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Abstract: The classic paradigm for in vitro tissue engineer-
ing of bone involves the isolation and culture of donor
osteoblasts or osteoprogenitor cells within three-dimen-
sional (3D) scaffold biomaterials under conditions that sup-
port tissue growth and mineralized osteoid formation. Our
studies focus on the development and utilization of new
dynamic culture technologies to provide adequate nutrient
flux within 3D scaffolds to support ongoing tissue forma-
tion. In this study, we have developed a basic one-dimen-
sional (1D) model to characterize the efficiency of passive
nutrient diffusion and transport flux to bone cells within 3D
scaffolds under static and dynamic culture conditions. Inter-
nal fluid perfusion within modeled scaffolds increased rap-
idly with increasing pore volume and pore diameter to a
maximum of approximately 1% of external fluid flow. In
contrast, internal perfusion decreased significantly with in-

creasing pore channel tortuosity. Calculations of associated
nutrient flux indicate that static 3D culture and some inap-
propriately designed dynamic culture environments lead to
regions of insufficient nutrient concentration to maintain cell
viability, and can result in steep nutrient concentration gra-
dients within the modeled constructs. These quantitative
studies provide a basis for development of new dynamic
culture methodologies to overcome the limitations of pas-
sive nutrient diffusion in 3D cell-scaffold composite systems
proposed for in vitro tissue engineering of bone. © 2003
Wiley Periodicals, Inc. ] Biomed Mater Res 67A: 357-367,
2003
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NOMENCLATURE

V.. Velocity of scaffold motion relative to the fluid of
the rotating bioreactor (m s~ ')

V  Calculated fluid perfusion velocity through the
scaffold (m s ')

VP Pressure gradient across the scaffolds is approx-
imated by average pressure difference, AP, per
unit length.**

AP
VP = — (N m™)
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K Darcy’s permeability constant (m?)

€ Fluid-filled volume fraction

) Median pore diameter of the scaffold (m)

T Tortuosity (pore path length per unit scaffold
thickness). Estimated microcarrier scaffold
tortuosity of 2.5 was accepted by the authors
for modeling of glucose flux

o Cross-sectional area of an individual pore (m?)

N Total number of cells within the scaffold

n Total number of cylindrical pores

R Length of the scaffold (m)

L Thickness of the scaffold (m)

l Length of the cylindrical pores within the scaf-
fold (m)

D  Diffusivity of glucose®

D=66X10"m?s™!

~

Single osteoblast rate of glucose consumption®

#=16x10"gs™!
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M Dynamic viscosity of water at 30°C>*
m=0799 X 10 kg m's’

Ax  Incremental depth within modeled microcarrier
scaffolds (m)

AM Fluid-filled pore volume at depth Ax within
modeled scaffolds (m?)

AQ Quantity of glucose delivered within volume
AM under model fluid flow conditions (g)

T  Average residence time of fluid perfusing
through depth Ax within model microcarrier
scaffolds (s)

INTRODUCTION

Surgical repair of bony defects has become an in-
creasingly significant problem in orthopedic medi-
cine.! Autogenous bone graft, or autograft, derived
from the iliac crest has long been considered the “gold
standard” biological graft material used most fre-
quently and successfully for skeletal reconstruction,
but despite its success, supply limitations and con-
cerns over postoperative morbidity fuel a growing
desire for clinically viable alternatives.” From 1997 to
1999 alone, the market for bone grafts and bone sub-
stitutes has grown by more than 40% to a 270 million
dollar (+) industry." Currently, clinical alternatives to
autografts include allogenic bone, ceramics, deminer-
alized bone matrix, bone marrow, and composite
grafts (consisting of combinations of materials), but
none of these materials has been met with widespread
ac:c:eptanc:e.1 As a result, much research interest has
been directed toward the development of new tissue
engineering strategies for bony repair.

The classic paradigm for in vitro tissue engineering
of bone involves the isolation and culture of donor
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osteoblasts or osteoprogenitor cells within three-di-
mensional (3D) scaffold biomaterials under conditions
that support tissue growth and mineralized osteoid
formation.'*™! By combining appropriately engi-
neered biomaterials, culture conditions, and cells,
strategies may ultimately be found to produce syn-
thetic bone grafts capable of providing both initial
mechanical support and the necessary osteoconduc-
tive/inductive and angiogenic interactions at the site
of bony repair. To this end, a variety of porous, 3D
scaffold systems based on a variety of ceramic and or
degradable polymeric biomaterials have been pro-
posed for osteoblastic cell cultivation and tissue engi-
neering of bone.'”'*'> However, one major constraint
in the use of 3D scaffolds has been the limitation of cell
migration and tissue ingrowth within these structures.
Because cells located in the interior scaffold receive
nutrients only through diffusion from the surround-
ing media in static culture, many investigators have
speculated that high cell density on the exterior of the
scaffold may deplete nutrient supply before these nu-
trients can diffuse to the scaffold interior to support
tissue growth. In addition, diffusive limitations may
also inhibit the efflux of cytotoxic degradation prod-
ucts from the scaffold and metabolic wastes produced
in the scaffold interior. Over the years, ingrowth lim-
itations have been observed for cell-scaffold compos-
ite systems proposed for tissue engineering of
bone.”*>7” Select examples of possible diffusive lim-
itations of high cell density 3D culture are summa-
rized in Table I. In a series of related studies, maxi-
mum penetration depths of osseous tissues were
reported™® in the range of 200-300 wm within partic-
ulate leached poly(p,L-lactic-co-glycolic acid) (PLAGA)
3D foams after 56 days of static in vitro culture. In studies
of osteoblastic cell growth on 3D constructs, our work
and that of others have shown preferential short-term

TABLE I
Representative Examples of High-Density Bone Cell Cultivation Within 3-D Scaffolds
Pore Scaffold
Pore Size Volume Thickness Cell Density
Cell Type (mm) (%) (mm) (cells/mL) Observation Reference
Rat marrow 300-500 90 19 a Maximum osseous penetration of  Ishaug et al.®
240 * 82 pm (day 56)
Rat calvaria 150-300 90 19 a Maximum osseous penetration of  Ishaug-Riley et al.”
220 = 40 pm (day 56)
500-710 90 1.9 a Maximum osseous penetration of
190 * 40 pm at (day 56)
5a0Ss-2 187 30 2.5 9.5 X 107 Preferrential cell growth on Botchwey et al."”
scaffold exterior (day 7)
Rat marrow 300-500° 78 6 5.8 x 10°¢ Preferrential cell growth on Goldstein et al.'”

scaffold exterior (day 7)

Note: Only data from Botchwey et al.'” and Goldstein et al.'” have been used for modeling of glucose diffusion.
*Values of cell density within the scaffold could not be determined from the reference.

PAn average pore diameter of 400 mm was assumed to facilitate model calculations.

“Reported values for cell and scaffold void volume of 3.5 X 10° and 0.60 cm? were used to determine cell density (cells/mL).
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growth of osteoblastic cells on exterior regions of scaf-
folds exposed directly to surrounding culture medi-
um.’*™ Although several attempts in other systems
have been made to alter scaffold geometry to provide
adequate diffusion within 3D constructs with some suc-
cess,”*?! ingrowth limitations within 3D scaffolds re-
main a pervasive problem in tissue engineering.

To circumvent possible nutrient transport limita-
tions in static 3D culture, various “dynamic” culture
methods have been proposed to provide a well-mixed
environment and possible culture medium flow
within and around 3D scaffolds during cultiva-
tion.'®17!? Several dynamic culture systems have been
proposed for tissue engineering of bone, including
spinner flasks, rotating bioreactors, and direct perfu-
sion cultures; however, there is no consensus on what
specific dynamic culture conditions are most condu-
cive to bone tissue synthesis and what technology is
best suited to achieve those conditions. In a recent
study, Shea et al.'® examined osseous tissue ingrowth
within particulate leached PLAGA scaffolds during
long-term cultivation in a spinner flask bioreactor, and
observed a precipitous decrease in cell density in in-
terior regions of the scaffold possibly due to cell death.
Goldstein et al.'” went on to compare cell ingrowth
within similarly designed scaffolds using several rep-
resentative systems of dynamic culture, and showed
that whereas cell ingrowth within spinner flasks re-
sulted in decreases in interior cell density as previ-
ously reported, cultivation in rotating bioreactors and
perfusion cultures yielded a more uniform distribu-
tion of cell growth throughout the scaffolds. However,
a multiplicity of factors are present that may impact
nutrient delivery and tissue synthesis in dynamic cul-
ture. These include a broad range of scaffold materials
and designs, scaffold porosity and size, cell types,
initial cell plating densities and methods, and experi-
mental fluid flow conditions that result in nutrient
transport during dynamic tissue engineering of bone.
In this report, we will expand the quantitative basis
for dynamic culture systems to supply adequate nu-
trient flux within 3D constructs to support ongoing
tissue formation.

Previously, we described a new system of dynamic
culture based on porous, lighter-than-water PLAGA
scaffolds in the high aspect ration vessel rotating bio-
reactor,’ and the development of quantitative meth-
ods to control the motion of these scaffolds through
the culture medium of the bioreactor during rotating
culture. The motion of the scaffolds facilitates culture
medium flow to cells within the porous 3D network of
the scaffolds. Preliminary studies of osteoblast-like
cell cultivation in this system showed significant in-
creases in alkaline phosphatase expression and min-
eralized osteoid synthesis in vitro. In this study, we
have extended our analysis to quantitatively examine
the role of nutrient delivery in our culture system and
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other 3D systems of high cell density. The objectives of
this analytical and experimental study were twofold:
1. to characterize the efficiency of passive nutrient
diffusion to bone cells within our 3D scaffolds under
static culture conditions; and 2. to quantify the effects
of internal fluid perfusion and flow-induced nutrient
transport to cells within the scaffolds during dynamic
bioreactor cultivation.

MATERIALS AND METHODS

Scaffold fabrication and characterization

Porous, lighter-than-water scaffolds of degradable
PLAGA were prepared using sintered microsphere methods
reported previously.'® Briefly, spherical PLAGA microcarri-
ers in the size range of 500-860 um were poured into a
stainless steel mold and thermally sintered for 1-5 h at 70°C.
Scaffolds were fabricated in a range of predetermined den-
sities to control the velocity and trajectory of the scaffold
motion in the rotating bioreactor. The densities of the scaf-
fold were modified by sintering both solid, heavier-than-
water and hollow microcarriers in appropriate ratios within
the same scaffold. The ratio of solid, heavier-than-water
microcarriers and hollow, lighter-than-water microcapsules
is given by mixing ratio, ¢, which is defined as the mass
ratio of solid microcarriers to that of hollow microcarriers
within each scaffold. The scaffold densities were from ap-
proximately 0.99 (¢ = 1) to 0.65 g/mL (¢ = 0), resulting in
measured scaffold velocities, relative to the culture medium,
of between 3 to 100 mm/s. Relative motion of the scaffold in
the rotating bioreactor was characterized by in situ imaging
analysis. The measurement of physical scaffold properties
and characteristic motion in the rotating bioreactor has been
described previously in detail.'” Briefly, scaffold pore vol-
ume, median pore size, and density were measured by
mercury porosimetry (Autopore III porosimeter; Micromer-
itics, Norcross, GA). Scaffolds were fabricated in the shape
of porous cylinders 4 mm in diameter and approximately 2.5
mm in length each having approximately 30% pore volume
and 200-pm median pore size.

Exploratory evaluation of cell growth within the micro-
carrier scaffolds was done by light microscopic examination
after scaffold bisection.'® Briefly, select scaffolds, exhibiting
the highest velocity in the bioreactor, were seeded with
Saos-2 human osteoblast-like cells (ATCC no. HTB-85) and
cultured under both static and dynamic conditions as de-
scribed by Botchwey et al.'” After 7 days of cultivation,
scaffolds were removed and cells were stained for alkaline
phosphatase using standard histochemical methods.** After
cell staining, scaffolds were sectioned using a surgical blade
along their central axis perpendicular to the front face of the
disk. Cell growth and penetration within the scaffolds were
assessed qualitatively by light microscopy.

Characterization of internal fluid flow

To quantify nutrition flux during dynamic culture within
3D scaffolds, it is necessary to create a suitable analytical
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representation of these systems to facilitate our analysis. We
have made the following simplifying assumptions, as has
been described previously by Botchwey et al.'®:

1. The scaffolds are roughly cylindrical and their 3D ge-
ometry may be represented by a network of inter-
connecting cylindrical channels with tortuosity, 7. The
Darcy permeability constant, K, for such a construct
has been described by Scheidegger™ and is given by:

eo?

K:W/ 1)

where € is the pore volume fraction, o is pore diameter,
and 7 is the viscosity of the fluid. During the short but
important time period of experimental validation used
in this study, the physical dimensions and 3D geome-
try of the scaffold do not change. Over longer periods
of time, the scaffold will degrade, thereby requiring an
extension of the theoretical approach.

2. There is a homogeneous velocity profile, V., at a large
distance from the porous scaffold that creates a pres-
sure gradient, VP, across the thickness of the construct.

3. The normal vector of the scaffold front surface is par-
allel to the velocity at large distances from the disk.

4. The scaffold thickness is small and permeable to fluid
flow but we will assume that the velocity of the fluid in
the scaffold is small compared with V...

5. The pressure gradient is equal to the pressure differ-
ence per unit length along the scaffold, AP/L, and is
given by the drag force on the scaffold per unit volume
as per the text by Happel and Brenner,** where the
force due to drag on a circular cylinder is given by:

4mV.. R

F=iner/m) — 072 @)

where R and L are the radius and length of the scaffold,
respectively.

6. The rate of internal fluid perfusion within scaffolds
may then be calculated as follows:

V= K\AP 3
where V is the velocity of the fluid flow through the
porous scaffold, K is Darcy’s permeability constant.

We note here that a similar mathematical perfusion
flow rate has been described elsewhere by our labo-
ratory.”” In this study, we modified our numerical
model to permit the parametric analysis of internal
fluid perfusion based on the properties of scaffold
geometry. Parametric analysis of fluid perfusion
through the scaffold was performed as a function of
pore size, pore volume, and pore channel tortuosity.
Also, three values of external fluid velocity, V.., were
considered in the analysis representing a low (10 mm/
s), medium (50 mm/s), and high (100 mm/s) rate of
scaffold velocity as described by Botchwey et al.>> We
note here that for systems of direct perfusion, fluid
flow rate through the scaffold may be measured di-
rectly and is not calculated theoretically.
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Characterization of nutrient diffusion and flow-
induced nutrient flux

To evaluate the role of nutrient diffusion and consump-
tion within cell-seeded scaffolds in the absence of flow, we
have developed a 1D glucose diffusion model with the fol-
lowing assumptions:

1. The pores within the scaffold are cylindrical with a
uniform distribution of glucose consumption sources,
Qg s 'm ", within each of the pores. Q is given by:

_N? 4
Q - ﬁ 2 ( )

where N is the total number of cells within the scaffold,
7 is the single osteoblast glucose consumption rate, 7 is
the number of cylindrical pores within the scaffold,
and [ is the length of the modeled pores.

2. In the absence of flow, diffusion within the scaffold is
given by?:

2

o
Do - C(x) = -0Q, )

where D is the diffusivity of glucose, o is the average
cross-sectional area of the modeled pores, and C(x) is
the concentration of glucose as a function of depth
within the scaffold.

3. The boundary conditions are given by:

)
Co = C(0) and = C(l/2) =0, 6)

C, represents media glucose concentration at the exte-
rior boundary of the scaffold. Symmetry of glucose
concentration within the pores in the absence of flow
results in the 0 value of the derivative. The analytical
solution to the boundary value problem is then given
by:

N?
Clx)=C,— 3Dnol (Lx — x?), (7)

Glucose diffusion was modeled under typical condi-
tions of microcarrier scaffold culture as reported pre-
viously." We have also derived relevant data from a
report by Goldstein et al.'” involving similar high-
density bone cell cultivation within 3D scaffolds.

Characterization of flow-induced nutrient flux

Nutrient consumption during dynamic culture was exam-
ined by calculating 1D glucose transport flux due to internal
fluid perfusion within the scaffold during culture. For all
calculations, glucose consumption within the pores was as-
sumed to be homogeneous (i.e.,, uniform as function of
depth along the pore). The volume of fluid medium, AM,
delivered within the pores of the scaffold is:

AM = nolAx, (8)
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Figure 1. Changes in glucose concentration within micro-
carrier scaffolds as a function of internal perfusion rate.
Parameters for scaffold architecture and cell density were
described previously in our laboratories.'® Modest increases
in internal fluid perfusion have profound effect on internal
glucose concentration. As shown, a minimal internal perfu-
sion rate of approximately 0.00037 m/s is necessary to main-
tain positive glucose concentration throughout the construct
of thickness L = 2.5 mm.

where Ax is the incremental depth within the modeled pore,
and where n and o were defined previously as the number
of model pores within the construct and the average cross-
sectional area, respectively. The quantity of consumed glucose
within this volume, AQ, during culture medium perfusion is:

Ax

AQ = N

7T, 9)
where T is the average residence time of fluid medium
within the volume, and where N is the total number of cells
within the scaffold, ! is the length scaffold pores, and 7 is the
single osteoblast glucose consumption rate as defined pre-
viously. Fluid residence time is given by:

Ax
T=5 (10)
where V is modeled internal fluid velocity within the pore.
As fluid moves through the pore, the decrease in nutrient
concentration, AC, within the pore was determined by the
following;:

N Ax 7
AC =—— (11)

nl oV’
obtained by substituting Equations (8) and (9) into Equation
(10). Glucose flux within the scaffolds was calculated for a
range of culture parameters in Equation (11) that encompass
the experimental conditions previously described'®'?; how-
ever, scaffold cell density was held constant at N = 1 X 10°.
These results are shown in Figures 1 and 2.

To examine the possible differences in dynamic culture
systems, we have extended our model for the calculation of
internal fluid perfusion and flow-induced glucose flux in
spinner flask bioreactors and direct perfusion systems. A
schematic representation of three such systems proposed for
tissue engineering of bone and their associated methodology
is depicted in Figure 3. Internal fluid flow in each systems is
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achieved in different ways. In spinner flasks, stirred culture
medium is moved past the scaffolds at fixed positions within
the vessel. In rotating bioreactors, the scaffolds are not fixed,
but in continuous free fall within the culture medium during
bioreactor rotation. In perfusion cultures, culture medium is
directly perfused using a uniform fluid pressure head ap-
plied to the scaffolds and fluid. To facilitate the calculation
of spinner flask and perfusion culture conditions, character-
istic values of exterior fluid flow rates in these systems were
taken from the literature and applied to our analytical model
of interior flow. For spinner flasks, calculated values of 0.124
and 0.02 m/s were accepted as representative maximum
and minimum external fluid velocities as per the text by
Gooch et al.?” For direct perfusion culture, we used a value
of 0.03 m/s for internal flow rate as reported by Goldstein et
al.'” Calculated values of internal flow rate were then used
to examine the efficiency of these systems to sustain positive
glucose concentration as a function of depth within the
modeled cell scaffold constructs for reported conditions of
dynamic culture.

RESULTS

The results of our numerical modeling of passive
glucose diffusion are shown in Figure 4. Based on the
geometry and pore architecture of 3D scaffolds stud-
ied previously in our laboratory, media glucose is
rapidly depleted by cells in the exterior layers of our
scaffolds. For comparison, we have also modeled glu-
cose consumption in a similar 3D cell scaffold com-
posite system of larger dimension and overall porosity
(Table I). Although glucose penetration depth is larger
for such constructs, modeled penetration depth of me-
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Figure 2. Changes in glucose concentration within micro-
carrier scaffolds during dynamic culture as a function of
scaffold pore diameter. Representative cell density was
taken from a previous study,' and is listed in Table L
Calculations were performed using an internal perfusion
rate of 0.0001 m/s, previously shown to be insufficient to
maintain positive glucose concentration throughout the con-
struct (Fig. 5). As shown, increases in pore diameter signif-
icantly enhance nutrient flux within microcarrier scaffolds
even at minor internal fluid perfusion flow rates.
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Spinner Flask Bioreactors Rotating Bioreactors Direct Flow Systems

l /

Three-Dimensional Fluid Flow

Figure 3. Representative overview of dynamic culture methods used to obtain fluid flow and nutrient flux in porous, 3D
scaffolds. In spinner flask bioreactors, culture medium is stirred around scaffolds at fixed positions within the vessel. In
rotating bioreactors, scaffolds are maintained in continuous free fall through the culture medium. And finally, in a direct flow
system, scaffolds are fixed in position and perfused with culture medium by a direct application of a uniform fluid pressure
head. In each case, the flow of fluid on and around the scaffolds leads to a pressure gradient, AP, within the construct. The
rate, V, of 3D fluid perfusion through the scaffold can be determined by Darcy’s law, where v is fluid viscosity and K is

Darcy’s permeability.

dia glucose relative to the thickness of the scaffold
remains low. In must be noted here that only mean
values are derived from the literature and are not
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Figure 4. One-dimensional modeling of steady-state glu-
cose concentration as a function of depth within represen-
tative 3D cell-scaffold composite systems during static cul-
ture. The physical data used for calculations and the
references from which they were derived are summarized in
Table 1.

meant to determine absolute limits on diffusive limi-
tations or tissue ingrowth. However, the analysis can
be used to obtain a rudimentary analytical represen-
tation of the realities of static 3D tissue engineering in
bone, and to illustrate the importance of providing
adequate nutrient supply within 3D constructs.

Figure 5 illustrates a representative composite im-
age of microcarrier scaffold motion in the rotating
bioreactor at the near extremes of scaffold velocity. In
Figure 5(A), the scaffold is composed entirely of hol-
low, lighter-than-water microcapsules. The resulting
construct has a density of 0.65 g/mL and a velocity
through the fluid medium of approximately 100
mm/s. In Figure 5(B), the scaffolds were modified by
the inclusion of solid, heavier-than-water beads, and
has skeletal density between 0.90 and 0.99 g/mL. In
this case, the velocity of scaffold motion is approxi-
mately 10 mm/s or less. Using the mixed microcarrier
methods described by Botchwey et al.* scaffolds
have been produced to span this range of densities
and scaffold velocities.

In this study, we have chosen model scaffold veloc-
ities of 100, 50, and 10 mm/s to use in the calculation
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Figure 5.
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In situ imaging analysis of representative scaffold motion in the rotating bioreactor. In the laboratory frame of

reference, the bioreactor is rotating in a counter-clockwise direction. The z axis is perpendicular to the plane of the paper.
Microcarrier scaffolds adopt a primary circular trajectory in a clockwise direction with instantaneous speed determined from
the position (x,y) of the microcarrier and the frame capture rate. Secondary motion is characterized by an inward centrifugal
drift from the external vessel wall to center. The images are representative of the extremes in scaffold velocity observed in this
system. Scaffolds with approximately 0.90 g/ cm® density exhibit instantaneous speed through the fluid medium of 10 mm/s
(A) and scaffolds with density of 0.70 g/cm® have instantaneous speeds of 100 mm/s (B).

of internal fluid perfusion rate and nutrient flux
within the scaffolds. Internal fluid perfusion rates are
calculated based on these scaffold velocities and a
broad range of physical scaffold properties, as shown
in Figure 6. Internal flow rate increased linearly with
pore volume from a maximum of approximately 0.01-
0.001 m/s. In the range of tortuosity (t = 1-3) describ-
ing most porous materials,** internal flow rates
ranged from 0.008 to 0.002 m/s. Variation in pore
diameter in the range required for tissue ingrowth,
namely 100-300 wm, produced a range of internal
fluid flow rates from 0.002 to 0.011 m/s, respectively.

Under dynamic culture conditions, the contribu-
tions of flow-induced transport of glucose are signifi-
cant. Based on our theoretical model, the maximum
depth of modeled glucose penetration increases lin-
early with internal perfusion rate (Fig. 1). Under the
conditions of culture reported previously by our lab-
oratory, and minimal perfusion flow rate of approxi-
mately 7.4 X 107> m/s is required to deliver glucose
throughout the depth of our microcarrier scaffolds.
This result is significantly impacted by pore size,
where the maximum depth of modeled glucose is
directly proportional to the cross-sectional area of the
modeled pores (Fig. 2).

Figure 7 further illustrates the importance of dy-
namic culture conditions and associated levels of per-
fusion flow for 3D bone cultivation. In this example,
three model systems are considered, representing the
aforementioned modes of 3D dynamic culture pro-
posed previously for bone tissue engineering. In spin-
ner flask bioreactors, experimental parameters such as
impeller size and rate of rotation may be selected to

produce a broad range of fluid eddy velocities within
the flask. Our data suggest that successful culture in
this system is dependent on the selection of appropri-
ate dynamic culture conditions. For perfusion cul-
tures, internal fluid perfusion rates accepted from the
literature would be effective in delivering adequate
nutrient flux within our microcarrier scaffolds. For
rotating bioreactors, the representative minimum and
maximum values of modeled scaffold velocity also
supply sufficient internal perfusion and nutrient flux
within the modeled scaffolds, although the gradient in
nutrient concentration is much steeper under minimal
flow.

Figure 8 shows representative osteoblast-like cell
growth within microcarrier scaffolds cultured for 7
days under static [Fig. 8(A)] and dynamic [Fig. 8(B)]
conditions. To visualize interior cell growth, scaffolds
have been stained for alkaline phosphatase expression
and dissected along the central axis perpendicular to
the plane of the cylindrical constructs. Qualitative as-
sessment of osteoblast-like cell growth under static
conditions shows preferential growth generally con-
fined to the outer 300—700 wm regions of the construct.
This result is in reasonable correlation to theoretical
predictions of maximum glucose penetration within
the pores of the scaffold. In contrast, cell growth under
dynamic 3D conditions is shown throughout the
depth of the construct. However, on the exterior re-
gions of the scaffold, limited cell growth occurs on
polymer microspheres directly exposed to fluid flow.
Figure 9 shows a top view of a dynamically cultured
scaffold before coarse sectioning. Under the particular
conditions of dynamic culture considered, cells do not
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Figure 6. Parametric analysis of fluid perfusion within 3D
scaffolds as determined by theoretical modeling. Internal
perfusion rates are calculated based on three representative
values of measured scaffold velocity ranging from 0.1 to 0.01
m/s reported previously by Botchwey et al."® Scaffold ge-
ometry and pore architecture have a profound effect on the
rate of interior fluid flow. As shown, internal fluid flow rate
increases rapidly with increasing scaffold pore volume (A).
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Figure 7. Modeling of glucose concentration as a function
of depth within microcarrier scaffolds under representative
dynamic culture conditions. Low SP and High SP are de-
fined as the modeled minimum and maximum exterior flow
conditions respectively in spinner flask bioreactors as re-
ported by Gooch et al.”” Low RB and High RB are defined as
respective minimum and maximum of exterior flow condi-
tions in the rotating bioreactor as reported previously by our
laboratory.'” PC is given by the perfusion flow conditions
reported by Goldstein et al.'”

fully cover the outer microspheres and limit them-
selves to regions exposed only to internal fluid flow.

DISCUSSION

Given the strong metabolic demands of osteoblastic
cells during mineralized tissue formation, effective
nutrient delivery has long been considered an impor-
tant factor for successful tissue engineering of bone.
Considerable qualitative evidence of nutrient diffu-
sive limitations has been reported,>®'> '8 but few
studies have sought to quantify the effects of nutrient
diffusion during high density in vitro cell cultivation.
Therefore, we have developed a 1D model to evaluate
glucose diffusion in culture within porous scaffolds in
the absence of flow. In the range of modeled scaffold
geometry and pore architecture studied, our results
showed that passive glucose diffusion was insufficient
to maintain minimum glucose concentration beyond a
few hundred microns within modeled constructs.
These results are not surprising given the in vivo result
of nutrient limitations and cell hypoxia at distances
greater than 200 pum from a blood vessel. In addition,
these results are consistent with prior experimental
observations of osseous tissue ingrowth within 3D
scaffolds proposed for bone tissue engineering.”® Al-

Increasing pore channel tortuosity results in significant de-
creases in flow rate (B). Internal fluid flow rate increases
rapidly with increasing scaffold pore diameter (C).
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Figure 8. Alkaline phosphatase staining (shown in black) of SaOS-2 human osteoblast-like cells within bisected 3D
microcarriers scaffolds after 7 days under static (A) and dynamic (B) culture conditions. Scaffolds’ properties and conditions
of cell cultivation have been reported by Botchwey et al.'* Scaffolds were sectioned with a surgical blade to visualize cells on
the scaffold interior. Cells stained positively for alkaline phosphatase were clearly visible on the periphery of the scaffold after
7 days of static culture, but no cells were present within the scaffold interior where glucose concentration is insufficient to
maintain cell viability (A). In contrast, osteoblast-like cells appear to completely and preferentially cover the microcarriers on
the interior of the scaffolds cultured with rotation, and cell ingrowth spans the entire depth of the 2.5-mm structure (B). Black
arrows indicate the scaffold thickness, L = 2.5 mm, and cylindrical radius, R = 2 mm, respectively.

though more rigorous quantitative work remains to be
performed, we believe that these studies provide a
basis for dynamic tissue engineering of bone to over-
come the limitations of passive nutrient diffusion in
3D culture.

In this study, we have combined previously re-
ported methods of in situ imaging analysis with a
basic mathematical model of fluid flow in porous me-
dia in order to quantitatively describe the fluid flow
environment within microcarrier scaffolds during cul-
ture in the rotating bioreactor. Having demonstrated
previously our ability to control scaffold velocity and
associated exterior flow in culture between 3 and 100
mm/s,”> we have examined the effect of scaffold ge-
ometry on internal fluid perfusion at three model val-
ues of scaffold motion which span the range of these
attainable external velocities. Our results show that
physical parameters, such as total pore volume, pore
diameter, and pore tortuosity of the scaffolds, have a
significant effect on internal perfusion and may be
modified to obtain a range of internal flow rates. As
the relationships governing cell function during tissue
engineering in response to chemical and mechanical
stimuli continue to be elucidated, this analysis may be
used to selectively engineer conditions of 3D dynamic
culture to enhance mineralized tissue synthesis.

We have extended our quantitative methods to
characterize efficiency of associated nutrient delivery

Figure 9. Top view of 5a0S-2 human osteoblast-like cell
growth on the exterior of microcarrier scaffolds. Cells were
visualized by alkaline phosphatase histochemical staining
(shown in black) after 7 days of dynamic culture. The direc-
tion of culture medium flow around the scaffold during
dynamic culture was perpendicular to the plane of the pa-
per. Preferential cell growth was observed in regions ex-
posed only to interior perfusion flow. The black arrow illus-
trates a noncellular region of a microcarrier on the exterior of
the scaffolds surrounded by positively stained osteoblast-
like cells on the periphery of the sphere. The white arrow
illustrates the surface of an interior microcarrier approxi-
mately 600 pm within the scaffold that is covered by posi-
tively stained cells.
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in our system and other proposed systems based on
previously reported dynamic culture conditions. As
shown, the ability of these systems to supply neces-
sary nutrient flux throughout modeled microcarrier
scaffolds is determined by scaffold design parameters
and dynamic culture conditions. Our calculations of
nutrient diffusion in the absence of flow indicate that
static 3D culture and some inappropriately designed
dynamic culture environments lead to regions of in-
sufficient nutrient concentration to maintain cell via-
bility, and can result in steep nutrient concentration
gradients within the modeled constructs, the effects of
which have not been adequately examined. Some ev-
idence suggests that the concentration of serum ago-
nists such as glucose may be particularly significant to
bone cell function under fluid flow conditions.**~
For example, Allen et al.** showed that Ca®" signaling
in bone cells are particularly sensitive to serum sup-
plemented fluid flow in regions of extremely low fluid
shear. The results of our model and previously re-
ported estimates of interior fluid shear suggest that
such low shear, serum supplemented flow is in fact
present in the interior regions of microcarrier scaffolds
during cultivation, and therefore, we believe that fur-
ther study is needed to determine the effects of such
environments on cell function during tissue engineer-
ing of bone. In the aforementioned studies by Shea et
al.,'® using PLAGA foams in spinner flask culture, it
was observed that whereas in vitro synthesized tissues
near the surface regions of the scaffold resembled
native bone, profound changes in tissue architecture
were present at increasing depth within the construct.
We believe that such observations further underscore
the importance of quantifying the conditions of dy-
namic culture to identify the possible role of nutrition
flux within engineered tissues.

Exploratory evaluation of cellular ingrowth within
microcarrier scaffolds was conducted by coarse sec-
tioning of the scaffolds after short-term, high cell den-
sity cultivation under conditions shown theoretically
to provide appropriately balanced levels of glucose
interior concentration. Visual evidence of tissue in-
growth suggested that nutrient flux within the con-
structs was sufficient to maintain viable cells through-
out the constructs. These results provide important
insight into tissue engineering scaffold design. For
example, it may be possible to determine limits to
scaffold thickness for a given set of known experimen-
tal conditions or physical scaffold parameters, where
the parameters are specifically determined by the
maximum in nutrient penetration within the con-
struct. However, our results also suggested a need to
balance flow-induced nutrient flux with possible del-
eterious effects of fluid shear stresses. It is possible
that fluid shear forces experienced by exterior cells
during microcarrier scaffold culture may limit initial
cell attachment and growth. In scaffolds engineered
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for rapid motion during bioreactor cultivation, as
shown in Figure 9, cell growth on component spheri-
cal microcarriers exposed directly to exterior flow ap-
peared limited in some cases. We believe that such
observations may in part be attributed to localized
fluid shear forces in these regions. Although prior
estimates of exterior stress magnitude in a range from
0.01 to 0.3 N/m? should be tolerable to attached
cells,”® to our knowledge, the detachment strength of
osteoblast-like cells from PLAGA has not been deter-
mined. In addition, the presence of localized turbulent
eddies, yet to be quantified within our system, may
contribute significantly to localized shear stress.

In conclusion, we have made a basic analytical rep-
resentation of static glucose diffusion and flow-in-
duced nutrient flux within 3D scaffolds proposed for
tissue engineering of bone. Current studies of osteo-
blast phenotypic expression in three dimensions have
not yet fully characterized the in vitro tissue morpho-
genesis of bone. Many factors remain to be quantified
such as the transport of oxygen, other nutrients, cell-
cell signaling molecules, growth factors, metabolic
wastes, and cell chemotactic factors in dynamic cul-
ture, all of which may have an effect on cell function
and tissue synthesis. Our analytical methods provide
an initial basis for quantifying the role of nutrient
delivery in 3D culture. More work is needed to quan-
tify the effects of other chemical and mechanical stim-
uli present in 3D dynamic culture on the physiological
development and regulation of in vitro synthesized
tissues.
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