-

shire, UK) was performed to determine the effects of clay/Fe on the mechanical
properties of the materials. The nanocomposites studied were as follows: 100% EVA
260, 92% EVA 260 with 8% Cloisite 20A, 90% EVA 260 with 10% Cloisite 20A, 88% EVA
with 12% Cloisite 20A, 90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 in a 1:1 ratio, and
90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 in a 1:2 ratio. The samples for the DMA
tests were molded at 150 �C for 10 min at 7 metric tons in the heat press to fit the
DMA’s dimensions, which were approximately 2 mm� 10.5 mm� 11 mm. When
mounted in the DMA, the samples were heated from room temperature to 160 �C at
a rate of 2 �C per minute. An oscillating force was applied to the sample, and the
displacement of the sample was recorded. The modulus, a measure of stiffness, was
then calculated from the stress over the strain.

2.3. Cell culture

Adult Human Dermal Fibroblasts (AHDF), CF-31, were obtained from Clonetics,
San Diego, CA. The adult human dermal fibroblasts were cultured in DMEM sup-
plemented with 10% fetal bovine serum (HyClone, Logan, UT) and an antibiotic mix

of Penicillin–Streptomycin. MC3T3 osteoblasts were obtained from ATCC and
routinely cultured in Minimum Essential Medium a (Gibco, Grand Island, NY) con-
taining 10% Fetal Bovine Serum (HyClone, Logan, UT) and 1% Penicillin–Strepto-
mycin (Gibco, Grand Island, NY). All cells were cultured in a 37� C, 5% CO2 95%
humidity incubator (Napco Scientific Company, Tualtin, OR).

2.4. Cell proliferation

Passage 2 AHDFs were plated on the bulk polymer-clay nanocomposites con-
sisting of EVA and different concentrations of clay at 2.0�103 cells per cm2 and
incubated for 4 days in a 37� C, 5% CO2 95% humidity incubator (Napco Scientific
Company, Tualtin, OR). Four surfaces per conditionwere selected per day for 10 days.
The surfaces were rinsed twice with PBS, and then 200 mL of trypsin was added to
each well and incubated for 1 min. 400 mL of media was then added to each well to
neutralize the trypsin and by using a hemocytomer, the number of cells per surface
were calculated for each of the different clay polymer nanocomposite surfaces.
Passage 2 MC3T3 osteoblasts were plated on the bulk and electrospun clay nano-
composites consisting of EVA and Fe(CO)5 at 2.4�103 cells per cm2 and incubated
for 4 days under the same incubation conditions as the AHDFs. One group of plated
surfaces was set as the control, and the other group was exposed to a magnetic field.
To create the magnetic field, a 24-well dish containing the nanocomposites was
sandwiched between two layers of Neodymium magnets (Max Magnetic Products,
Flushing, NY). Four surfaces per condition were selected after 4 days. The surfaces
were rinsed twice with PBS, and then 400 mL of trypsin was added to each well and
incubated for 10 min. 400 mL of media was then added to each well to neutralize the
trypsin and by using a hemocytomer, the number of cells per surfacewere calculated
for each of the different clay polymer nanocomposite surfaces. In this configuration,
the magnetic field at the center of the cell culture dish was measured using a Hall
probe and found to be 1.5 KG.
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Fig. 2. Magnetic moment due to Fe in the 80% EVA 20% Cloisite 20A:Fe(CO)5 1:1.

H.M. Lewkowitz-Shpuntoff et al. / Biomaterials 30 (2009) 8–1810



2.5. Cell morphology and orientation

Passage 2AHDFswere seeded on clay polymernanocomposites consisting of EVA
260 and different concentrations of clay at 2.0�103 cells per cm2 and incubated for 4
days in a 37� C, 5% CO2 95% humidity incubator (Napco Scientific Company, Tualtin,
OR). The MC3T3s were seeded on the bulk and electrospun clay polymer nano-
compositeswithdifferent ratiosof Fe(CO)5 at 2.4�103 cells per cm2and incubated for
4 days in magnetic and non magnetic fields. The choice of this incubation time was
based on the observation that both the AHDFs and the MC3T3s on the different
surfaces showed significant differences in rates of proliferation after 4 days.

To determine actin cytoskeleton organization of the dermal fibroblasts, and the
orientation of the osteoblasts, the cells were fixed with 3.7% (w/v) formaldehyde for
15 min and then washed twice with PBS. Next the cells were permeabilized with
a mild detergent (1% Nonidet P-40, Sigma) for 10 min, and then stained with a 1:100
dilution of Alexa Fluor-488 Phalloidin (Molecular Probes, Eugene, OR) to 2% Bovine
Serum Albumin (BSA) (Sigma-Aldrich, St. Louis, MO) in PBS for 20 min. The surfaces
were rinsed and stored in 1 mL of PBS. The cells were then imaged using a Leica TCS
SP2 laser scanning confocal microscope (Leica microsystem Inc., Bannockburn, IL).

2.6. Data analysis

Data is expressed as mean þ/� standard deviation and evaluated for differences
by Student’s t-Test. Differences were considered significant when p< .05.

3. Results and discussion

3.1. Magnetic nanocomposite characterization

In order to determine the effects of magnetic substrates on cell
properties we first characterized the magnetic properties of the
substrates by using a VSM to measure the magnetic moment of iron
oxide in all of the samples. VSM detected superparamagnetic prop-
erties for the nanocomposites containing iron and Cloisite. Fig. 2
shows themagnetic properties of the 80% EVA 260with 20% Cloisite
20A:Fe(CO)5 ina1:1 ratiodue solely to the ironpresent in thesample.
As shown in Fig. 2, the sample exhibits superparamagnetism, as
indicated by the positive slope and lack of hysteresis. Clustered iron
oxide nanoparticles inhibit the expression of magnetism; however
because the exfoliation of the Cloisite 20A nanoparticles distributes
the iron oxide nanoparticles, the nanocomposites are capable of
having paramagnetic properties. The zero field intercept (sponta-
neous magnetization) is 2.5 emu/g Fe for 80% EVA 260 with 20%
Cloisite 20A:Fe(CO)5 in a 1:1 ratio, .021 emu/g Fe for the90%EVA260
with10%Cloisite 20A:Fe(CO)5 in a 1:1 ratio (Fig. 3) and .087 emu/g Fe
for the 90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 in a 1:2 ratio
(Fig. 4). These very small magnitudes of magnetization suggest that
the samples consist of nanoscale aFe2O3, which is an antiferro-
magnet. The other samples did not exhibit ferromagnetic properties
and thus, the emu/g could not be calculated.

3.2. Dynamic mechanical analysis

Because the modulus of the surface also affects the function of
cells cultured on the nanocomposites, DMA was performed to
determine the effects of clay/Fe on themechanical properties of the
materials. The moduli of the nanocomposites with EVA are plotted
in Fig. 5 as a function of Cloisite concentration. From the figure we
find that the moduli increase monotonically with increasing Cloi-
site content, up to a concentration of 10%, where an enhancement
of 228% over the unfilled systems is observed. Addition of more
Cloisite, however is seen to decrease the modulus. As the
percentage of Cloisite is increased passed 10%, the degree of exfo-
liation is decreased and tactoids begin to form as the Cloisite
platelets become increasingly confined. This results in a decrease in
modulus since the tactoids interfere with the gel – like state which
is formed when the Cloisite platelets exfoliate to a large degree in
a polymer matrix above Tg.

Adding Cloisite to the nanocomposites where Fe carbonyl was
adsorbed onto the surfaces, forming clay nanoparticles, is seen to
reduce the modulus even further for the 10% blends. Here we

postulate that the Fe particles coating the Cloisite platelet surfaces
screens the favorable interactions between the EVA and the func-
tionalized clays, thereby eliminating the enhanced reinforcement
of the mechanical properties and the analogously large moduli
observed.

3.3. Cell proliferation and adhesion on bulk EVA clay
nanocomposites

Wefirstwanted todetermine the effects of addition of theorgano
clays to EVA polymers. We therefore cultured AHDFs from primary
culture on themoldedEVA sampleswithdifferent amounts of added
Cloisite 20A organo clay. The control sample was plated on a glass
cover slip. The cell proliferation over 4 days of incubation is shown in
Fig. 6. Cell proliferation on all of the surfaces increasedminimally by
day 1. However this is expected because the average doubling time
for AHDFs is approximately 20 h. By day 3 cell counts on the 100%
EVA substrates were significantly lower than those on the glass
control sample (p¼ .0073), indicating that EVA is not a good
substrate for these cells. The addition of 5% Cloisite 20A to the EVA
polymermatrixsignificantly improvedcellviability in comparison to
the 100% EVA substrate (p¼ .0229). A maximum improvement was
observed with the addition of 10% Cloisite 20A. The difference
between the amount of cell proliferation with the addition of 5%
Cloisite 20A and the amount of cell proliferationwith the addition of
10%Cloisite 20Abyday 3was also significant (p¼ .013). Additionally,
the 90% EVA 260 with 10% Cloisite 20A substrates even supported
more cellproliferation thanwas seenon theglass control (p¼ .0429).
However, further addition of clay of 15% and 20% decreases the cell
count. The 85% EVA 260 with 15% Cloisite 20A supported signifi-
cantly less cell proliferation (p¼ .011). These same trends continued
on day 4. Figs. 7 and 8 are low and high magnification confocal
microscope images of the cells on these substrates taken using
a Leica TCS SP2 laser scanning confocal microscope (Leica micro-
system Inc., Bannockburn, IL). At 4 days the cells are observed to be
confluent on the glass control substrate, forming a tissue.

On the 100% EVA substrates, from the higher magnification
image we observe that the cell area is smaller than on the control,
and that the cell’s actin fibers are not well developed. The cell
appears to have an abnormal morphology, in which it is lacking the
defined structure as seen in the AHDFs plated on the glass control.
Many more cells are observed on the substrates with added 5% and
10% Cloisite 20A in comparison to the cells plated on the 100% EVA
surfaces. Here multi layers of tissue have formed after 4 days and
the density is much higher than on the glass control. Higher
magnification images show that the cells are well spread with well
formed actin fibers. Addition of more clay, 15% and 20%, has an
obvious deleterious effect on the cells. The cell density is clearly
much lower, and the cell area is smaller. Thus, addition of up to 10%
Cloisite 20A organo clay in the polymer matrix had a dramatic
beneficial effect on cell proliferation and morphology.

Cells may detect and respond to mechanical cues, which are
increasingly being understood to play a role in cell adhesion
response. Numerous studies have found that physical and chemical
properties of the adhesion substrate can affect cell locomotion,
growth, and differentiation [23–25]. Cells respond to differences in
substrate flexibility by altering their adhesion structures, often
translated through their actin organization, andmobile behavior. In
a study by Wang et al. [26], surface flexibility was controlled by
varying the concentration of the cross linkers bisacrylamid in
acrylamide. Cells were found to proliferate better on more rigid
substrates. The cells on the rigid substrate were well spread out,
indicating a good adhesion and healthy cell, and appeared identical
to cells cultured on glass or plastic surfaces. However, the cells that
were plated on the more flexible substrates showed a change in
morphology, smaller in size and with a poor adhesion. It has also
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been reported that cells preferentially migrate toward hard
surfaces, which provide traction for cells [27].

We therefore suggest that the increased cell number and the
improved morphology of the cells on the substrates containing 10%

Cloisite are due to the larger modulus measured by DMA. As the
Cloisite concentration increases past 10%, the modulus of the
nanocomposite drops and there is greater chance of excess free
surfactant blooming to the surfaces. This has an adverse effect on the

Fig. 3. Magnetic moment due to Fe in the 90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 in a 1:1 ratio.

Fig. 4. Magnetic Moment due to Fe in the 90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 in a 1:2 ratio.
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cells, as can be seen in the significantly lower cell counts and the
confocal images shown. Because we observe a maximum of cell
proliferation at 10% Cloisite 20A, which corresponds to the largest
modulus observed within the EVA polymer-clay nanocomposites
indicates that surface mechanics is an important parameter gov-
erning cell viability.

3.4. Osteoblast proliferation and orientation on EVA clay
nanocomposites with the addition of Fe2O3

Since bone cells are known to be sensitive to magnetic fields,
Passage 2 MC3T3 osteoblasts were plated on the bulk and electro-
spun claynanocomposites consistingof EVAandFe(CO)5 at 2.4�103

cells per cm2 and incubated inmagnetic and nonmagnetic fields for
4 days under the same incubation conditions as the AHDFs. After 4
days the cellswere counted and a graph depicting the cell density on
each of the nanocomposite surfaces in magnetic and non magnetic
fields relative to the cell density on the glass control inmagnetic and
non magnetic fields respectively were constructed (Fig. 9).

Data is not available for the number of cells per surface on the
electrospun mesh and aligned fibers for 100% EVA 260 because due
to the soft nature of EVA, themats peeled off the siliconwafers after
the second culture day during feeding. For cell proliferation on the
bulk disks without magnetic fields, both the 90% EVA 260 with 10%
Cloisite 20A and the 90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 1:2
nanocomposites significantly increased cell proliferation compared

Fig. 5. Room temperature moduli of EVA/Cloisite 20A clay nanocomposites: the right most data points correspond to EVA with 20A Cloisite clays which had adsorbed Fe(CO)5.

Fig. 6. Proliferation of AHDFs on EVA/Cloisite 20A clay nanocomposites over 4 days of incubation.
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to the pure polymer with p values of .0002 and .0001 respectively
(Fig. 9). However, therewas not a significant difference between the
amount of cell proliferation on the 90% EVA 260 with 10% Cloisite
20A bulk surfaces and the 90% EVA 260 with 10% Cloisite
20A:Fe(CO)5 in a 1:2 ratio bulk surfaces.

In comparison to the proliferation on the bulk nanocomposites,
the proliferation of the cells plated on the electrospun mesh fibers
was greater. Specifically the 90% EVA 260 with 10% Cloisite 20A
electrospun meshed fibers supported greater cell proliferation than
the 90% EVA 260 with 10% Cloisite 20A bulk surface (p¼ .0001).
Additionally, the 90% EVA 260with 10% Cloisite 20A:Fe(CO)5 in a 1:2
ratiomeshed fibers also supported greater cell proliferation than the
90%EVA260with 10%Cloisite 20A:Fe(CO)5 in a 1:2 ratio bulk surface
(p¼ .0006). The electrospun aligned fibers generated the greatest
amount of cell proliferation within the three surface types (Fig. 9).
Specifically the 90% EVA 260 with 10% Cloisite 20A electrospun
aligned fibers supported greater cell proliferation than the 90% EVA
260with 10% Cloisite 20Ameshedfiber surfaces (p¼ .0012). The 90%
EVA 260 with 10% Cloisite 20A:Fe(CO)5 in a 1:2 ratio aligned fibers
also supported greater cell proliferation than the 90% EVA 260 with
10%Cloisite 20A:Fe(CO)5 in a 1:2 ratiomeshedfibers (p¼ .0003). The
addition of the magnetic field enhanced cell proliferation for all
materials and surface types (Fig. 9). When cultured in a magnetic
field, the 90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 in a 1:2 ratio
again experienced the greatest amount of cell proliferation for the
three types of surfaces, with the highest cell density on the electro-
spun aligned fibers. Additionally, there was no significant difference

incell proliferationon90%EVA260with10%organoclay: Fe(CO)51:2
electrospun aligned fibers with and without magnetic fields.

Images of the MC3T3s on these substrates were taken using
a Leica TCS SP2 laser scanning confocal microscope (Leica micro-
system Inc., Bannockburn, IL). Fig. 10(A) shows MC3T3 proliferation
and organization of those cells plated on bulk disks consisting of
90% EVA 260 with 10% Cloisite without the presence of external
magnets. The presence of an external magnetic field on the cell
growth on the of 90% EVA 260 with 10% Cloisite bulk disks
enhanced cell proliferation and communication as indicated by the
presence of filapodia (Fig. 10B). With the addition of Fe2O3 to the
EVA clay substrate, it seems that the MC3T3 proliferation was
further enhanced (Fig. 10C). Additionally, the cells are organized in
a circular formation, which corresponds to the direction of the
magnetic flux. Within the last 10 years, research has indicated that
Ca2þ plays a critical role in cell signaling through classical intra-
cellular mechanisms. Additionally Ca2þ serves as an extracellular or
‘‘first’’ messenger [28–33]. We postulate that because the Ca2þ ions
orient in the direction of the magnetic flux, and that Ca2þ is crucial
in cell signaling, that the cells themselves also orient in the direc-
tion of the magnetic flux. Thus the circular formation of the cells on
the Fe/Cloisite nanocomposite surfaces in the presence of the
magnetic field, in the direction of the magnetic flux indicates that
the external magnetic field plays a large role in tissue formation via
cellular organization using ion exchange in filapodia.

Prior research has indicated that strong magnetic fields of tesla
order can regulate and orient matrix proteins and cells [34–43].

Fig. 7. AHDFs on EVA/Cloisite 20A clay nanocomposites after 4 days of incubation at 10� magnification.
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Under SMF of 5–10 T, matrix proteins are orientated to a regular
pattern. These oriented proteins then facilitate the orientation of
cells. However, right now themechanism is not fully understood. In
this study the fields are much smaller, but they may be enough to
induce orientation.

Confocal images of theMC3T3s on electrospunmesh surfaces all
indicate healthy cell growth with stretched actin fibers adhering to
the substrate. Images of cells on 90% EVA 260 with 10% Cloisite
20A:Fe(CO)5 in a 1:2 ratio (see Fig. 11(B,D) and Fig. 12(B,D)) show
denser growth in comparison to cells on 90% EVA 260 with 10%

Fig. 9. Ratio of the density of MC3T3s on each nanocomposite surface to the density of MC3T3s on the glass control after 4 days of incubation in magnetic and non magnetic Fields.

Fig. 8. AHDFs on EVA/Cloisite 20A clay nanocomposites after 4 days of Incubation at 40� magnification.
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Cloisite (Fig. 11(A,C) and Fig. 12(A,C)), which correlates with the cell
counts (Fig. 9).

MC3T3s on the electrospun aligned surfaces (Fig. 12) are much
more prolific than the electrospun mesh surfaces (Fig. 11). This
corresponds with the data from Fig. 9, which depicted the cell
viability on electrospun surfaces. MC3T3s are adapting well to the
configuration of the surface, and the stretched actin indicates that
the cells are healthy and well-adhered to the surfaces. It is inter-
esting tonote that unlike theMC3T3splatedon theEVA20A:Fe(CO)5

in a 1:2 ratio bulk samples cultured in a magnetic field, the MC3T3s
on the electrospun meshed and aligned fibers cultured in the
magnetic field were not organized in a circular formation. This
indicates that on the electrospun substrates, the magnetic field did
not reallycontrol their alignment, but rather the configuration of the
substrate dictated the orientation. The cells were so strongly
oriented on the fibers that they ignored the external magnetic field.
The MC3T3s cultured in a magnetic field on electrospun aligned
fibers of 90%EVA260with10%Cloisite 20A:Fe(CO)5 in a1:2 ratiohad

Fig. 10. MC3T3s plated on bulk nanocomposite surfaces after 4 days of incubation in magnetic and non magnetic fields at 20� magnification: (A) MC3T3’s plated on 90% EVA 260
with 10% Cloisite 20A and incubated without magnetic Field (B) MC3T3’s plated on 90% EVA 260 with 10% Cloisite 20A and incubated in the presence of a static magnetic field (C)
MC3T3s plated on 90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 1:2 and incubated in the presence of a static magnetic field; MC3T3s are organized in a circular formation corre-
sponding to the direction of the magnetic flux.

Fig. 11. MC3T3s on electrospun mesh fibers after 4 days of incubation at 63� magnification: (A) 90% EVA 260 with 10% Cloisite 20A with no field (B) 90% EVA 260 with 10% Cloisite
20A:Fe(CO)5 1:2 with no field (C) 90% EVA 260 with 10% Cloisite 20A cultured in a static magnetic field (D) 90% EVA 260 with 10% Cloisite 20A:Fe(CO)5 1:2 cultured in a static
magnetic field.
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the highest proliferation after the fourth day, and as depicted in
Fig. 10. The cells are also confluent on the surface.

4. Conclusion

The addition of up to 10% Cloisite 20A to EVA 260 has a dramatic
beneficial effect on cell proliferation and morphology. By placing Fe
in the polymer through the adsorption to Cloisite, we successfully
created a magnetic nanocomposite that enhanced the proliferation
and alignment of MC3T3s when cultured in a magnetic field. The
addition of Fe to the polymer-clay nanocomposites alone did not
have a dramatic effect on proliferation. We saw that the largest
effect on MC3T3s growth came from the presence of the static
magnetic field. MC3T3 growth was maximized by seeding on
electrospun aligned fibers consisting of 90% EVA with 10% Cloisite
20A:Fe(CO)5 in a 1:2 ratio in a magnetic field. The presence of Fe
increases the internal field near the cells and produces organization
based on aligning the cells perpendicular to the field similar to the
current flux in an external field. However when the MC3T3s are
plated on electrospun aligned fibers, they strongly oriented on the
fibers and ignored the external magnetic field.

Acknowledgements

This work was supported by the NSF-MRSEC program.

Appendix

Figures with essential colour discrimination. Certain figures in
this article, particularly Figs. 7, 8, and 10–12, are difficult to interpret
in black andwhite. The full colour images can be found in the on-line
version, at doi: 10.1016/j.biomaterials.2008.09.015.
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