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ABSTRACT: A novel magnetically actuated scaffold was
used to explore the effects of strain stimulus on the proliferation and spatial distribution of smooth muscle cells and
improve cell viability in the scaffold interior by pumping
nutrients throughout the structure. Magnetically actuable
scaffolds were fabricated in a tube shape by winding electrospun sheets of a biodegradable polymer modiﬁed with
magnetic Fe2O3 nanoparticles. Prior to rolling, the sheets
were seeded with smooth muscle cells and wound into tubes
with diameter 5.2 mm and wall thickness 0.2 mm. The
tubular scaffolds were actuated by a magnetic ﬁeld to induce
a cyclic crimping deformation, which applies strain stimulus
to the cells and pumps nutrient ﬂuid through the porous
tube walls. Comparison with non-actuated controls shows
that magnetic actuation increases the total cell count
throughout the scaffold after 14 days of incubation. Furthermore, whereas cell density as a function of position
through the tube wall thickness showed a minimum in the
mid-interior in the controls after 14 days due to cell starvation, the actuated scaffolds displayed a maximum cell density. Comparison of cell distributions with the expected
spatial variations in strain amplitude and nutrient ﬂux
implies that both strain stimulus and nutrient pumping
are signiﬁcant factors in cell proliferation.
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Introduction
Porous polymeric scaffolds are often used as a threedimensional (3D) structure to support cell growth in culture
(Grifﬁth and Naughton, 2004). However, cell growth within
a 3D scaffold is limited by the diffusion of nutrients through
the thickness and therefore tissues grown in vitro under
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static culture are less than 1 mm in thickness (Lee et al.,
2008). Another limitation is consumption of nutrients by
peripheral cells residing closer to the surface of the scaffold
(Galban and Locke, 1999). Due to lack of diffusion and the
consumption of oxygen and nutrients by cells at the ﬂuid–
scaffold interface, cell growth in the interior of the scaffold is
inhibited. This results in a gradient of cell density through
the scaffold with the highest population of cells near the
scaffold exterior. For cell growth in 5 mm thick demineralized bone matrix, oxygen concentrations dropped to 0%
in the center of the cell-seeded scaffolds in 5 days under
static culture conditions; and after 7 days, only cells on
the periphery of the scaffold (top and side) remained viable
(Volkmer et al., 2008). Further investigations in 3D culture
of osteoblasts in porous PLGA scaffolds found that
mineralized penetration depth and total cell count were
independent of the scaffold thickness; only the outer 200
microns contained viable cells and mineralized tissue after
56 days (Ishaug-Riley et al., 1998).
Bioreactors provide a controlled environment by which
biochemical and physical stimulation can be applied to cell
cultures in vitro (Abousleiman and Sikavitsas, 2006),
possibly overcoming limitations on cell growth and aiding
in the development of functional tissue (Freed et al., 2006).
Bioreactor systems have utilized ﬂow to apply shear stress
and improve mass transport (Dennis et al., 2009). Perfusion
bioreactors have been used to improve convection of
nutrients and minimize diffusion constraints through the
scaffold (Carrier et al., 2002). Researchers have used a ﬂow
perfusion bioreactor to pump medium through a porous
PLLA scaffold and thereby enhance delivery of nutrients as
well as provide mechanical stimulation to marrow stromal
cells, which increased calcium deposition (Sikavitsas et al.,
2005). The shortcoming of bioreactor technology is the
inability to translate to in vivo use.
Clinical applications of engineered tissues grown in vitro
have shown viable cells post implantation yet limitations still
remain to achieve functional tissue. Researchers have
demonstrated tracheal transplantation of a tissue grown
within a double-chamber rotating bioreactor. Although
transplantation was successful with viable chondrocytes and
ß 2012 Wiley Periodicals, Inc.

epithelial cells 2 months post-surgery, the epithelial layer
was found to be microscopically discontinuous resulting in
inefﬁcient clearance of mucus (Asnaghi et al., 2009). As a
general ﬁnding, speciﬁc tissues can be grown in vitro using
bioreactors; however once implanted in vivo, a tissue greater
than 2–3 mm3 cannot survive due to the large cell mass
(Shieh and Vacanti, 2005). In order to develop a system to
apply convection in vivo, there is a need for a remotely
actuated system. Several groups have used magnetic
nanoparticles to achieve remotely triggered release of model
drugs in vivo by a magnetically triggered delivery vehicle
(Derfus et al., 2007; Hoare et al., 2009; Nikles et al., 2010).
Researchers in the ﬁeld of cardiac tissue engineering have
focused on electrical stimulation as a means to improve
functional performance. Bioengineers in cardiac research
have constructed chambers to apply electrical stimuli via
linear electric ﬁeld gradients to cultured cardiomyocytes or
adipose-derived stem cells and assess contractile activity
(Tandon et al., 2010, 2011). While bioreactor technology has
advanced to incorporate mechanical and electrical stimuli
to cell-seeded scaffolds, currently there are no reports of
scaffold materials which can be actuated via a non-contact
mechanism.
In this work, we demonstrate non-contact actuation of a
3D magnetically functionalized polymeric scaffold in vitro
to sustain cell growth and encourage cell proliferation. The
novelty of this approach lies in its providing a potential
method of stimulating an implanted scaffold in vivo using
externally applied ﬁelds. Our previously published work
demonstrates the ability to incorporate magnetic nanoparticles within a biocompatible polymer via electrostatic
spinning. Magnetic g-Fe2O3 nanoparticles are embedded
and dispersed within polyglycolide–polycaprolactone nanoﬁbers. The resulting magnetic ﬁbrillar sheet can then be
wound into a tubular structure and induced to deform
under an external magnetic ﬁeld. The deformation creates
strains and ﬂuid pumping radially through the tube walls
(Mack et al., 2009).
In this article, we expand our previous study to test the
hypothesis that magnetic actuation of our scaffold system
can promote the proliferation of cells in vitro. The
magnetically functionalized electrospun sheets are seeded
with rat aortic smooth muscle cells and subsequently wound
into a multi-layered tubular structure, such that the cells are
contained within the tube walls. The magnetic actuation of
the tube enables nutrient pumping through the porous walls
and sustains cell growth. The beneﬁt of actuation is tested by
comparing the growth of cells in actuated and non-actuated
scaffold systems for periods up to 15 days.

Monocryl sutures were obtained from Ethicon (Johnson &
Johnson, Cincinnati, OH). Dulbecco Modiﬁed Eagle
Medium (DMEM) without phenol red, Fetal Bovine
Serum (FBS), Dulbecco’s Phosphate-Buffered Saline
(DPBS), Calcein-AM, Hoechst-33342 and Goat Antimouse with AlexaFluor 488 were purchased from
Invitrogen (Carlsbad, CA). Mouse Anti-Collagen I was
obtained from Abcam (Cambridge, MA). Rat aorta
smooth muscle cells, A7r5 cells, were obtained from the
American Type Tissue Culture Collection (Manassas, VA).
Neodymium iron boride (NdFeB) magnets, grade N50,
25 mm in diameter and 12.5 mm thick, were purchased from
K&J Magnetics, Inc. (Plumsteadville, PA).
Preparation of Magnetic Fibril Sheets
Magnetic ﬁbril sheets were formed by electrospinning
within a biodegradable 50/50 blend of polyglycolide (PG)
and polycaprolactone (PCL) in which were dispersed
magnetic g-Fe2O3 nanoparticles. Sheets with an average
thickness of 23 mm were formed and cut to 65 mm by 65 mm
dimensions. Further details appear in Appendix A in
Supporting Information.
Fibril Sheet Characterization
The overall morphology and average ﬁber diameter were
determined via scanning electron microscopy (SEM)
analysis. The average ﬁber diameter for each sheet ranged
from 200 to 400 nm as shown in Figure 1A. The nanoﬁber
mesh provides a large surface area to volume ratio and the
interconnected porosity between ﬁbrils provides permeability to facilitate nutrient ﬂow. The magnetic nanoparticles
are embedded within the polymer ﬁbers and uniformly
dispersed as imaged via transmission electron microscopy
(TEM) and shown in Figure 1B. The thickness of the sheets
was determined using interference optical microscopy,
yielding consistent values of 22  2 mm. Young’s modulus

Materials and Methods
Materials
Polycaprolactone (PCL) was purchased from Durect
Corporation (Cupertino, CA) and hexaﬂuoroisopropanol
(HFIP) was obtained from Sigma–Aldrich (St. Louis, MO).

Figure 1. A: SEM images of 50 wt % g-Fe2O3/PG-PCL electrospun sheets with
average ﬁber diameter 315 nm. B: TEM image showing the distribution of g-Fe2O3
nanoparticles (dark contrast) in electrospun PG-PCL ﬁbers, for a loading of magnetic
nanoparticles of 20 weight percent. Because the imaging is made in transmission, dark
areas represent the integral of particles through the thickness of the ﬁbril. The
distribution is very uniform.
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for the sheet material is 1.5 MPa and permeability varied in
the range of 2  1015–1014 m2 (Mack et al., 2009).
Magnetic hysteresis measurements demonstrated that
the g-Fe2O3 nanoparticles exist in a superparamagnetic
state in the g-Fe2O3/PG-PCL composite and for magnetic
ﬁeld strengths generated in scaffolds by the actuation
system (3–5 kG; Fig. 11 of Mack et al., 2009), the
magnetization is saturated (Fig. 10 of Mack et al., 2009).
For typical electrospun sheets with 50% mass fraction
of Fe2O3, such as those used here, the saturation
magnetization, msat, is approximately 2,300 A/m. When
approached by a permanent magnet, the composite
experiences body forces, Fm, distributed approximately
uniformly through its volume and proportional to the
magnetic ﬁeld gradient
Fm ¼ msat 

dB
dy

(1)

where B is the magnetic ﬁeld and y is the distance of the
magnet (Craik, 1995; Jiles, 1991). For the same material
composition, jFmj ¼ 1.0  104 N/mm3 (Mack et al., 2009).

Figure 2. A: Wound cell-seeded tubular scaffold (6 cm long, eight wound ﬁbril
layers) in a culture dish. B: Computer-controlled magnetic elevators in cell culture
incubator.

place by a 1.5 mm thick polycarbonate bridge (80 mm long)
with two notches drilled in the ends of the bridge to hold the
Teﬂon rods in place, as shown in Figure 2A. Growth
medium was added to the dish and then incubated at 378C
and 5% CO2 for up to 15 days.

Cell Culture and Seeding
Rat aortic smooth muscle cells were grown in low-glucose
DMEM supplemented without phenol red supplemented
with 10% FBS and ABAM in an incubator with 5% CO2
maintained at 378C. Passage 12 or 13 cells were trypsinized
and counted with a hemacytometer. The electrospun sheets
were disinfected in 70% ethanol (three washes) followed by
two washes in DPBS. Once washed, the ﬁbril sheet was
soaked in media with serum for 30 min in a large (85 mm
diameter) culture dish. After soaking, cells were suspended
in serum containing media and pipetted onto the sheet to
achieve a cell density of 1,000 mm2 and then incubated for
1 h to initiate cell attachment onto the ﬁbrous sheet. Media
with serum was then added and the cells were allowed to
attach undisturbed for another hour.

Tubular Scaffold Formation
After cell attachment, the sheets were rolled into tubes using
a pair of 4.8 mm diameter (20 mm long) Teﬂon mandrels
(the ‘‘Teﬂon rods’’ in Fig. 2A). Each tube consists of
approximately four cell-ﬁbril layers in a continuous helical
winding. Rolling was performed with the cell-seeded side of
the sheet in contact with the mandrel. Therefore, the wound
tube initially has cells only on the inward-facing surface of
each of layer in the helical winding. Once wound, the
mandrels were separated to the tube ends to produce an
unsupported length of 45 mm. The mandrels are left at the
ends of the tube to provide a seal against ﬂuid ﬂow through
the ends, thus ensuring that deformation is accompanied by
ﬂuid ﬂow through the walls of the tube. The tube was then
transferred to an 85 mm diameter culture dish and held in
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Scaffold Actuation
Permanent magnets mounted on actuators as displayed in
Figure 2B were used to apply a cyclically varying magnetic
ﬁeld to each culture. The ﬁeld gradient causes a crimping
deformation of the tube (shown in Fig. 3A), generating
bending and shear strains within the wall of the tube, which
vary around the circumference of the tube. The magnitudes
of the strains vary along the tube length in approximate
proportion to the deﬂection of the crown (see Fig. 3B); the
maximum strains induced are several percent, with exact
values depending on the details of the displacement ﬁeld
within the tube, which are inﬂuenced by shape changes
in the tube, buckling modes and possible relative sliding
between the layer windings of the tube. The deﬂection causes
the volume enclosed in the tube to decrease and ﬂuid ﬂows
through the tube walls, whose permeability governs the rate
of change of the deﬂection. Characteristic times for
deﬂection and recovery are 3–10 seconds (Mack et al.,
2009). To ensure adequate time for deﬂection and recovery,
magnetic actuation was cycled for 60 seconds on and
60 seconds off.
The maximum pressure induced in the interior of the
tube is approximately P ¼ 15 Pa (Appendix B in Supporting
Information). This pressure will be the same whether the
tubes are cell-laden or cell-free. The ﬂux (ﬂuid ﬂow per unit
area per unit time) is given by expressions presented in
Appendix B in Supporting Information. The deformation
times for a tube are directly related to the ﬂuid ﬂux averaged
along the tube. Since the deformation times show no
statistically signiﬁcant variation with elapsed days in culture,

Figure 3. A: Wound tube scaffold deﬂecting down towards the bottom of the culture dish when approached from below by a hand-held permanent magnet. B: Schematic of
different zones of deﬂection.

the average permeability of the tube is inferred not to vary
signiﬁcantly even in tests where cells proliferated. However,
local permeability may decrease in portions of the tube
where cell density is highest; such a change cannot be
directly measured.
Scaffolds were incubated for a time period of 1–15 days
with the culture medium changed every 3–4 days. For each
time period, one scaffold acted as the control (no actuation)
and either one or two scaffolds were magnetically actuated
for the entire time period. For all scaffolds in each set, the
growth medium was changed at the same times. After the set
time period, the cell-laden scaffolds were removed, washed
with DPBS and unrolled for examination.

Cell Viability Determination
To evaluate cell density and viability, scaffolds were carefully
unrolled to minimize tearing or damage, thus exposing the
cells that had inhabited the tube walls throughout the wall
thickness. Since the magnetically functionalized polymers
are opaque, they are not amenable to confocal optical
microscopy and conventional sectioning of the tube does
not yield information on cell spatial distribution, whereas
unrolling provided quantitative cell density data over the
entire scaffold. The unrolled tubes were stained and imaged
at either 40 or 100 magniﬁcation. The side of the sheet
that was imaged was the side on which cells were seeded
prior to the sheet being rolled into the tube shape. This is
also the side facing inwards towards the axis of the tube in its
rolled state. The process of unrolling tubes became more
difﬁcult when cells proliferated into dense populations, with
signiﬁcant collagen expression.
Because the sheet is opaque, only cells that lie above the
sheet or close to the imaged surface appear in images.
Therefore, cells that adhered to the underside of an unrolled
sheet, as well as cells that were lost during the act of
unrolling, are not included in cell counts. The density of

viable cells was determined by staining the unrolled cellladen scaffold with either calcein-AM or Hoechst-33342.
For calcein staining, the scaffold was ﬁrst washed with
DPBS, after which staining was done with 2.5 mM calceinAM. For Hoechst-33342 staining, a solution of 5 mg/mL
Hoechst-33342 in serum-free DMEM was used. The stained
cells were viewed under a Nikon AZ100 microscope with
appropriate ﬁlters.
An alternative method of determining cell density values
was to ﬁx and embed the scaffold (in parafﬁn), section into
slices and stain. This method did not yield quantitative
data on cell densities due to issues with embedding
conditions. Furthermore, imaging cross sections does not
allow one to determine spatial variations from slice to slice.
Unrolling and imaging the exposed surfaces of the entire
scaffold sheet enables both a cell count and visualization of
cell distributions.

Collagen Assay
To examine collagen type I production, cells on unrolled
scaffolds were incubated for 1 h with 2.2 mg/mL anti-mouse
anti-collagen I primary antibody. Next, cells were washed
with DPBS followed by 1 h incubation with 5 mg/mL of
the secondary antibody goat anti-mouse conjugated with
AlexaFluor 488 (green ﬂuorescent marker).

Results
Deformation Generated by Magnetic Actuation
The deformation of cell-seeded tube scaffolds was measured
from video images and found consistent with measurements
on tubes containing no cells (Mack et al., 2009). The
tube deﬂected downwards approximately uniformly above
the magnet, that is, in a zone approximately 15 mm long at

Mack et al.: Enhanced Cell Viability Via Strain Stimulus
Biotechnology and Bioengineering

939

the tube’s center. The deﬂection decreased approximately
linearly to zero between this zone and the tube ends as
outlined in Figure 3B.
The maximum deﬂection achieved in all cases for which
data are reported was approximately one half the tube
diameter (deﬂection ¼ 2.5 mm). For a maximum deﬂection
less than the tube diameter, analysis shows that it is
determined by mechanical equilibrium between the magnetic forces, which drive the deﬂection, and the elasticity of
the tube scaffold material, which opposes the deﬂection
(Mack et al., 2009). When the ﬁeld is removed, the elastic
energy stored in the tube causes it to recover its original
shape. In the experiments reported, recovery was complete
or nearly complete. The tubes deﬂect consistently over
the 1–15 days duration of experiments; thus the stiffness of
the material/cell system did not change signiﬁcantly.
An estimate of the strain distribution in the wall of a tube
was made by ﬁnite element calculations presented in
Appendix C in Supporting Information. The shear strain
varies in magnitude around the tube and changes sign at
hinge points at the extremities of the tube section (see
Supplementary Fig. C.1). It also varies through the wall
thickness, at any location, in an approximately parabolic
manner with a maximum in the mid-wall region and zero
on the inner and outer surfaces as plotted in Figure 4
(Timoshenko and Goodier, 1970). In summary, cells
between windings of the tube wall are subjected to cyclic
local shear strains during tube collapse and recovery that
are at a maximum in the mid-wall region, with peak values
in the range 1–5%, depending on whether sliding occurs
between the windings.

Radial Fluid Flow Achieved Through Tube Walls
Measurements of deﬂections and recovery times for all
experiments showed that the average permeability of the
tube walls had no statistically signiﬁcant change during
experiments (Appendix D in Supporting Information).
Further, the ﬂuid pumping action is sufﬁcient to entirely
replace the ﬂuid content of the wall interior during each
deformation cycle. Thus nutrient pumping is approximately
uniform along the tube’s length and through the thickness
of the tube wall. Details of these deductions are presented
in Appendix D in Supporting Information.
Table I.

1 (set #1)
1 (set #2)
7 (set #1)
7 (set #2)
10
14 (set #1)
14 (set #2)

Cell-seeded scaffolds were incubated for between one and
15 days in the presence and absence of magnetic actuation.
Scaffolds were unrolled at the conclusion of each experiment
to allow direct measurements of cell populations. When
unrolled, a single specimen yields signiﬁcant quantities of
data, including trends in cell density and cell spatial
distribution versus location along the tube’s length and
through the thickness of its walls.
Consistent trends were observed in the difﬁculty of
unrolling specimens (Table I). Non-actuated specimens
always unrolled with minimal difﬁculty, whereas actuated
specimens were increasingly difﬁcult to unroll with
increasing test duration. At 7 days, some damage to the
edges of the sheet was inevitable; at 14 days, one specimen
was impossible to unroll. These trends correlate with the
degree of cell proliferation and ECM production (described
later).
Some specimens were stained with calcein-AM, allowing
imaging of live cells by ﬂuorescence microscopy and
observation of their morphology. For both the control
and actuated scaffolds, cells were found to be viable after
each time point and exhibited their normal phenotypic
shape. Other specimens were analyzed by staining with
Hoechst-33342, which images individual cell nuclei and
yields more accurate measurements of cell density.
Staining With Calcein-AM
Representative images of actuated and non-actuated
scaffolds taken at magniﬁcation 40 are shown in

Non-actuated

Actuated

Easy to unroll
Easy to unroll
Unrolled with little manipulation
Unrolled with little manipulation
Unrolled with slight manipulationa
Unrolled with little manipulationa
Unrolled with some manipulationa

Easy to unroll
Easy to unroll
Required tweezers to unroll
Difﬁcult to unroll, multiple edges ripped
Required tweezers and ﬁnger force to unroll
Very difﬁcult to unroll, use of tweezers and ﬁnger force, multiple edges ripped
Unable to unroll, ends ripped off

a

Use of tweezers and gentle pipetting of saline solution.

940

Cell Proliferation

Qualitative observations of the difﬁculty of unrolling specimens versus duration of test in days.

Experimental set
Day
Day
Day
Day
Day
Day
Day

Figure 4. Functional form of shear strain variation through thickness of tube
wall is quadratic.
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Supplementary Figure E.1 in Appendix E. Further images
taken at 100 are shown in Figure 5 and Supplementary
Figure E.2. In all scaffolds, some density of viable cells could
be found on the ﬁbril sheet, and for all but the shortest
duration tests (1–3 days), the density of cell coverage
appears qualitatively greater in actuated compared to nonactuated scaffolds.
By staining with calcein-AM, trends in cell density can be
quantiﬁed by comparing the percentage of an image that is
covered by cells for non-actuated and actuated specimens.
The percent coverage was determined for any single image
by setting a threshold intensity to ﬂag the presence of cells.
The ratio of percent coverage for actuated and non-actuated
specimens rose modestly with the test duration up to 7 days,
which was the longest test for which calcein-AM staining
was used (see Fig. 6A).
Hoecsht-33342 Staining
Figure 7 and Supplementary Figure E.3 show images of the
actuated and non-actuated cultures following Hoechst33342 staining, representative of the mid-wall region. A

major qualitative difference is apparent in the cell densities
for the actuated and non-actuated cases. To determine a cell
count, the Nikon Elements Basic software package was used
in Object Count mode. The number of cells (represented by
cell nuclei) was counted from a series of images taken along
both directions of the unrolled sheet. The average cell
density (cells per mm2) was calculated by dividing the total
cell count by the specimen area spanned by the image.
The 1- and 7-day specimens demonstrated similar average
cell densities for actuated and non-actuated scaffolds. In
some cases, the non-actuated specimens had a higher cell
density than the actuated specimens, but the differences
were small compared to the variations expected due to cell
loss during unrolling tubes and other sources of ﬂuctuation.
However, for 10-, 14-, and 15-day specimens, a marked
increase in the number of cells is found in the actuated
scaffolds as compared to the non-actuated counterparts. The
10-day specimen showed a 33 times larger cell density
compared to the non-actuated scaffold and the 14-day
specimen showed a 69 times larger cell density. A second
actuated 14-day test provided further corroboration of
enhanced cell density, but the density could not be

Figure 5. One hundred times optical micrographs of cells labeled with calcein-AM on unrolled sheets after 1 and 7 days of incubation. All images taken near mid-point of tube
along its axis and mid-wall layer in tube wall.
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Figure 6. Cell densities found on unrolled tubes: A: trend in the ratio of the percent cell coverage seen for actuated specimens to that for non-actuated specimens deduced by
threshold analysis of images of cells stained with calcein-AM; B: trend in the count per mm2 of cell nuclei revealed by Hoescht-33342 staining for actuated and non-actuated
specimens.

quantiﬁed because the tube could not be unrolled for
examination, which could be associated to high production
of ECM.
Complete data are presented for 15-day specimens in
Tables E.1 and E.2 (see online material). The variation in
cell density through the thickness of the wall was sampled
near the middle of the tube’s length. The density averaged
through the wall thickness is approximately 4 times
larger in the actuated scaffold than in the non-actuated
scaffold. The density at the mid-wall location increases by a
much greater factor, because the cell density in the actuated
15-day specimen peaks there whereas it is at a minimum
there in the non-actuated specimen. Thus, the density in the
mid-wall region of the 15-day actuated specimen is
approximately 20 times higher than in the mid-wall region
in the non-actuated specimen. The cell density at the midwall location is also maximum at the mid-span of the tube
(zone I depicted in Fig. 3B), where the tube deﬂection is
largest.

Trends in cell density using data from all specimens that
were stained with Hoescht-33342 are shown in
Figure 6B. Each datum is the average density determined
from a series of images of an unrolled tube from its inside to
its outside, at the mid-span of the tube’s length. Error bars
reﬂect the variance of deduced values from image to image
within a series. Actuation has a signiﬁcant effect for test
durations beyond 7 days. Non-actuated specimens exhibit
very low cell densities for durations of 10 and 14 days. The
modest increase seen in the cell density for the non-actuated
15-day test is small and may not be signiﬁcant. Of most
signiﬁcance is that the density averaged through the wall
thickness for actuated tests of duration 10–15 days is one to
two orders of magnitude greater than for non-actuated tests
of the same duration.
Cell density data based on counting nuclei (Fig. 6B) are
consistent with the trends inferred from percent coverage
(Fig. 6A): modest increases are obtained by actuation for
durations up to 7 days. The largest increases, both relative to

Figure 7. One hundred times optical micrographs of cells on unrolled sheets from a 15-day specimen, showing nuclei stained with Hoechst-33342. Images from mid-point
along length of tube and mid-wall location within tube wall.
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Figure 8. Variations in cell density through the thickness of the tube wall in combined data for 14- and 15-day specimens. Each density datum is normalized by the average
density for that specimen. The ﬁtted lines show the average of the normalized densities in the inner, middle, and outer third of the wall thickness. A: Non-actuated. B: Actuated.

the control and in absolute densities, are found between 10
and 15 days. Loss of cell density in non-actuated cases for
durations greater than 7 days suggests starvation; continued
proliferation in actuated cases implies that nutrition is
maintained by the pumping caused by actuation.
The distribution of cells through the thickness of the tube
wall shows interesting trends for the longer duration tests.
Cell density data for 14- and 15-day tests are combined in
Figure 8 by plotting each datum normalized by the average
density for that specimen, thus emphasizing relative density
variations with position, rather than absolute density values.
For non-actuated specimens, the cell density is relatively low
in the central third of the thickness of the wall (Fig. 8A),
implying starvation of the interior cells due to limited
diffusion. In contrast, the actuated specimens had the largest
cell density in the central third of the wall thickness. The
trend in Figure 8B implies a correlation between cell density
and the amplitude of cyclic shear strains, which are also
highest in the wall interior (see Fig. 4).

Collagen
The increased proliferation and clustering of cells in the
magnetically actuated scaffolds raises the question of
whether or not cells in the actuated scaffolds were producing
a greater amount of extracellular matrix (ECM) compared
to the control. Type-I collagen is one of the most abundant
of the ECM proteins and has been shown to be synthesized
by vascular SMC (Ponticos et al., 2004). Therefore, type-I
collagen was selected as an indicator of ECM.
In a 15-day scaffold, green ﬂuorescence from FITC
(indicating the presence of type-I collagen) was observed
concentrated in regions occupied by clusters or aggregates of
cells as shown in Figure 9A and Supplementary Figure E.4.
Lower magniﬁcation images of 14-day scaffolds show that
collagen was widespread (see Fig. 9B). In non-actuated
scaffolds, collagen production was zero or minimal (see
Supplementary Figs. E.5 and E.6). For 10- and 14-day
scaffolds, the collagen coverage was represented as the

Figure 9.

A: Cluster of cells observed in actuated 15-day specimen. blue ¼ cell nuclei; green ¼ collagen type I. B: Lower magniﬁcation image from actuated 14-day specimen
shows widespread collagen type I.

Mack et al.: Enhanced Cell Viability Via Strain Stimulus
Biotechnology and Bioengineering

943

percent of the image area that was above a threshold for
FITC signal intensity. For non-actuated specimens, zero or
insigniﬁcant amount of collagen was found, whereas for
actuated specimens, collagen coverage ranged up to 10–35%
(Tables II and III).

Discussion
Correlations With Strain and Nutrient Flux
Figure 8B suggests enhanced cell density in the mid-wall
region (the interior of the tube wall), which correlates with
the location of the largest shear strains. It does not correlate
with nutrient pumping, which has uniform ﬂux through
the thickness of the wall. However, the low cell density in the
mid-wall region in non-actuated specimens (Fig. 8A and
Table E.2) implies that nutrient pumping is essential to
avoiding cell death at the mid-wall region due to the sealing
effect of cells proliferating at the surfaces.

Spatial Ordering
In some cultures actuated for 7 days or longer, images show
a remarkable transition in the spatial ordering of the cells:
they spontaneously organize themselves into rows. This
organization is most easily seen in images in which the cell
nuclei were stained (Fig. 7 and Supplementary Fig. E.3), but
can also be discerned in the calcein-stained images for 5- and
7-day cultures (Fig. 5 and Supplementary Fig. E.1D and E).
The row structure is evident almost exclusively in the images
corresponding to the mid-wall region, but it is also present
in one image corresponding to the inner surface of the tube
(Supplementary Fig. E.1D). Correlation with the mid-wall

Table II.

Percent collagen coverage for 10- and 14-day specimens.
% image with threshold FITC signal

10-day specimen
Left
...
...
...
...
Right

Non-actuated

Actuated

0
0
0
0
0
0

0
0.06
4.13
1.51
0.35
0.09

% image with threshold FITC signal
14-day specimen

Non-actuated

Percent collagen coverage for a 14-day specimen.
% image with threshold FITC signal

14-day specimen
Outer surface
...
...
...
...
...
...
...
...
...
...
...
...
...
Inner surface

Non-actuated

Actuated

0
0
0
0
0
0
0
0
0
0.01
0.02
0.01
0
0.009
No meas’t

No meas’t
0.1
0.28
0.03
3.3
2.17
0.4
1.19
15.88
2.32
2.52
6.33
8.9
36.96
39.14

Mid-tube images scanned from the outer to the inner surface through
the thickness of the tube wall.

location suggests that strain stimulus due to deformation of
the tube scaffold, which peaks at the mid-wall location, is the
most important factor, rather than ﬂuid ﬂow.
The images of nuclei reveal that each row is not a single
line of cells, but a narrow band within which nuclei are
distributed in space in an approximately statistically
uniform manner. The calcein images reveal instances where
the rows of cells are separated by gaps of zero intensity (e.g.,
Supplementary Fig. E.1D) and instances where the rows
appear as brightness variations without gaps of zero
intensity (Fig. 5). The spatial period of the rows varies
between approximately 25 and 50 mm (Table IV), which is
similar to the thickness of smooth muscle ﬁbers in rats. The
data do not suggest any systematic change in the period with
the duration of incubation.
While unmistakable where it appears, organization of
cells into rows is not universal; it did not appear in all
actuated specimens. A possible explanation of this is that
ordering into rows requires a particular range of strain
amplitudes and strain rates to occur. Neither the strain
amplitude nor the strain rate was closely controlled in the
experiments reported here.

Future Developments
The ﬂuid pressures achieved in the current study are a few
percent or less of the pressure generated during natural

Actuated

Left
0
0
...
0
14.57
...
0
1.36
...
0.004
9.49
...
0
16.97
Right
0.007
0
Mid-wall region images were scanned from left to right along the length
of the tube.
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Table IV.

Spacing (period) of rows of cells.

Culture reference
7-day—#2
7-day—#2
7-day—#3
15-day

Period (mm)
33  2
24  2
48  2
37  2

peristalsis of the intestine, approximately 10–100 mmHg or
1,200–12,000 Pa (Bray et al., 1999). If higher pressures were
desired in another application, they could be achieved by a
combination of increasing the wall thickness and increasing
the magnetic ﬁeld. For example, the wall thickness of natural
intestine is 5–10 times greater than the wall thickness of
the tube scaffolds studied here; while the magnetic ﬁeld
of a strong commercial electromagnet (e.g., for an MRI
machine) or a permanent magnet with a dipole design is
10 times higher than the ﬁeld used here, and the ﬁeld in
experimental electromagnets is 100 times higher (Craik,
1995; Jiles, 1991). Using strong commercial electromagnets
and thick tube walls, pressures 100 times higher than those
in the present study could be readily achieved, that is,
P  3 kPa or approximately 20 mmHg.
If a magnetically actuated tube is to be used in vivo as a
scaffold for regenerating a section of intestine, for example,
it will not be possible to plug its ends to prevent axial ﬂuid
ﬂow. If axial ﬂow is not limited, then the radial nutrient ﬂow
through the tube walls will not be achieved. However,
limitation to axial ﬂow will result naturally due to the
viscous nature of the contents of the intestine. This viscosity
will result in a characteristic time, taxial, for pressure loss due
to axial ﬂow, which will increase as the length of intestine
subject to actuation increases. By actuating a sufﬁciently
long section simultaneously, taxial can be made to exceed the
characteristic time for ﬂow of nutrient through the tube
walls. Nutrient pumping will then be effective. Establishing
values for taxial, and therefore for the minimum length of
intestine that must be actuated, remains a topic for research.
However, since electromagnets can generate spatially
extensive ﬁelds, actuating long sections of intestine
simultaneously could be achieved.

Conclusions
Magnetic actuation of a tube scaffold pumps nutrients
through the walls of the tube and exerts strain stimuli upon
resident cells. In non-actuated controls, cells in the interior
of the walls of the tube begin to die with presumed lack of
nutrient ingress. In contrast, for walls of the thickness
studied (0.2 mm, including cells), evidence of nutrient
deﬁciency is not found in actuated specimens: when
pumping is effected by magnetic actuation, not only is
cell death decreased in the wall interior but cell density is
increased to values greater than at the tube wall exterior.
Spatial variations of cell density through the thickness of the
wall and along the length of the tube correlate with strain
amplitude, implying that strain stimulus is a factor in
enhanced growth rates.
The gain in cell density averaged through the wall
thickness for actuated over non-actuated specimens ranges
from 5–100 after 14–15 days. These summary numbers refer
to the part of the tube scaffold that is directly above the
actuating magnet, where the strain stimuli are strongest.
In several actuated specimens, cells were observed to order

themselves into rows. When it occurs, this spatial ordering
also appears to correlate with locations of maximum shear
strain. Finally, correlating with accelerated cell proliferation,
substantial collagen type I production was evident in
specimens actuated for 10–14 days. Negligible collagen
appeared in non-actuated specimens.
The authors wish to thank Dr. Jennifer Andrew for providing magnetic nanoparticles. The content is solely the responsibility of the
authors and does not necessarily represent the ofﬁcial views of
the National Institute of Biomedical Imaging and Bioengineering
or the National Institutes of Health.
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