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Solute Transport in Cyclically Deformed
Porous Tissue Scaffolds with Controlled

Pore Cross-Sectional Geometries

Jorn Op Den Buijs, M.Sc.,1 Lichun Lu, Ph.D.,2 Steven M. Jorgensen, B.Sc.,1

Dan Dragomir-Daescu, Ph.D.,3 Michael J. Yaszemski, M.D., Ph.D.,2 and Erik L. Ritman, M.D., Ph.D.1

The objective of this study was to investigate the influence of pore geometry on the transport rate and depth after
repetitive mechanical deformation of porous scaffolds for tissue engineering applications. Flexible cubic imaging
phantoms with pores in the shape of a circular cylinder, elliptic cylinder, and spheroid were fabricated from a
biodegradable polymer blend using a combined 3D printing and injection molding technique. The specimens
were immersed in fluid and loaded with a solution of a radiopaque solute. The solute distribution was quantified
by recording 20 mm pixel-resolution images in an X-ray microimaging scanner at selected time points after
intervals of dynamic straining with a mean strain of 8.6� 1.6% at 1.0 Hz. The results show that application of
cyclic strain significantly increases the rate and depth of solute transport, as compared to diffusive transport
alone, for all pore shapes. In addition, pore shape, pore size, and the orientation of the pore cross-sectional
asymmetry with respect to the direction of strain greatly influence solute transport. Thus, pore geometry can be
tailored to increase transport rates and depths in cyclically deformed scaffolds, which is of utmost importance
when thick, metabolically functional tissues are to be engineered.

Introduction

Tissue engineering frequently utilizes porous scaf-
folds. One use of scaffolds is to cultivate cells on the

scaffold in vitro and subsequently implant the construct
in vivo. Before implantation, bioreactors may be used to per-
fuse the engineered tissue to provide cells beyond the dif-
fusion distance with the essential oxygen (O2) and nutrients,
and to remove toxic waste as a result of cell metabolism and
scaffold degradation.1,2 However, lack of proper mass trans-
port after application in vivo may result in cell density de-
creasing from the periphery to the center of the construct due
to chemotaxis and=or necrosis of cells beyond the diffusion
distance,3–5 which may ultimately lead to functional failure
of the implant. An alternative approach is to directly implant
acellular scaffolds, coated or embedded with bioactive mol-
ecules (e.g., growth factors), to induce in vivo ingrowth of
vascularized tissue.6 Still, the infiltration of cells and micro-
vessels into deep layers of the scaffold depends on adequate

rate of solute transport. Therefore, approaches are required
to supply the scaffold with nutrients and O2 between the
time of implantation and the establishment of blood sup-
ply.3,7

Under static conditions, nutrient transfer is governed by
diffusion, that is, transport driven by a concentration gradi-
ent. However, diffusive transport is relatively slow (e.g.,
Fermor et al.8 reported diffusivities of approximately
2.5�10�7 cm2 s�1 for uncharged dextrans in the surface zone
of cartilage) and generally accounts for supplying cells at a
depth of only a few hundred micrometers from the surface
within a reasonable time.9 In particular, for articular carti-
lage, which lacks a vascular bed, the notion arose that a
pumping action due to joint mobility could contribute to
cartilage nutrition.10 This was later supported by absorption=
desorption measurements during repetitive loading of car-
tilage explants.11,12 Tissue engineers took advantage of this
idea by showing that application of dynamic deformational
loading to cartilage constructs promoted tissue ingrowth
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in vitro and improved their mechanical properties.13,14 Be-
cause most tissues experience a certain degree of repetitive
mechanical strain, the concept of mechanical loading has also
been applied to improve in vitro engineered cardiovascu-
lar constructs,15,16 heart valves,17 smooth muscle tissue,18

bone,19 and fibroblast scaffolds for tendon and ligament
engineering.20 Although other factors such as fluid shear and
increased protein expressions play a role in the observed
improvements over static controls,18,19 enhanced nutrient
transport and waste removal due to rhythmic deformation of
the porous scaffolds likely contributed.21

Measurements of transport rates through porous scaffolds
have been previously made by applying a pressure gradient
over the scaffold and quantifying the flow through the
scaffold,3,22 or by sampling the concentration in the sur-
rounding fluid reservoir.23 However, these techniques are
unable to measure the solute distribution inside the speci-
mens, which ultimately determines where cells can or cannot
survive. Confocal microscopy has been used to quantify
transport of fluorescent solutes in cartilage,12 but the limited
penetration depth of optical methods requires thin, translu-
cent specimens (<1 mm). To overcome these limitations, an
X-ray microimaging technique was developed to quantify
the movement of solutes through pores in polymeric scaf-
folds (>5 mm) while they were repeatedly squeezed.24 X-ray
microimaging and micro-CT have become widely used im-
aging modalities in biomedical research,25 enabling imaging
within opaque specimens at micrometer spatial resolution
without the need to destroy the sample.26 Micro-CT has been
applied to track bone ingrowth into scaffolds in vitro27 and
in vivo.5,28,29 The accurate scaffold pore geometry as obtained
with micro-CT can also be used to quantitatively analyze
pore interconnectivity,30 or, in combination with computa-
tional fluid dynamics, to predict fluid stream lines upon
(hypothetical) perfusion of the scaffold.31–33 Moreover, pre-
cise quantitative information about the local concentration of
an X-ray absorbing contrast agent (for instance as a surrogate
for nonradiopaque nutritional solutes or metabolic waste)
can be obtained with micro-CT.34

The specific aim of this study was to quantify solute
transport induced by mechanical compression in cubic im-
aging phantoms with a range of selected pore geometries,
representing simplified tissue engineering scaffolds. Defor-
mable, biodegradable specimens with programmable pore
cross-sectional shapes were fabricated using a 3D printing
and injection molding technique. The imaging phantoms
were immersed in fluid, loaded with an X-ray absorbing dye,
and mechanically compressed inside a custom-made X-ray
microscanner. The recorded X-ray images were quantita-
tively analyzed as to the rate and spatial distribution of
solute transport in the porous phantoms.

Materials and Methods

Scaffold material

Polypropylene fumarate (PPF) with a number-average
molecular weight (Mn) of 3460 g mol�1 and a weight-average
molecular weight (Mw) of 7910 g mol�1 and polycapro-
lactone fumarate (PCLF) with an Mn of 3520 g mol�1 and an
Mw of 6050 g mol�1 were used to prepare PPF=PCLF blends.
PPF and PCLF were synthesized as described earlier.35 The
PCLF sample used here was synthesized using a,o-telechelic

PCL diol with a nominal Mn of 530 g mol�1 and fumaryl
chloride in the presence of potassium carbonate.36

Both PPF and PCLF are biodegradable, crosslinkable, and
biocompatible.37–39 Crosslinked PPF and PCLF have distinct
characteristics because of different density of crosslinkable
segment on the polymer backbone. Crosslinked PPF is a stiff
material with an average tensile modulus E¼ 1.3 GPa, while
crosslinked PCLF is a flexible material with E¼ 2.1 MPa.
Material properties, particularly mechanical properties, can
be modulated through varying the composition of PPF in
PPF=PCLF blends.40 In the present study, one PPF=PCLF
blend with PPF weight composition of 25% and PCLF
composition of 75% was prepared by first dissolving PPF
and PCLF sufficiently in a co-solvent methylene chloride
(CH2Cl2) and then evaporating the solvent in a vacuum
oven.

Scaffold fabrication

A previously described method41 was used to manufac-
ture image phantoms with programmable pore structures, as
simplified models of tissue scaffolds. Computer-aided design
(CAD) models were created using SolidWorks (SolidWorks
Corp., Concord, MA), meshed into stereolithography (STL)
files, and converted to 2D sliced data files with a thickness of
76 mm using the ModelWorks software (Solidscape Corp.,
Merrimack, NH). The 3D phase-change ink jet printer, Pat-
ternMaster, was used to create 3D injection molds by print-
ing the 2D sliced data files layer by layer with a build
material (polystyrene) and a support material (wax). After
printing, the polystyrene was dissolved by immersing the
printed cubes into acetone for 30 min. to leave wax molds.
Subsequently, the wax molds were put into a Teflon holder,
and PPF=PCLF polymerizing mixture was injected under
vacuum. The PPF=PCLF polymer blend was then cross-
linked by free-radical polymerization with benzoyl peroxide,
dimethyl toluidine, 1-vinyl-2-pyrrolidinone, and methylene
chloride as free-radical initiator, accelerator, crosslinker, and
diluent, respectively. About 100mL of initiator solution (50 mg
of benzoyl peroxide in 250 mL of 1-vinyl-2-pyrrolidinone)
and 40 mL of accelerator solution (20 mL of dimethyl tolui-
dine in 980mL of methylene chloride) were added and mixed.
To facilitate crosslinking, specimens were put into the oven
at 408C for 1 h. After crosslinking was completed, the spec-
imens were detached from the Teflon holder and the wax
was dissolved in a cleaner solution (BIOACT VS-O; Petro-
ferm, Inc., Fernandina Beach, FL) at 40–608C for 1 h. Finally,
the specimens were dried completely at ambient temper-
ature.

Scaffold and pore geometry

Cubic injection molds (5.0 mm on a side) were printed,
such that imaging phantoms with pores consisting of a single
channel through the middle of the specimen could be gen-
erated. Pores with the following cross-sectional and longi-
tudinal shapes were designed: circular cylinder, elliptic
cylinder, and spheroid. Five specimens were generated for
each shape. After crosslinking of the polymer in the mold,
the final dimensions were slightly altered compared to the
original design, presumably due to shrinkage of the polymer.
To accurately determine the dimensions of the finally created
phantoms, they were scanned in air (no fluid and=or contrast
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agent present) with micro-CT at 20 mm voxel resolution using
a custom-made X-ray imaging system.26 No swelling or
shrinking of the specimens after immersion in fluid was
observed.

Experimental setup

Experiments were carried out at room temperature. The
imaging phantoms were glued to the bottom of a fluid res-
ervoir placed underneath the loading platen of a custom-
made compression device. The setup was mounted inside a
custom-made high-resolution X-ray imager (Fig. 1). The fluid
reservoir was filled with 99.5% glycerol with a viscosity of
*1.0 Pa s, which closely matched the viscosity of the iodine-
based contrast medium, decreasing gravitational settling of
the tracer and therefore enabling X-ray exposure times of
several seconds. A solution of the radiopaque contrast agent
sodium iodide (NaI; Sigma-Aldrich, Inc., St. Louis, MO) in
glycerol (25.8 mg mL�1 I�) was rendered visible to the eye
with a drop of blue food coloring. A needle syringe with blunt
tip was used to infuse the contrast agent into the specimen’s
pore until it was completely filled, and the syringe was then
slowly withdrawn from the fluid reservoir. After this infusion,
convective transport was induced by cycles of compression
and release applied to the top face of the specimen. The
compression amplitude was measured using X-ray projection
images of the specimen in the uncompressed state and in the
maximally compressed state. The percentage of compression
was calculated from the images as:

H�H0

H0

����
���� � 100%, (1)

where H0 and H are the phantom height at rest and upon
maximal compression, respectively. The compression rate
was set at 1.0 Hz.

Projection X-ray imaging protocol

The specimens were imaged in a custom-made high-
resolution X-ray system consisting of a spectroscopy X-ray

source with a molybdenum anode and zirconium foil filter so
that the Ka emission radiation (17.5 keV) photons predomi-
nate in the emitted X-ray spectrum. The specimen’s X-ray
image was converted into a light image in a Terbium-doped
fiber optic glass plate coupled to a charge-coupled device
(CCD) array. The CCD image, consisting of 1340�1300 pixels,
was then recorded. The pixel size in the X-ray image was
20mm, so that the spatial resolution is approximately 40 mm
and, hence, pore diameter differences of *500 mm are readily
resolved. Specimens were placed at 5.5 cm from the detector,
and the distance between X-ray source and detector was
98.5 cm. X-ray exposure time was 5.0 s, and a scintillator de-
cay time of 0.5 s was allowed for. The compression device was
switched on and off from outside the lead-lined scanner-
housing. Images of the fluid-filled specimens were recorded
before and right after injection of the contrast agent. Further,
during passive experiments (compression turned off ), images
were recorded after 1, 3, 5, and 10 min. During active exper-
iments (compression turned on) images were recorded after
5, 10, … , 50, 75, 100, 150, 200, and 300 compression cycles, by
temporarily pausing the cyclic compression during the im-
aging time of 5.7 s, with the specimen in the uncompressed
state. The total imaging time was less than 2 min per experi-
ment, during which passive removal may have contributed to
transport. However, based on the measurements during
passive removal, it is expected that passive removal contrib-
uted less than 10% to the total solute transport during the
time required for imaging.

Image analysis

The transmitted X-ray intensity I, at each pixel, is given by:

I¼ I0 exp �
X

i

lixi

 !
, (2)

where I0 is the incident X-ray intensity, mi is the linear at-
tenuation coefficient of material i, and xi is the thickness
of material i along the X-ray beam illuminating the pixel
after passing through the imaging phantom. The total X-ray

FIG. 1. Schematic diagram (left) and photograph (right) of the experimental setup. The specimen is placed inside a fluid
reservoir underneath a compression device. A molybdenum X-ray source is used to generate projection images of the
specimen pore injected with X-ray contrast agent.
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attenuation
P

i

lixi is mainly due to the iodine in the channel,

the polymer material which the specimen is made of, and the
glycerol in the surrounding fluid reservoir. The attenuation
due to iodine in the pore was then calculated by subtracting
the attenuation before contrast agent injection from the at-
tenuation measured with iodine present in the pore. The
average attenuation due to iodine was obtained by averaging
the attenuation over the entire pore volume. Under the as-
sumption that the attenuation coefficient of the iodine is
linearly proportional to the iodine concentration (because the
pore dimension remains unchanged in between compres-
sions), the average iodine concentration in the channel was
calculated as a fraction of the average iodine concentration
calculated immediately after injection.

Statistical analysis

To statistically compare the results of the image analysis,
the remaining fraction of iodine (as measured after 300 s of
passive removal or after 300 compression cycles at 1.0 Hz)
was evaluated with one-way analysis of variance (ANOVA).
This fraction was calculated in specimens with different

channel shapes and compared with the 0.5 mm circular cy-
lindrical channel by a Tukey-Kramer honestly significant
difference test (#p< 0.05). For each channel shape, the effect
of passive and deformation-induced transport was com-
pared by a two-tailed t-test (*p< 0.05).

Results

Scaffold pore geometry

Representative micro-CT images (20 mm voxel resolution)
of the specimens are shown in Figure 2. These images were
used to quantify the actual (as distinct from the pro-
grammed) pore dimensions (Table 1). The average side di-
mension of all specimens was 4.50� 0.18 mm.

Scaffold compression

Figure 3 shows representative projection X-ray images of
the scaffold in the uncompressed state compared to the
compressed state. It can be noted that the spheroid is mainly
compressed in the middle, whereas its openings to the res-
ervoir are slightly narrowed during compression. From the
front view of the specimen with elliptic channel, it can be

FIG. 2. Representative mi-
cro-CT images (20 mm voxel
size) of the specimens with
pores in the form of a circular
cylinder (1.5 mm), spheroid,
and elliptic cylinder. White is
scaffold material; black is air.

Table 1. Channel Dimensions of Initial Computer-Aided Design (CAD) Models

and Actual Specimens After Manufacturing as Measured with Micro-CT

Circular cylinder channel diameter (mm)

CAD design 0.5 1.0 1.5 2.0
Micro-CT measured 0.37� 0.030 0.94� 0.026 1.38� 0.048 1.89� 0.028

Elliptic cylinder channel diameter (mm) Spheroid channel diameter (mm)

Minor axis Major axis At openings Maximum

CAD design 0.6 2.0 0.55 2.0
Micro-CT measured 0.54� 0.043 1.75� 0.043 0.73� 0.076 1.89� 0.017

For the circular cylinder, scaffolds with four different diameters were generated. For the elliptic cylinder, the minor and major axis
dimensions of the channel cross section are given. For the spheroid, the diameter at the channel openings, and the maximum diameter in the
middle are given. All specimens were cubic with an average side dimension of 4.50� 0.18 mm.
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observed that when the major axis of the elliptic cross-section
is perpendicular to the direction of compression, it is highly
deformed (65� 5% compression along the semi-minor axis,
see Table 2). In contrast, the elliptic cross section becomes
more circular when its major axis is in the same direction as
the compression.

On average, the percentage of scaffold compression was
8.6� 1.6% of the original specimen height and not signifi-
cantly different among the different scaffolds as tested by
ANOVA. Thus, the scaffold compression amplitude did not
depend on the pore shape. For the circular cylindrical chan-
nels with different diameters, the percentage of compression
of the channel decreased with increasing diameter (Table 2).

Solute transport

Projection X-ray images show the removal of the iodine
from the scaffold channel, as caused by passive removal or
removal induced by consecutive cycles of deformation of the
scaffold (Fig. 4). The images demonstrate that after 300 s of
passive removal without compression, most of the iodine is

still present in the channels. Particularly in the case of the
circular cylinder, it can be seen that a portion of the contrast
agent is slowly removed, in part due to gravity-induced nat-
ural convection as a result of the slight difference in density
between the fluid containing NaI and the fluid without the
contrast agent. In addition, it can be observed that after 300
cycles of compression at 1.0 Hz (i.e., corresponding to 300 s),
most of the contrast agent is removed from the phantom with
the elliptical cross section pore. In contrast, only approxima-
tely 50% of iodine is removed from the circular pore, and most
of the dye remains inside the spheroidal pore.

The average iodine concentration inside the channel was
calculated relative to the iodine concentration right after in-
jection. This quantitative analysis shows the effect of the pore
shape on the removal rate during compression cycles (Fig. 5).
The remaining fraction of iodine in the channel after 300 s is
shown (Fig. 6A) for all channel shapes as a result of both
passive and deformation-induced removal. A statistically
significant difference between passive and strain-induced
removal was found for all pore shapes. The remaining frac-
tion of iodine 300 s after passive removal was statistically

FIG. 3. Projection X-ray images of the uncompressed specimen and the specimen at maximal level of compression. Side
views are shown for the 1.5-mm-diameter circular cylinder (top left) and spheroid channel (bottom left). The elliptical channel
is shown from the front with the compression perpendicular to (top right) and in parallel with (bottom right) the major axis of
the elliptical cross section.

Table 2. Percentage Compression of the Channels of the Specimens,

Measured Along the Vertical Direction

Channel geometry CAD diameter (mm) Channel compression (%)

Circular 0.5 45� 6
1.0 48� 4
1.5 33� 3a

2.0 26� 1a

Elliptic (strain parallel to semi-minor axis) 0.6 65� 5a

Elliptic (strain parallel to semi-major axis) 2.0 18� 1a

Spheroid 2.0 17� 1a

aSignificantly different from 0.5 mm ( p< 0.05).
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different from the 0.5 mm circular only for the 2.0 mm pore,
likely due to increased gravitational settling. After 300 s of
strain-induced removal, the remaining fraction of iodine was
significantly different from the 0.5 mm pore for the 1.5 mm
circular pore, the spheroid pore, and the elliptic pore (in both
directions of compression). With the exception of the 2.0 mm
circular pore, the remaining fraction of iodine in the channel

after 300 s correlated well with the channel compression (Fig.
6B). Upon exclusion of the 2.0 mm circular pore, linear re-
gression yielded a relationship of y¼� 0.00131xþ 0.9735,
with R2¼ 0.9803. Increased gravitational settling in the
2.0 mm pore likely caused the increased rate of solute
transport as would have been expected based on the per-
centage of channel compression.

FIG. 4. Consecutive projection X-ray images taken during compression-induced and passive removal of NaI from the
specimen channels. Compression was performed at 1.0 Hz, such that 300 s correspond to 300 compressions. (A) Circular pore
(1.5 mm diameter). (B) Spheroid pore. (C) Elliptic pore.
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To illustrate the spatial distribution of solute transport in
the different scaffold types, images recorded right after io-
dine injection were subtracted from images recorded after
300 compression cycles (Fig. 7). White areas in these images
represent spots where most of the contrast agent has been
removed after 5 min of cyclic deformation.

Discussion

Dynamic transport of an X-ray tracer inside cyclically
deformed imaging phantoms with designed pore geome-
tries, mimicking porous tissue scaffolds, was imaged using
an X-ray microimaging technique. The main finding of this
study was that solute transport rates and depths can be
significantly influenced by the shape of the pore, its dimen-
sion, and the orientation of its cross section with respect to
the direction of the cyclic strain.

Increasing the diameter of the circular cylindrical channels
from 0.5 to 1.5 mm slightly decreased the deformation-
induced solute transport rates, which correlated with the
decreased percentage of channel compression of the 1.5 mm
channel. The increased passive removal in the 2.0 mm di-
ameter channel as compared to the 0.5 mm channel most
likely compensated for this effect. The spheroidal channel
showed the slowest transport rates during both passive re-
moval and compression-induced removal. This may be at-
tributed to its relatively large volume compared to its smaller
cross section exposed to the surrounding fluid reservoir. The
elliptic cylinder with its major axis perpendicular to the di-
rection of compression was highly collapsible and therefore
yielded a high solute transport rate under cyclic compres-
sion. In contrast, when its major axis was in parallel with the
direction of compression, solute transport was significantly
reduced, indicating the strong influence of pore orientation
compared to direction of strain.

Limited mass transport currently hinders the development
of thick tissue-engineered implants, and O2 is arguably the
most important metabolic substrate to be transported to the
cells inside the scaffolds to maintain normal cell function.
Sensitivity to hypoxia varies among cells: 40% of cells cul-
tured under hypoxia do not survive after *5 days for en-

dothelial cells,42 after *12 h for cardiomyocytes,43 and after
only *2 h for preadipocytes44 (cells of interest in adipose
tissue engineering). To sustain viable (not necessarily func-
tional) cells inside the scaffolds, O2 transport rate must
match rate of O2 consumption, which is of the order of
1–10 nmol O2 min�1 (106 cells)�1 for a range of cell types.45,46

The present results indicate that the time to reach 37% of the
initial iodine (as a surrogate for O2) concentration for the
elliptic pore compressed along its semi-minor axis was ap-
proximately 1 min (Fig. 5), yielding an average transport rate
of 0.63 min�1. Given an arterial plasma O2 concentration of
130mmol L�1 and an average O2 consumption of 5 nmol O2

min�1 (106 cells)�1, an estimate for the sustainable cell den-
sity in the scaffold can then be calculated:

130 � 10� 6 mol L� 1 � 0:63 min� 1

5 � 10� 9 mol min� 1 (106 cells)� 1
¼ 1:6 � 107 cells ml� 1 (3)
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FIG. 5. Relative iodine concentration in the specimen
channel upon deformation-induced removal for the spheroid
channel, 1.50 mm circular cylindrical channel, and elliptical
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0

0.2

0.4

0.6

0.8

1

0.5 mm 1.0 mm 1.5 mm 2.0 mm Spheroid Elliptic Elliptic

F
ra

ct
io

n
 o

f 
Io

d
in

e 
R

em
ai

n
in

g
 A

ft
er

 3
00

s

Passive
Deformation

*

*
*

*,#

*,#

*,#

*,#
#

A

B

2.0 mm

1.5 mm

1.0 mm

0.5 mm
y = -0.0131x + 0.9735

R2 = 0.9803

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60 70

Channel Compression (%)

F
ra

ct
io

n
 o

f 
Io

d
in

e 
R

em
ai

n
in

g
 A

ft
er

 3
00

 s

FIG. 6. (A) Fraction of remaining iodine concentration af-
ter 300 s of passive transport (white bars) or deformation-
induced transport (black bars). Data represent means� SD for
n¼ 5. *Significantly different compared to passive removal
( p< 0.05). #Significantly different compared to 0.5-mm-
diameter channel ( p< 0.05). (B) Correlation between channel
compression and remaining fraction of iodine after 300 s
of compressions for the different channel shapes. Linear
regression yielded a significant relationship (y¼� 0.0131xþ
0.9735, R2¼ 0.9803). Note that the 2.0 mm circular channel
was excluded from the regression.
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This is still one to two orders of magnitude lower than cell
densities in most human vascularized tissues; however, cy-
clic strain may induce sufficient temporary convective nu-
trient transport to maintain viable cells, while ingrowth of
microvessels proceeds after implantation of the scaffold.
Even more, although solute convection dominates transport
in these experiments, the diffusion coefficient of O2 in aque-
ous solution is likely higher as compared to NaI in glycerol
due to lower solvent viscosity and lower molecular weight
(32 g mol�1 for O2 vs. 149.9 g mol�1 for NaI), which could
increase the sustainable cell density.

Increased convective transport properties of the scaffold
will trade off with its ability to provide temporary mechan-
ical support at the site of implantation. Pores with elliptical
cross-section oriented with the semi-minor axis along the
strain direction may yield high transport rates, but the ef-
fective scaffold stiffness will be lower than when a pore with,
for example, a circular cross-section is used. The need for
scaffolds with an adequate balance between mechanical and
mass transport properties thus requires the ability to pre-
cisely control the scaffold topology.47 In contrast to com-
monly used methods to create porous sponges of scaffold
materials (e.g., particulate leaching48,49 or gas foaming50), the
solid freeform technique used in this study allows the fab-
rication of scaffolds with programmable pore labyrinths.
Designer-scaffolds have more predictable mechanical prop-

erties, mass transport rates, and spatial distributions than do
scaffolds generated with such traditional methods.

This study has several limitations. Pore diameters of the
imaging phantoms ranged from 370 mm to 1.91 mm, although
the current results may also be relevant for pores with
smaller dimensions. Optimal pore sizes for tissue engineer-
ing scaffolds have been suggested to lie between 100 and
500 mm, depending on the cell type.51 It should be noted that
these smaller dimensions are largely based on studies using
scaffolds fabricated with salt-leaching techniques. In con-
trast, bone ingrowth has been successfully demonstrated in
scaffolds with pore sizes greater than 1.0 mm as manufac-
tured by SFF52 or a combination of phase-inversion and par-
ticulate extraction.53

Scaffolds with simple pores comprised of single straight
channels with various shapes were used, whereas more
realistic scaffolds would have pore labyrinths comprised
of interconnected channels in three dimensions. Using the
described scaffold fabrication technique, it is possible to
manufacture more complex pore structures. A qualitative
demonstration of the techniques described in this paper, ap-
plied to a simple pore network of 1.0 mm diameter inter-
connected circular channels in a single plane, is shown in
Figure 8. Imaging the contrast agent distribution after cyclic
deformation in three dimensions would require a tomo-
graphic method such as micro-CT. The relatively long

FIG. 7. Grayscale images of the
measured intensities right after injec-
tion, subtracted from the measured
intensity after 300 compression cycles.
White pixels mean that contrast agent
was completely removed at this po-
sition. Difference images are shown
for the 1.5 mm circular cylinder pore
(top left), the spheroid (top right), and
the elliptic pore in both directions
(bottom).

1996 OP DEN BUIJS ET AL.



acquisition times associated with micro-CT (of the order of
minutes) could introduce motion artifacts due to diffusion
and=or gravitational settling of the X-ray tracer. Recent de-
velopments in high-speed X-ray microimaging may be suffi-
ciently fast to accomplish CT scans in seconds.54 Another
potential solution to this problem may be the recently devel-
oped cryostatic micro-CT method55 in which specimens are
snap-frozen during the solute transport process and scanned
while frozen.

In vivo, many tissues are subjected to specific mechanical
cues. For instance, bone and cartilage undergo dynamic
compression during joint mobility, whereas tendons, muscle,
and blood vessel walls can experience large dynamic tensile
strains. Although the effects of cyclic stretch on solute
transport were not investigated in the current study, pore
geometry affects solute transport most likely in a similar way
under cyclic stretch as it does during cyclic compression:
highly deforming pore geometries, such as the elliptic cyl-
inder with its semi-minor axis in the strain direction, will
yield high solute transport rates. Further studies are needed
to confirm this prediction.

The X-ray contrast agent NaI is based on the high atomic
weight of the element iodine. In addition, the concentration of
NaI was higher than most physiological substances to ensure
a reasonable signal-to-noise ratio in the images. This resulted
in gravitation-induced convection of the tracer, explaining the
somewhat higher passive removal rate as would have been
expected based on diffusional transport alone. To reduce the
influence of gravitational settling, glycerol with a viscosity of
*1.0 Pa s (as compared to 1.0 mPa s for water and 1.31 mPa s
for human blood plasma56) was used as the solvent. This will

have likely decreased the diffusion of the iodine because the
diffusion coefficient is inversely proportional to viscosity ac-
cording to the Stokes-Einstein equation.57 The impact of vis-
cosity on the convective part of the compression-induced
solute transport is less clear. Increased viscosity increases the
resistance to flow, which could potentially inhibit convective
transport; however, increased resistance simultaneously in-
creases the pressure inside the channel because the compres-
sion device now has to deliver a slightly higher force to
achieve the same amount of deformation. It could well be that
these two mechanisms cancel each other out to a great extent.

Conclusion

The results demonstrate that shape, size, and orientation of
pores in a tissue scaffold have great effects on solute transport
during cyclic mechanical deformation. This has implications
for the design of the pore system of thick, deformable im-
plants in which enhanced solute transport rates are desired to
facilitate tissue ingrowth. Additionally, pore geometry may
be adjusted to achieve ideal release constants in deformable
porous drug delivery systems.
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