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ABSTRACT: The capability to image real time cell/material
interactions in a three-dimensional (3D) culture environ-
ment will aid in the advancement of tissue engineering. This
paper describes a perfusion flow bioreactor designed to hold
tissue engineering scaffolds and allow for in situ imaging
using an upright microscope. The bioreactor can hold a
scaffold of desirable thickness for implantation (>2 mm).
Coupling 3D culture and perfusion flow leads to the creation
of a more biomimetic environment. We examined the ability
of the bioreactor to maintain cell viability outside of an
incubator environment (temperature and pH stability),
investigated the flow features of the system (flow induced
shear stress), and determined the image quality in order to
perform time-lapsed imaging of two-dimensional (2D) and
3D cell culture. In situ imaging was performed on 2D and
3D, culture samples and cell viability was measured under
perfusion flow (2.5 mL/min, 0.016 Pa). The visualization of
cell response to their environment, in real time, will help to
further elucidate the influences of biomaterial surface
features, scaffold architectures, and the influence of flow
induced shear on cell response and growth of new tissue.
Biotechnol. Bioeng. 2007;97: 952-961.
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Introduction

The influence of biomaterial surface properties, chemical
stimulation, and three-dimensional (3D) scaffold architec-
ture on cell proliferation and differentiation are key elements
in tissue engineering research (Griffith, 2002; Griffith
and Naughton, 2002; Langer and Tirrell, 2004; Langer and
Vacanti, 1993; Lu and Mikos, 1996). For example, specific
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surface chemistry can be used to maintain cell phenotype
and promote differentiation (Griffith, 2000; Hench and
Polak, 2002; Holmes, 2002; Shin et al., 2003). Physical
characteristics, such as surface roughness, have also been
shown to impact cell proliferation and differentiation,
although the optimal surface roughness is cell type dependent
(Flemming et al., 1999; Meredith et al., 2003; Simon et al.,
2005; Washburn et al., 2004). The underlying reasons why
surface chemistry and roughness are thought to influence cell
function relates to their effects on protein adsorption and
cellular adhesion (Flemming et al., 1999; Heilshorn et al,
2005; Koegler and Griffith, 2004; Lauffenburger and Griffith,
2001; Meredith et al., 2003; Simon et al., 2005; Stevens and
George, 2005; Washburn et al., 2004). The pore size and
interconnectivity of a tissue engineering scaffold also
influences cellular activity, but again the optimal pore size
and porosity are cell type dependent (Cukierman et al., 2001;
Hollister, 2005; Karageorgiou and Kaplan, 2005; Zeltinger
et al., 2001). Therefore processing tissue engineering scaffolds
with proper pore size and interconnectivity is crucial for cell
migration and survival.

More recently, research has focused on the effects of flow-
induced shear stress on cell activity (Bancroft et al., 2002;
Botchwey et al., 2003; Martin and Vermette, 2005; Minuth
et al., 2000; Pathi et al., 2005; Yu et al., 2004). The addition
of flow to in vitro culture environments is to create an
environment that more closely mimics in vivo conditions.
In vivo mechanotransduction is the process by which
cells detect mechanical stimuli and translate them into
biochemical signals. Shear stress is thought to be one of
the most important mechanical stimuli for activating
mechnotransduction (Liebschner, 2004; Sikavitsas et al.,
2001; Vance et al., 2005; Weinbaum et al., 1994). Controlled
flow systems, such as perfusion flow, spinner flasks, and
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rotary vessels, have shown increases in proliferation and
differentiation for a variety of cell types (Botchwey et al.,
2001; Goldstein et al., 2001; Hoerstrup et al., 2000;
Lichtenberg et al., 2005). While all of these systems offer
desirable flow features, the perfusion flow system enables
flow through the interior of a 3D scaffold (Bancroft et al,,
2002, 2003). The ability to flow media through the interior
of the scaffolds leads to uniform cell coverage throughout
the scaffold, a constant supply of nutrients, and the removal
of metabolic waste (Bancroft et al., 2002, 2003; Cartmell
et al., 2003; Pathi et al., 2005; Sikavitsas et al., 2005). Also,
the use of perfusion flow bioreactors has shown significant
increases in the associated phenotypic activity of osteoblasts
through increased extracellular matrix and mineralized
matrix production (Altman et al., 2002; Bancroft et al., 2002;
Janssen et al., 2006; Wang et al., 2002).

The permeation of media through a scaffold or across a
surface adds another layer of complexity in identifying the
properties or combination of properties that are influencing
cell response in these multi-component environments.
Fixed time point analysis, such as common metabolic or
protein assays and histology, have laid the foundation of
understanding cell/cell, cell/substrate, and cell/scaffold
interactions but only provide a “snapshot” of cellular
response to the surrounding environment. Cells are
dynamic, and the ability to collect time-lapsed live cell
images of cell/cell and cell/material interactions, which lead
to specific activities or events, such as proliferation,
differentiation, or apoptosis, is of great interest (Beckman,
2003; Stephens and Allan, 2003; Thomas et al., 1996).
Increasing knowledge about cell function in response to
mechanical and chemical stimuli through time-lapsed
imaging, and the ability to capture events as they unfold
provides new levels of knowledge into cell function as a
result of these outside influences (Beckman, 2003; Stephens
and Allan, 2003; Thomas et al., 1996). The ability to image
live cells in 3D scaffolds, under static and dynamic flow
conditions, will aid in identification and optimization of the
scaffold properties (surface chemistry and architecture) and
flow conditions that enhance cell response.

Imaging in situ under physiologic conditions requires
the use of a bioreactor. The bioreactor should be able to
house both 3D scaffolds and 2D substrates and allow for
perfusion flow. Bioreactors in general are designed to create
microenvironments under which cells can be manipulated.
Most of the perfusion flow bioreactors discussed in the
literature have been developed, solely, for use in conven-
tional humidified, 37°C, 5% by volume CO, cell culture
incubators, which do not permit continuous imaging
(Bancroft et al.,, 2003; Botchwey et al., 2001; Hoerstrup
et al., 2000; Powers et al., 2002; Vance et al., 2005; Williams
and Wick, 2004). The perfusion flow bioreactors that do
allow for imaging are mainly designed for single cell
evaluation or thin tissue samples (Focht, 1996; Hing et al,,
2000). Bioreactors that hold thicker samples do not allow for
perfusion (Czirok et al., 2002). Thicker scaffolds (>2 mm)
are more relevant models for tissue repair (Laurencin et al.,

1999). This paper describes the design and evaluation of a
perfusion flow bioreactor for in situ imaging of 3D tissue
engineering scaffolds. The parameters of the bioreactor that
were evaluated include temperature and pH stability to
ensure cell viability, flow rate measurements and flow
profiles to determine flow induced shear stress, and 3D
imaging capabilities under flow conditions.

Experimental Procedure

Conventional Cell Culture

MC3T3.E1 subclone 4 murine osteoblast cell line was
purchased from American Type Culture Collection (ATCC,
Arlington, VA). The cells were cultured in 75-cm? flasks
using cell growth medium and maintained at 37°C in a
humidified incubator at 5% by volume CO, environment.
The cell growth medium was composed of alpha minimum
essential medium (a-MEM), 10% fetal bovine serum
(FBS) (Gibco/Invitrogen Corp., Grand Island, NY), 1%
L-Glutamate (Cambrex/BioWhitaker, Walkersville, MD),
1% sodium pyruvate (Cambrex/BioWhitaker), and 1%
penicillin/streptomycin (Fisher Scientific, Pittsburgh, PA).
The medium was replaced every 3 days and cells between
passage 4 and 8 were used.

Cell Viability in CO, Independent Medium

Imaging outside an incubator requires the maintenance of
physiological pH under atmospheric CO, (<0.5%) condi-
tions. To accomplish this, CO, independent medium
(Gibco/Invitrogen Corp.) supplemented with 10% FBS,
1% L-Glutamate, and 1% antibiotic (penicillin/streptomy-
cin) was used. Prior to imaging experiments, the passaged
cells were resuspended in the CO, independent medium and
plated (25 pL, 1 x 10° cells/mL) on a 6-well tissue culture
polystyrene (TCPS). Each well was then filled with 2 mL of
the CO, independent medium and cultured at 37°C under
atmospheric CO, for 24 h. At (3, 6, 18, and 24) h time points
a Live/Dead Viability/Cytotoxicity kit from Molecular
Probes (calcein 494/517, ethidium homodimer-1 528/617)
(Invitrogen) was used to evaluate cell viability, and the cells
were imaged using the Nikon Eclipse TE 300 (Nikon,
Melville, NY).

Bioreactor Design Parameters

The bioreactor was machined from medical grade stainless
steel (316) and consists of a base and lid which screw
together to close the cell growth chamber. Figure 1 is a
schematic of the bioreactor design. A round 25 mm glass
cover slip (11/; thickness, Fisher Scientific) is the window for
imaging. Two silicone washers hold the cover slip in place
between the lid and the base. The bioreactor is a closed loop
system, and the cell growth medium is fed from a reservoir
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Figure 1. Bioreactor system. Schematic of (a) top (¢ 57 mm), opening for viewing window (d: 20 mm), (b) base (¢ 50 mm, iz 25 mm), (c) breakdown of the assembled
bioreactor, 1—inlet (d: 1/16 in), 2—outlet (d: 1/16 in), 3—cell growth chamber (d: 12.5 mm, h; 3.5 mm), and (d) photograph of assembled and disassembled bioreactor. [Color figure
can be seen in the online version of this article, available at www.interscience.wiley.com.]

bottle by a variable speed perfusion pump (Control
Company, Friendswood, TX) through the cell growth
chamber of the bioreactor and back to the reservoir bottle
(see Fig. 2). The cell growth chamber is equipped with an
inlet and an outlet for perfusion of the cell growth medium
through the chamber. The tubing used to connect the system
is peroxide cured silicone tubing with a 1/16 in (1.59 mm)
inner diameter and a 3/16 in (4.76 mm) outer diameter
(Master Flex, Cole Parmer, Vernon Hills, IL). This tubing
was chosen because it is autoclavable and gas permeable.

Bioreactor Sterilization

To sterilize the bioreactor, the top, base, tubing, reservoir
bottle, and cap were autoclaved (Napco, Hempstead, NY)
together. The glass cover slip and silicone washers were
sterilized by soaking in 70% volume fraction ethanol for 1 h,
drying over night, ultraviolet (UV) irradiating for 15 min on
each side, and triple rinsed with sterile Hanks Buffered Salt
Solution (HBSS; Cellgro/Mediatech, Herndon, VA). The
system was assembled in the cell culture hood to maintain
sterility.

Testing Physiological Conditions Within the Bioreactor

A temperature of 37°C was maintained by housing the
bioreactor and medium reservoir bottle in copper heating
jackets, which were heated by flowing water from a
circulation bath (Neslab, Waltham, MA). Figure 3 illustrates
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the heating jackets. The temperature stability of the
specimen chamber was monitored continuously for 5 days
using a thermocouple (Barnant Thermocouple Thermo-
meter, Barrington, IL).

The pH of the cell growth medium was monitored using a
pH meter (Oakton, Vernon Hills, IL), and measurements
were taken every hour for the first 12 h and every 6-8 h
for the next 48 h. An injection/withdrawal port was attached
to the system for medium removal through out the investi-
gation and to keep the system sterile.

Cell viability in the CO, independent medium (plus
supplements) in static culture and in the bioreactor was
evaluated using the Live/Dead Viability/Cytotoxicity Kit.

The static culture imaging was done on a Nikon Eclipse TE
300. A Zeiss Laser Scanning Confocal Microscope (LSM)
510 (Zeiss, Heidelberg, Germany) was used to perform in
situ imaging and to evaluate cell viability in the bioreactor.
The LSM 510 was fitted with a C Achroplan NIR, 40 x, water
immersion, infinity and cover slip corrected objective with a
2 mm working distance and 0.8 numerical aperture (NA)
(Zeiss). The Live/Dead Viability/Cytotoxicity Kit was also
used for the in situ imaging investigations.

Image Fidelity

A 200-mesh transmission electron microscopy (TEM) grid
(Electron Microscopy Sciences, Hatfield, PA) of known
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Figure 2. lllustration of closed loop system, (a) perfusion through bioreactor,
arrows illustrate flow direction, and (b) perfusion through scaffold in the cell growth
chamber.

spatial and geometric dimensions was imaged in air and
in the bioreactor at various flow rates (<2.5 mL/min,
5.0 mL/min, and 8.5 mL/min) to evaluate the image fidelity
of the bioreactor system under flow. The LSM 510 confocal
with the 40X, cover-slip corrected, water immersion
objective was used for imaging.

Flow Analysis

The flow rate through the bioreactor was measured using a
flow meter (Omega, Stamford, CT). To ensure that the
medium would perfuse through the entire volume of a scaf-
fold in the bioreactor, a porous polymer salt leached scaffold
was placed in the bioreactor under flow (2.5 mL/min). The
scaffolds used were 84% porous photocured dimethacrylate
salt leached scaffolds with an average pore size of 225 pwm.
The scaffold fabrication and characterization are described
elsewhere (Landis et al., 2006). Briefly, the scaffolds used in
these experiments, as well as for 3D in situ image, were made
be salt leaching technique described by Landis et al. (2006).
Briefly, a photocurable dimethacrylate polymer was mixed
with 200-250 pm salt crystals. The mixture was then spread
into mold, photocured on both sides, and soaked in
deionized water to remove the salt particles. The scaffolds
were cut to fit snugly into the bottom of the cell growth
chamber of the bioreactor, and had a height of 3.0 mm and a
diameter of 12.5 mm. The scaffolds were placed under flow
in water and then an 8 wM rhodamine 123 in 50% (by mass
fraction) ethanol solution (507/529) (Molecular Probes,
Invitrogen) to visualize fluid permeation through the
scaffold. The scaffold was imaged in 6 regions both before
and after the addition of the Rhodamine 123 solution. To

b

schematic of top and side view
of heat element

Figure 3. Heating system, (a) image of bioreactor in heating element on the microscope stage, (b) top and side view of copper water jacket machined to hold the bioreactor;
and (c) pliable copper tubing was wrapped tightly around a 250 mL reservoir bottle and covered with insulation. Both heating elements were attached to the circulation bath (37°C)
and the water was used to warm the medium and bioreactor. [Color figure can be seen in the online version of this article, available at www.interscience.wiley.com.]
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assess flow perfusion, each of the 6 regions were imaged
using the z-stack mode (10 pm/slice, 250 pwm) on the Zeiss
LSM 510 using the C Achroplan NIR, 40x objective.

The flow induced shear stress within the bioreactor was
calculated using two approaches, a cylindrical pore model
used by Goldstein et al. (2001) and a computational
fluid dynamic (CFD) model. The cylindrical pore model
estimates the shear stress with in a 3D scaffold and the CFD
model calculates the shear stress within an empty bioreactor.
For the CFD analysis, the governing equations used to model
the flow are the steady Navier-Stokes equations together
with the incompressible condition

pv- Vv = —Vp+nVp

V-v=0

where v is the velocity, p is the pressure, and n and p are the
viscosity and density, respectively. Numerical solutions were
obtained using the commercial finite element package
COMSOL Multiphysics (COMSOL MP, Burlington, MA,
2006). Solutions reported here were obtained on a mesh
consisting of 10,979 tetrahedral elements, with 52,220 total
degrees of freedom.

2D Film and 3D Scaffold Preparation,
Sterilization, and Culture

Poly (e-caprolactone) (PCL) (M, =80,000), Scientific
Polymer Products (Ontario, NY) films, approximately
1.5 mm thick, were used as a cell attachment substrate
for the 2D in situ imaging trials. The scaffolds used for the
3D in situ imaging trials were the same as described in the
flow study. The films and scaffolds were sterilized by soaking
in 70% ethanol (volume fraction) for 1 h, dried over night,
and UV irradiated on each side for 15 min. After UV
irradiation, the films were triple rinsed with sterile «-MEM
and then incubated in o-MEM for 30 min prior to cell
seeding. The films and scaffolds were removed from the
incubator and one film or scaffold was placed into each well
of a 12-well TCPS plate. Each film was seeded drop-wise
with 0.10 mL at 250,000 cells/mL. Each scaffold was seeded
with 0.33 mL at 300,000 cells/mL. The cells were allowed to
attach for 1 h in the incubator. After 1 h, 2 mL of a-MEM
(plus supplements) was added to each well and the cells were
incubated overnight. Following incubation, the respective
specimens were removed from a well and placed into the cell
growth chamber of the bioreactor for in situ imaging. The
sample was covered with CO, independent medium and the
chamber was closed and placed in the heating jacket. After
30 min, the perfusion pump was turned on (2.5 mL/min),
and the system was inserted into the stage of the Zeiss LSM
510. Cell viability was assessed using a standard live/
dead protocol. The flow was stopped and a 2 mL aliquot of
medium containing the live/dead fluorophores was injected
into the bioreactor. The fluorphore mixture was allowed to
sit in the cell growth chamber for 10 min to stain the cells
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before the flow was started again (2.5 mL/min). The cells
were imaged using the time-lapsed mode on the confocal.
Images were collected every 5-10 min for 2-h.

Results and Discussion

The key elements of the bioreactor design are ease of use
and the ability to perform live cell imaging while promoting
healthy cellular activity outside of an incubator environ-
ment. Therefore, evaluating the temperature and pH
stability, the image fidelity of the system, and the influence
of flow and CO, independent cell growth medium on
the cell viability are important factors in determining the
usefulness of the bioreactor system.

The design parameters of the bioreactor also need to be
addressed. The height of the bioreactor is a key element in
its functionality and design; it must fit onto the stage of a
conventional microscope. The system was designed for an
upright microscope but could be modified for use on an
inverted microscope. The height of the combined assembly
(bioreactor in heating jacket) must provide enough
clearance for the objective to pass over the surface. The
total height is 30 mm, which leaves enough space to easily
move the objective (Fig. 3). The imaging window is 20 mm
in diameter, which provides adequate space for the objective
to move across the desired viewing area. The cell growth
chamber is 12.5 mm in diameter and 3.5 mm deep. A tissue
engineering scaffold of these dimensions can be held tightly
between the base and the lid or a film. It is important to
ensure that the media is perfused through the scaffold and
not around the periphery to attain the advantages of
flow through the interior of the scaffold (Bancroft et al.,
2003).

To measure the temperature and pH stability, the
bioreactor was operated under cell culture conditions
(perfusion flow and heated), placed on the lab bench, and
monitored. The temperature stability of the system was
monitored continuously over 5 days. A thermocouple was
placed in the cell growth chamber and the medium exchange
bottle. Once the temperature system reached 37°C, the
temperature remained stable at 37 £ 1°C over the 5 days
period. This approach was taken because the heating system
is completely separate from the bioreactor and does not need
to be kept sterile.

To perform in situ imaging using the bioreactor, the cell
growth medium has to maintain a stable pH (7.4) under
atmospheric CO, (<0.5%). To investigate the pH stability of
the CO, independent cell growth medium, the bioreactor
was sterilized and set-up to run. The pH of the medium
under perfusion flow at 37°C was stable at 7.3 (£0.1) over
the 48 h investigation. It was assumed that the pH would
remain stable over the time the imaging experiments would
be run, since up to 48 h there was no variation in the pH.
This investigation also showed that the bioreactor maintains
a sterile environment.

DOI 10.1002/bit



The flow rate was measured as the media was perfusing
out of the cell growth chamber and back through the tubing.
The flow rates were measured for both an empty chamber
and a chamber containing a porous scaffold (84% porosity).
This porosity was chosen because it is a common porosity
for tissue engineering scaffolds (Bancroft et al., 2003;
Karageorgiou and Kaplan, 2005). The flow rates did not
change considerably between the empty and filled chamber
(Table I). The flow rates measured for this bioreactor are
higher than those reported in the literature (Bancroft et al.,
2002; Cartmell et al., 2003; Vance et al., 2005; Wang et al.,
2002); 4.34-8.18 mL/min versus 0.01-3 mL/min, respec-
tively. The lower flow rates, <3 mL/min, were not detectable
by the flow meter. This lower range is estimated to have a
flow rate of approximately 2.5 mL/min and was used in the
in situ imaging trials.

Figure 4a illustrates the flow through the cell growth
chamber. The chamber fills in a matter of seconds and good
dissemination of the green fluid results. The perfusion of
the media through a scaffold (84% porous, h: 3.0 mm, d:
12.5 mm) in the bioreactor was investigated using the
confocal and a fluorescent solution (rhodamine 123). The
scaffold was imaged using the z-stack mode (z: 250 pwm) in
six regions, representing the entire scaffold. The scaffold
was first imaged under flow in water and showed no
fluorescence. The fluorophore solution was then perfused
through the scaffold and imaging confirmed that all sections
of the scaffold were stained with the fluorophore (data not
shown). This is a good indication that the bioreactor
promotes perfusion through the entire scaffold, rather than
only around the periphery.

In order to relate the flow rate to shear stress, a cylindrical
pore model used by Goldstein et al. (2001) and a CFD model
were used to calculate the shear stress within the bioreactor.
The cylindrical pore model estimates the shear stress (t)
felt by the cell within the scaffold

Tw = (8uVn)/d
where p is the viscosity (0.01 dyn s/cm?), V,, is the
mean velocity, and d is the mean pore size (200 pm). To
calculate V,,

Qo
[®m(D/2)’]

m

Table I. Flow rates through the chamber, with and without scaffold.
Flow rate (w/scaffold) Flow Rate (w/o scaffold)

Setting (mL/min) (mL/min)

Slow, 10 6.56 8.01

Slow, 5 5.26 6.18

Slow, 0 @ 4.34

Fast, 10 7.30 8.18

Fast, 5 5.26 6.56

Fast, 0 a 4.80

“Flow was too low to be measured.

Shear Stress
(Pa)

Hee SULEY

Figure 4. Perfusion flow analysis, (a) the medium flowing in from the upper left
corner and out through the lower right corner. These images show that the liquid
(green) enters the chamber and mixes thoroughly (clear to green). b: CFD model of flow
induced shear stress at the bottom the cell growth chamber, ranging from 0.05 to
0.01 Pa, with an average of 0.016 (*inlet). Note that the shear stress is a tensor quantity
and therefore can be positive or negative depending on direction of the velocity
vector. [Color figure can be seen in the online version of this article, available at
www.interscience.wiley.com.]

where Q is the flow rate (2.5 mL/min), @ is the scaffold
porosity (84%), and D is the scaffold diameter (12.5 mm).
The calculated shear stress (z,,) felt by the cells within the
scaffold is 0.016 Pa. The CFD model calculated the shear
stress at the lower surface of the cell growth chamber,
Figure 4B, for an empty chamber. The shear stress ranged
from 0.05 to 0.01 Pa; note these are tensor values with
negative and positive values resulting from the direction of
the velocity vector. The highest stress is located at the center
of the chamber due to the flow through the inlet and outlet
valves. However, the majority of the contents within the cell
growth chamber would feel a shear stress between 0.02 and
0.01 Pa. These shear stress values correspond directly to
those calculated using the cylindrical pore model above.
These values are 2 orders of magnitude lower than flow
induced shear stress felt in vivo (0.8-3.0 Pa), but are
comparable to shear stress values reported in the literature
(Bancroft et al., 2002; Goldstein et al., 2001; Gomes et al.,
2003; Sikavitsas et al., 2005; Vance et al., 2005). Shear stress
levels in this range have been shown the increase gene
expression and ECM production (Bancroft et al., 2002;
Botchwey et al., 2001; Porter et al., 2005; Sikavitsas et al.,
2005; Vance et al., 2005). Also, the Reynolds number (Re) at
the inlet valve, Re =38, and within the center of the cell
growth chamber, Re = 355. This increase in Re indicates that
the medium is mixing within the cell growth chamber. These
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Figure 5. Image fidelity, 200 mesh TEM grid in bioreactor, (a) static, (b) low flow, ~2.5 mL/min, and (c) high flow, ~8 mL/min. Scale bar, 50 wm. [Color figure can be seen in the
online version of this article, available at www.interscience.wiley.com.]

findings support the flow visualizations observed in the
Figure 4a and described further in the fluorescence flow
investigation. Therefore, this bioreactor system possesses
flow parameters that are conducive to increasing cell
response due to flow induced shear stress.

To qualitatively assess the fidelity of the image to the
structure inside the bioreactor, a 200 mesh TEM grid was
imaged under static conditions and flow rates of 2.5, 5.0,
and 8.5 mL/min. The TEM grid was chosen because its
regularly spaced features are on the same size scales as the
cells (10-20 pm) and the scaffolds (>100 pm). The identical
microscope set-up used was also used in the in situ imaging
trials. Figure 5 shows the images under static conditions and
flow rates of 2.5 mL/min and 8.5 mL/min. No changes
were seen in the image quality indicating that the image
quality within the bioreactor remains constant regardless of
flow rate.

The cell viability in the CO, independent cell growth
medium was monitored at 3, 6, 18, and 24 h. At each time
point, the viability assay indicated that the cells were viable.
Figure 6a shows the images taken after 18 h in CO,
independent cell growth medium under atmospheric CO,.
These images, taken on the Nikon, are representative of all

the time points. Figure 6b shows the results from the
viability assay (green—viable, red—apoptotic). The cells
remained viable over the course of the investigation,
confirming that the CO, independent cell growth medium
can sustain viable cells.

The last step in testing the design of the bioreactor is to
perform in situ imaging evaluations. These investigations
will indicate imaging feasibility in 2D and 3D by verifying
the viability under flow conditions at 2.5 mL/min. For both
the 2D films and the 3D scaffolds, images were collected in
5 min or 10 min time intervals for each 2 or 4 h period. After
each imaging set (2 or 4 h) the samples were evaluated to
determine photo bleaching and cell damage. If the cells
still appeared to be viable (i.e., green) then another set of
time-lapsed images was collected. Figure 7 shows a series of
images taken on a 2D film under flow (2.5 mL/min) every
5 min over a 2 h time period. These image sets were collected
after the film had been in the bioreactor for 4 h. The time on
the images indicates when they were taken in the series, that
is, 5 min from start of image series. This image set shows cell
movement on the surface of the PCL film under flow. A
time-lapsed movie is included to better demonstrate cell
motility. These experiments indicate that the cells remain

Figure 6. cell viability in CO, independent cell growth medium, (a) optical image of cells, shows a healthy morphology, (b) live/dead assay, green—uviable, red—apoptotic.
[Color figure can be seen in the online version of this article, available at www.interscience.wiley.com.]
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Figure 7. 2D in situ imaging trial. The cells were incubated in the bioreactor for
over 4 h before images were collected. The time lapsed images show cell movement
on the surface of the PCL film and as a result of the flow conditions. The white arrow
indicates flow direction. From the live/dead assay green cells indicate that the cells
are viable over the 2 h the images were acquired. [Color figure can be seen in the
online version of this article, available at www.interscience.wiley.com.]

viable under flow and that time-lapsed imaging is possible
using this bioreactor system. The final step was to determine
feasibility of 3D in situ imaging.

Figure 8 depicts a series of images collected during the 3D
scaffold in situ imaging trial. The scaffold had been in the
bioreactor for 2 h when the image collection was started, and
anew set of images were captured every 10 min over the next
3 h. Although this imaging set was only collected over 3 h,
viable cells were seen up to 18 h after the scaffold was placed
in the bioreactor. The images were collected 100 pm below

10 min 80 min

the surface of the scaffold. This image series demonstrates
the ability to image viable cells and movement on the
irregular surface of a pore wall. Also, a supplemental movie
is included showing cells were imaged up to 180 pm deep
into the interior of the scaffold. The movie begins at the
edge of a pore on the surface. As the imaging progresses
deeper into the scaffold, the empty pore space is reflected
by a features image. Nearing the bottom of the pore, cells
bridging the pore walls are evident. These investigations
demonstrate the capabilities of the design of an in situ
imaging, perfusion flow bioreactor for imaging of 3D tissue
engineering scaffolds.

Conclusions

The goal of tissue engineering is to create materials,
scaffolds, and in vitro culture environments that invoke
biomimetic cell response. Traditional end point investiga-
tions have been important in developing an understanding
of cell/material interactions. However they do not tell the
complete story. In this work, we demonstrate a perfusion
flow bioreactor with 3D in situ imaging capabilities for
continuous monitoring of cell response. The physiological
conditions (temperature, pH, and flow) of the bioreactor
were tested and showed that it maintained cell viability. The
flow conditions and the corresponding flow induced shear
stress were analyzed to reveal good mixing within the
bioreactor. The average shear stress values (0.01-0.02 Pa)
compares well with values shown to increase osteoblast gene
expression and production of mineralized matrix (Bancroft
et al, 2002; Botchwey et al, 2001; Porter et al., 2005;
Sikavitsas et al., 2005; Vance et al., 2005). The final step in
evaluating the bioreactor was to perform 3D in situ imaging.
These cells remained viable within the scaffold and under
flow demonstrating that 3D in situ imaging is possible with
this bioreactor system. Real time analysis of cell/material
interactions in 3D tissue engineering scaffolds will continue
to reveal the influences of scaffold architecture on cellular
activity.

160 min

20 pr

Figure 8. 3D in situ imaging trial. Inages were collected over a 3 h time period. The scaffold is shown in red (reflection mode, false color) and the cells are a stained green
(calcein), indicating they are viable. The yellow arrow indicates the direction of flow. [Color figure can be seen in the online version of this article, available at

www.interscience.wiley.com.]
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