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Abstract Methods are presented for creating biocompat-
ible composites with magnetic functionality by incorporat-
ing magnetic nanoparticles in a biodegradable polymer
matrix. A wide range of volume fractions for magnetic
particle loading and therefore magnetization density are
achievable. The nanoscale of the particles aids in achieving
dispersion, so that variations in physical and chemical
properties occur on scales much less than that of cells.
Sufficient magnetization is achieved to enable actuation of
the material, i.e., the generation of strains of biologically
significant magnitudes using remotely applied magnetic
fields. The magnitude of the actuation is demonstrated to
enable fluid pumping and create local strains in cell aggre-
gates that should be sufficient to stimulate cell growth and
differentiation. The composite materials can be formed into
random-pore scaffold materials with controlled porosity,
pore shape, and pore connectivity. They can also be shaped
by pressing, rolling, or drawing and joined by thermoplastic
welding, so that ordered three-dimensional scaffold struc-
tures and various shell structures, such as tubes and toroids,
can be fabricated. When the composite sheets are formed
into tubes, the application of a moving magnetic field
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induces simulated peristalsis. When intestinal cells were
seeded on the composite sheets, cells remained viable and
grew rapidly in vitro.

Introduction

A primary challenge in tissue engineering is achieving
structure and shape in an aggregate of cells. Growing
cells either in vitro or in vivo into the correctly orga-
nized, three-dimensional structures that are found in or-
gans or tissue is made difficult by the cells’ inability to
grow independently, in a self-supporting manner, into
targeted orientations and shapes. Therefore the art of
tissue engineering proceeds by the seeding and attach-
ment of cells onto a biocompatible and biodegradable
scaffold, which can to some extent guide the development
of the correct cellular structure.

The choice of scaffold is critical to enabling the cells to
produce tissues and organs of the desired shape and size.
Scaffold characteristics that have become recognized as
critical to successful tissue engineering include (1) using a
material of controlled biodegradability so that tissue will
eventually replace the scaffold, (2) having an open three-
dimensional structure to favor tissue integration and vas-
cularization, (3) achieving appropriate surface chemistry to
favor cell attachment, differentiation, and proliferation, (4)
providing adequate mechanical properties for implantation
and handling, and (5) allowing for the ingress of cells and
nutrients [1, 2]. Scaffolds with most or all of these char-
acteristics are now available. However, further control of
cell growth and differentiation could possibly be achieved
by adding two mechanical functionalities to the scaffold,
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the ability to pump fluids and the ability to impose
mechanical strains on the cells. Both of these functions
could be effected in vivo in a non-intrusive manner if
scaffolds could be developed that can be actuated by the
remote application of magnetic fields. In particular, meth-
ods are sought to cause scaffold motion without the need
for intrusive electrical leads or implanted mechanical strain
actuation devices.

Presented in this article are specific methods to fab-
ricate magnetically modified biocompatible polymers,
which can be actuated by remotely applied magnetic
fields. The magnitude of the actuation is shown to be
biologically useful by simple tests in known magnetic
fields and magnetic field gradients. A number of methods
of processing the functionalized polymers into scaffolds
and other structures are demonstrated, suggesting wide
applicability in tissue engineering and other bioengi-
neering fields.

The materials needed to achieve magnetically func-
tionalized scaffolds are sought among those that are known
to be biocompatible and biodegradable. A popular class of
synthetic resorbable polymers is aliphatic polyesters such
as polyglycolic acid (PGA) and polylactic acid (PLA).
Copolymers of PGA and PLA, poly(lactide-co-glycolide)
(PLGA) are amorphous and degrade by hydrolysis. The
degradation products are present in the human body and
removed by natural metabolic pathways. The degradation
is fast and can be controlled by molecular weight, crys-
tallinity, and ratio of lactide to glycolide [3]. PLGA is also
an attractive scaffold material because of its thermoplastic
properties and flexibility, which allow easy processing into
a variety of configurations. Schemes for controlling the
final shape of an organ or regenerated tissue via scaffold
geometry could be realized.

The selection of the magnetic additive is guided partly
by biocompatibility and biodegradability, but also by
characteristics that will determine the magnetic func-
tionality of the composite. For example, magnetic
nanoparticles with a high aspect ratio create a shape
anisotropy effect, which could be exploited to generate
force moments in an applied field. Spherical magnetic
particles at the nanoscale tend to be superparamagnetic
and therefore give rise to distributed body forces in an
applied field gradient. Further considerations in choosing
magnetic materials refer to the ability to create a dense
dispersion of magnetic material and to control particle
clustering.

This article presents preliminary data acquired for one
particular novel material system, with implications of the
possibility of fabricating many more in the class. Various
prototype scaffold structures are demonstrated and pre-
liminary tests of biocompatibility and the viability of cells
seeded on the materials are reported.
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Materials and methods
Materials

Poly(p,L-lactide-co-glycolide) (PLGA) with a lactide to gly-
colide molar ratio of 65:35 (intrinsic viscosity 0.53 dL/g) was
purchased from Lakeshore Biomaterials Inc. (Birmingham,
Alabama). Nanorods of maghemite (y-Fe,O3) were obtained
from Titan Kogyo, Japan (AUVICO ATG-2600). The
y-Fe,O3 nanorods were estimated to be approximately 60 nm
in diameter by 300 nm in length via scanning electron
microscopy (SEM) (Fig. 1). Anhydrous chloroform was
purchased from Sigma Aldrich (St. Louis, Missouri) and used
as received.

Composite solutions

Dispersions of y-Fe,O; in PLGA were prepared with
concentrations ranging from 10 to 30 wt.% 7y-Fe,O3
(based on PLGA). A typical composite solution was
prepared by weighing 2.0 g of PLGA pellets in a glass
vial and adding 0.4 g y-Fe,O; powder, to which 10 mL
of chloroform is added as solvent. The solution was
agitated on an orbital shaker for approximately 2 h or
until the PLGA was completely dissolved. To aid in
dispersion of the y-Fe,O; nanorods, the composite solu-
tion was placed in an ultrasonic bath for ~5 min prior to
casting.

Fig. 1 SEM image of y-Fe,O3 nanorods
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Casting and curing of composite sheets

Poly(lactide-co-glycolide), like most polymers, can be cast
into films or sheets. The size of the casting mold as well as
the viscosity of the polymer solution will help determine
the film thickness. In general, the polymer should be dis-
solved in a volatile solvent using a fairly high solids con-
tent. The solution should then be poured into the
appropriate mold size to achieve the desired thickness after
solvent evaporation. The solvent can be removed via
evaporation in a hood or by vacuum. The application of
some heat can speed the process, but care should be taken
not to exceed the glass transition temperature.

To form sheets of y-Fe,O3/PLGA, the composite solu-
tion was poured into a silicone mold. An appropriate
amount of solution was added to form the desired sheet
thickness. The y-Fe,O3/PLGA/chloroform dispersion was
allowed to cure by solvent evaporation in a hood at room
temperature for 1-2 days. Once the chloroform has been
completely evaporated, the composite sheet can be easily
removed from the silicone mold.

The formation of thin sheets and thick films of the cast
y-Fe,O3/PLGA composite can also be aided by pressure
and heat. In a double-plate heated hydraulic Carver press,
for example, Teflon-coated metal plates were heated to
<50 °C and the composite sheets were pressed into sheets
of thickness 50-200 pm, depending on heating times and
applied pressure. The pressure applied was typically
between 500 and 3,000 psi.

Porous scaffold formation

To form random open pore scaffolds, the y-Fe,O3/PLGA/
chloroform dispersion was mixed into a viscous paste with
sugar crystals, which serve as a porogen. The paste was
then packed in a Teflon mold of desired shape and size.
The solvent was removed via freeze-drying (-110 °C)
under dynamic vacuum (<100 mtorr). The y-Fe,O3/PLGA/
sugar composite was then soaked in water to remove the
porogen.' The resulting porosity and interconnectivity can

! The particulate leaching protocol of porogen removal involves
repeated rinses and replenishment of large volumes of water. We have
evaluated this issue on a field emission high resolution SEM and
found that using our porogen removal protocol, most of the porogens
are removed after the first rinse, and all of the porogens are removed
after the second rinse, but we typically rinse four times. The resultant
porosity has never presented any problem to cell seeding. Addition-
ally, we have prepared five micron thick sections of the scaffolds
within 1 h of cell seeding and we have never noticed the presence of
porogens. While the possibility exists that a minute, negligible frac-
tion of nanosized porogens can remain encapsulated, we are highly
confident that most of the porogens are removed given the large
interconnectivity of the pores, relatively small volume fraction of the
polymer and the fast dissolution rate of sugar in water.

be controlled by the amount of sugar added and pore size
can be controlled by the sugar crystal size.

Physical characterization

Specimens for SEM were prepared by affixing with carbon
tape and sputtering with a thin gold coating. Images were
obtained using a Philips FEI XL30 SEM at 10 kV. Mag-
netic actuation was tested by measuring the force exerted
on solid (cast) and porous specimens of y-Fe,Os;/PLGA
composite in a balance beam apparatus and measuring the
deflection of a cantilever beam composed of porous
y-Fe>O3/PLGA composite.

Seeding of scaffolds

IEC6 cells were purchased from ATCC (Manassas,
Virginia). Cells were transfected with a lentivirus that
expressed the green fluorescent protein (GFP). A subclone
of the transfected cells was selected by limited dilution and
was expanded in culture medium containing Dulbecco’s
modified Eagle’s medium with low glucose, 5% fetal
bovine serum, 10 pg/mL insulin, and 100 U/mL penicillin
and 100 pg/mL  streptomycin (Gibco, Gaithersburg,
Maryland) [4]. Composite films were disinfected in 70%
ethanol for 20 min and rinsed in phosphate buffered saline
three times before immersion in culture medium for 1 h.
Each film was seeded with a density of 1.5 x 10* cells/cm?®
in 24-well plates and incubated in 37 °C, 10% CO,,
humidified incubators.

Cell viability testing

Growth of cells on the composite films was determined by
observing GFP-labeled cells under epi-fluorescence.
Images of fluorescent cells were captured in a RGB color
digital camera (Optronics, Goleta, California) with a Leica
DM IRB light microscope (Leica Microsystems Inc.,
Bannockburn, Illinois) after 1, 4, and 7 days of culture.
Pristine PLGA films served as control.

Results and discussion

Physical and mechanical properties of y-Fe,O3/PLGA
composites

Data are reported in the following for y-Fe,Os/PLGA
composites in which the y-Fe, O3 constituted approximately
30% by weight (6.7% by volume) of the solid composite
material (exclusive of porosity). The density of PLGA is
1.3 mg/m?, that of y-Fe,O5 is 6.1 mg/m”, and therefore that
of the y-Fe,05/PLGA composite is 1.59 mg/m’. Since the
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mass ratio of the mixture used to form a porous scaffold
was 0.2 g PLGA:2.8 g sugar:0.06 g y-Fe,O3 and the den-
sity of sugar is 1.59 mg/m’, the random pore scaffold
material is estimated to have 92% porosity.

The modulus of the random pore scaffold material was
measured by compressing a block of the material between
two flat platens. An initially nonlinear regime, which is
caused by imperfect initial contact between the slightly
rough specimen and the platens, is followed by a linear
regime (Fig. 2), whose slope gives the plane-strain modu-
lus, E' = E/(1 — vz), where E and v are Young’s modulus
and Poisson’s ratio, respectively. From a number of tests,
E’ =0.53 £ 0.1 MPa. This stiffness is somewhat greater
than that of cells: a single cell, e.g., a red blood cell, has a
representative modulus of 1,000 Pa; for a cell agglomerate
with an extracellular matrix of collagen and elastin, the
modulus will rise significantly from this order of magni-
tude, but typically not exceed 0.5 MPa for soft tissues.
Therefore, provided magnetic actuation can overcome the
stiffness of the scaffold itself, the forces will be large en-
ough to generate significant strains in cells contained
within the scaffold.

Forces acting on composite sheets in magnetic fields

The application of a magnetic field to a composite of
magnetic nano-particles (e.g., y-Fe,03) dispersed in a non-
magnetic medium (e.g., PLGA) will result in body forces
and moments distributed throughout the material, which
arise from the interaction of the magnetic particles with the
field. Assuming that particle—particle interactions are weak
(an applicable condition for the particle volume fraction in
the preliminary scaffolds reported here), two systems of
forces are possibly significant. First, a particle bearing a
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Fig. 2 Compression test of porous scaffold material (poly(lactide-co-

glycolide) (PLGA) with 30 wt.% y-Fe,O5 in an open cell structure
with porosity 91.5%)
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magnetic moment, g, in a magnetic field gradient, dB/dx,
will be acted on by a body force, F, given by [5, 6]

dB
F:ﬂ'a (1)

This force tends to displace the material in the direction
of the field gradient. It is greatest in magnitude if the
moment is aligned with the field gradient. This will be the
case if the particles are paramagnetic, because the magnetic
moment is then solely induced by the applied field and will
align with the field.

If the particles are ferromagnetic (permanent magneti-
zation that remains when the applied field is removed),
then the applied field will tend to rotate the magnetic
moment of the particle into alignment. If the moment can
rotate easily, then the force acting on the particle will again
be given by Eq. 1. However, if the magnetic particles are
acicular in shape, the phenomenon of shape anisotropy in
the magnetization will favor alignment of the moment with
the axis of the particles; or if crystalline anisotropy is
present, the moment will tend to align with a preferred
crystal axis. If either of these effects is sufficiently strong,
the moment will not rotate relative to the particle, but in-
stead the particle itself will tend to rotate under a force
moment or torque, 7T, given by

F=uxB (2)

The torque is greatest if the moment and the field are
orthogonal. Equation 2 implies a distribution of moments
throughout the composite, which will tend to bend or rotate
the material. This effect is of interest because it raises the
possibility of additional control over the characteristics of
the motion induced in a scaffold. For example, by
exploiting the vector nature of Eq. 2, different rotations can
be induced in different parts of the scaffold by locally
ordering the magnetization in different directions.

Magnetic properties of the y-Fe,O3;/PLGA composites

The magnetic properties of y-Fe,O3/PLGA specimens were
measured using a superconducting quantum interference
device (SQUID). A typical hysteresis loop measured at
room temperature is shown in Fig. 3. The saturation mag-
netization (magnetic moment per unit volume, Mq;q) ran-
ged from 13 to 23 emu/g (or 95,000-170,000 A/m, given a
material density of 1.6 mg/m®), with the variability attrib-
uted to inconstancy in the volume fraction of the magnetic
particles in different specimens and variations in the clus-
tering and orientation distribution of the particles. These
factors were not perfectly controlled in the processing.
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Fig. 3 Typical magnetization vs. applied field strength data from
superconducting quantum interference device (SQUID) measure-
ments for solid y-Fe,O3/ poly(lactide-co-glycolide) composite spec-
imens with 30 wt.% y-Fe,O3

The very small hysteresis and the absence of a signifi-
cant coercive force in the magnetization data imply that the
y-Fe, O3 particles exist in a ferromagnetic state, with weak
interactions between the moments on different particles
and very little shape anisotropy effect within each particle.
Thus when a magnetic field is applied, the moment in each
particle rotates easily towards the direction of the applied
field. Saturation magnetization is reached when the align-
ment is complete. In the absence of a field, the moments on
different particles return to a state in which they are only
weakly correlated. For a system that behaves like this, the
predominant magnetic forces will be those that arise in a
field gradient (Eq. 1). For a given field gradient, the force
on the material will be saturated when the strength of the
applied field, H, exceeds approximately 2 kOe (2 x 10° A/
m) (or the magnitude of B exceeds approximately 2 kG,
02 7).

Magnetic force measurements

A number of demonstrations of magnetic force effects were
carried out using a small permanent magnet. The perma-
nent magnet was a cylinder of length 3.8 cm and diameter
2.4 cm, poled so that its magnetization was parallel to its
axis. The magnetic field was measured with a Gauss-meter
(a small current loop on the end of a slender probe). The
field is strongest as it emerges from either of the flat faces
and is relatively weak along the curved sides. In the field
emerging from the flat faces, a strong gradient arises in the
direction of the axis of the magnet; the field falls with
distance from the magnet. For the distances at which the
materials were placed during the following tests, the field

strength, B, ranged from approximately 2—4 kG and the
field gradient from approximately 1-4 kG/cm (10-40 T/
m). Thus the fields exceeded those required, according to
the SQUID measurements, to achieve near-saturation of the
magnetization.

In qualitative tests using a combination of finger touch
and observation of the movement of the y-Fe,0;/PLGA, the
forces on the y-Fe,0;/PLGA were seen always to act
towards the magnet along its axis. This did not change
when the initial orientation of the samples or the magnet
was reversed or when different samples were substituted in
the test. These observations are consistent with the mea-
sured magnetic hysteresis: the magnetization in the
y-Fe,03/PLGA material re-aligns with the applied field;
shape anisotropy is not sufficient to maintain alignment of
the magnetization in a particle with its own axis.

Quantitative measurements of the magnetic forces were
made using a balance beam apparatus, using a sensitive
load cell to measure changes in force as the distance of the
magnet from the composite material was varied (Fig. 4).
Figure 5 presents force versus magnetic field gradient data
for two y-Fe,O3/PLGA composite specimens, which dif-
fered in mass as shown. The curves shown are smoothing
curves through the data and are consistent with expecta-
tions; some variance from linearity is expected in the data,
since the dimensions of the samples are not small com-
pared to the field gradient and therefore different parts of
the specimen will experience somewhat different force per
unit volume.

The datum indicated by the open circle in Fig. 5 is
approximately representative of all the data in the ratio of
force to field gradient. For this datum, the magnetic mo-
ment per unit volume, M4, in the y-Fe,03/PLGA material
is deduced to be approximately 13 emu/g (95,000 A/m).
This is consistent with the range of saturation magnetiza-
tion values measured in the SQUID tests.

Actuable structures formed from thin sheets

The ability to form thin sheets enables a variety of com-
pliant three-dimensional structures to be formed. Cast
y-Fe,O3/PLGA composite sheets can be thinned by hot-
pressing between Teflon film at temperatures below 50 °C.

load cell

Fe,0,/PLGA
balance beam ]

fulcrum
magnet

Fig. 4 Balance beam apparatus for magnetic force measurements
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Fig. 5 Force vs. magnetic field measurements for 30 wt.%
(6.67 vol.%) 7y-Fe,03/ poly(lactide-co-glycolide) composite
specimens

By varying the pressure applied, the sheet thickness can be
successfully reduced to less than 75 pm, as shown in
Fig. 6a. Figure 6b presents a higher resolution SEM image
of the flat surface of the hot-pressed composite sheet. The
y-Fe, 05 particles are observed as agglomerates within the
PLGA matrix. The agglomerated morphology, determined
by fluid flow during pressing and magnetic interactions, is
acceptable for magnetic actuation. Once the composite
sheets are thinned, they can be joined or laminated via
thermal fusion.

One simple illustrative three-dimensional structure is a
tube formed by melt-forming a seam along a rolled
7-Fe,O3/PLGA composite sheet (Fig. 7). The length of the
tube shown in Fig. 7 is approximately twice its diameter,
but the tube is foreshortened in the figure by being viewed
almost along its axis. The tube has a diameter of 22 mm,
length of 44 mm and a wall thickness of 0.4 mm. The
sequence of photographs shows the response of the tube to
the approach of a permanent magnet; large-deflection
deformation is created. The deformation is reversible. If the
magnet is advanced along the length of a longer tube, a
pulse of deformation is driven along its axis, creating a
moving pressure gradient. The pulse of contraction pro-

Fig. 6 (a) SEM image showing
the edge and flat surface of a
y-Fe,Os/poly(lactide-co-
glycolide) (PLGA) composite
sheet after thinning by hot-
pressing between two heated
metal plates. (b) Higher-
resolution SEM image showing
the flat surface of the hot-
pressed y-Fe,O3/PLGA
composite sheet. The y-Fe,O3
particles (bright) form
agglomerates within the PLGA
matrix (dark)
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vides a crude simulation of peristaltic motion. When the
tube is placed in water, fluid flow can be visualized along
the tube. Experiments to demonstrate fluid flow were per-
formed on a tube with diameter of 10 mm, length of
95 mm and a wall thickness of 0.3 mm. The tube was fixed
to the bottom of a water-filled container. By advancing the
magnet repeatedly along the length of the tube, the moving
pressure gradient was observed to drive a drop of food
colorant through the tube, end to end. As well as tubes,
other structures that can be formed by cutting and ther-
mally joining thin sheets and are of interest for manipu-
lating cells include various layered structures and ordered
trusses (three-dimensional space lattices of struts and
facets).

Magnetic force acting on a porous scaffold beam

The magnetic force properties of random-pore y-Fe,Os/
PLGA scaffold material were tested by performing a sim-
ple cantilever beam experiment. The cantilever beam test
was set up by taping one end of a rectangular slab of porous
y-Fe,O3/PLGA material (30 wt.% 7-Fe,O3, not counting
porosity) to the surface of a glass slide with the other end
left free to move. As a permanent magnet is brought up, the
scaffold deflects towards the magnet (Fig. 8). To a good
approximation, the deflection profile, y(x), is that predicted
by Euler-Bernoulli beam theory (black curve in Fig. 8b),
which is given by

4 X X X
y= 6;23{; (L)z_;(L>3+112(L)4} 3)

where L and h are the length and thickness of the beam
(Fig. 7b) and ¢ is the magnetic force per unit area of the
beam, which is assumed to act normal to the beam. With ¢
evaluated from the measured deflection and the measured
field gradient at a representative separation of the deflected
beam and the magnet, the magnetization per unit volume of
the beam, Mpqous, can be deduced. For the deflection

Top Face
of Sheet

Edge /

of Sheet
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Fig. 7 Response of 30 wt.%
y-Fe, 05/ poly(lactide-co-
glycolide) composite 3-D tube
with application and subsequent
removal of an applied magnetic
field

Fig. 8 Deflection of a y-Fe,O5/
poly(lactide-co-glycolide)
porous composite cantilever in a
magnetic field gradient

shown in Fig. 7b, dB/dy = 4.4 kG/cm (44 T/m) and
g =220 N/m?; and together with E’ = 0.50 MPa, these
data lead to Mporous = 8,500 A/m. Multiplying this value
by 1/(1 — porosity) = 12 yields values that are consistent
with the values M,y;q measured by either the SQUID or
balance beam tests for the non-porous 7y-Fe,O3;/PLGA
composite material. Thus the magnetization of the y-Fe,O3/
PLGA material within the walls and struts of the porous
scaffold is the same as that in solid y-Fe,Os/PLGA mate-
rial: the presence of porosity does not affect the magnetic
ordering.

Potential for strain actuation

The order of magnitude of strains that can be induced in
various constructs of solid and porous y-Fe,Os/PLGA
material can be summarized as follows. In the cantilever of
Fig. 8, the maximum strain induced arises near the built-in
end. For the deflection shown in Fig. 8b, it is approxi-
mately 13% (compressive on the top of the beam and
tensile on its bottom). If uniform strain is sought, then the
protypical layered configuration of Fig. 9 can be used to
estimate achievable strains. A layer of porous material is
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" v

solid y-Fe,0,/PLGA
T

s’
ax - porous
_y-FeZOJPLGA
v inert material

Fig. 9 Representative configuration used to estimate order of
magnitude of strains that can be actuated using present materials
and fields

bounded beneath by an inert material (fixed displacement)
and above by a layer of solid y-Fe,O3/PLGA composite. If
a magnetic field gradient exists in the vertical direction, a
stress gradient will also arise in the material, with the
largest stress (and therefore strain) in the porous material at
its boundary with the inert layer. Assuming a field gradient
of 5 kG/cm (50 T/m) (typical of the permanent magnet
used in the tests reported above) and the magnetizations
reported above for the solid and porous y-Fe,O3;/PLGA
material (Mg = 100,000 A/m and Mporous = 9,000 A/m),
one finds the following numerical estimate for the maxi-
mum strain
emax =~ 107°(0.8h + 9d) (h and d in mm) (4)
where h and d are to be measured in mm and the porous
material has been assigned the modulus £’ = 0.50 MPa. To
achieve a strain of ~1% in the absence of the superficial
solid y-Fe,O3/PLGA layer (d = 0), the porous layer must
be ~10 mm thick. If the solid layer is present and is
approximately 1 mm thick, then it alone will induce a
strain throughout the porous layer of 1%.

The cantilever case shows the advantage for the maxi-
mum attainable strain magnitude of designing a structure in

Fig. 10 Images of cell cultures
at different times, for (a—c)
poly(lactide-co-glycolide)
(PLGA) and (d—f) y-Fe,O5/
PLGA composite (scale

bar = 100 pm)
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PLGA
Y-Fe,0/PLGA

which members exert leveraging effects. A generalization
is the truss structure or space lattice, which is an ordered
assembly of struts and facets. By appropriate design, a truss
can be made very compliant (more compliant for a given
material density than the random pore scaffold structure),
which amplifies the strains that are actuated in it by given
magnetic forces.

The strains demonstrated in the preceding paragraphs
are of a potentially useful range for cell stimulation and
fluid pumping. Even larger strains could be created by
increasing the magnetic field strength, using particulate
inclusions with higher magnetization or at higher volume
fractions, or using a more compliant polymer. The field
strength used here (due to the permanent magnet) is
approximately 5 kG (0.5 T). Fields of up to 20 kG (2 T)
are regarded as safe for human use. If such a larger field is
used, then, given appropriate design, the attainable field
gradient should increase proportionately. Stronger forces
can also be sought by using materials with higher magne-
tization density than Fe,Os. Rare earth magnets for which
preliminary data suggest the possibility of biocompatibility
include Nd-Fe-B with magnetization in the range
0.9 x 10°~1.1 x 10° A/m and Sm—Co alloys magnetization
0.7 x 10°-0.9 x 10° A/m [7]1. In a 30 vol.% composite,
these would dilute to =300,000 A/m (Nd-Fe-B) or
250,000 A/m (Sm—Co), a threefold gain over the value
~100,000 A/m for the solid y-Fe,O3/PLGA material.

Cell viability

Confluent cultures of GFP-labeled IEC6 cells were tryps-
inized and re-suspended to 3 X 10* cells/mL. The y-Fe,05/
PLGA composite films were seeded with 1 mL of
3 x 10% cells/mL IEC6 cell suspension in the 24-well
plates to evaluate the feasibility of the composite films to
support cell attachment and proliferation. Cells attached to
films uniformly after 1 day of culture and the cell density
on the films increased with increased culture time. In order
to evaluate the effect of iron oxide on the cell growth, cells
were also cultured on the PLGA films not containing iron

1 day 4 days 7 days
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oxide. Cell growth on the composite films was similar
to the PLGA films (Fig. 10), suggesting that the
y-Fe,O3/PLGA composites have no deleterious effects for
cell attachment and growth.

Conclusion

An example has been shown of a composite system com-
prising magnetic particles in a biocompatible polymer in
which useful levels of strain can be induced by remotely
applied magnetic fields. Such an actuation method can in
principle be used to actuate a scaffold in vivo, with no
invasive actuating device. The strains are sufficient to
stimulate cells and pump fluids to promote nutrient supply.
The exemplary material, a y-Fe,O3;/PLGA composite,
shows encouraging preliminary biocompatibility results.
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