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cause of the difficulties inherent in attempting to use in vitro
methods to reproduce the complexity of interactions in
living animals (1). But there are also distinct disadvantages
maceuticals.
Thetechnique
wasappliedtomeasurethedepen to animal models. They provide little information about the
dency of the lumped constant (LC) of FDG on the glucose
controlling mechanisms underlying the mode of action of
concentrationin the culture medium in a human glioma cell line.
Methods: Human glioblastoma cells (86HG39) immobilized in drugs and, even more important, cannot guarantee reliable
extrapolation ofeffects to humans (2).
open porous microcarriers were cultivated in a continuously
In vitro methods have some evident advantages over
operating fluidized-bed bioreactor. Atdifferent glucose concentra
tions in the culture medium, step inputs (0.1 MBq/mL) of FDG animal models (3,4). There are no ethical objections and,
were performed and the cellular uptake of FDG was measured because of the exactly defined and reproducible experimen
on-line and compared with analyzed samples. From these
tal conditions, a mechanistic interpretation of the results is
results,the LC of FDG and its dependencyon the glucose
often possible. Human cells can be used, which allows
concentrationwere calculated.Resufts: This fluidized-bedtech
nique enabled precise and reproducible adjustment of all rel transfer of the results to humans. In some cases, continuous
real-time measurements can be performed. Finally, in vitro
evant experimental parameters, including radiotracer time
concentration course, medium composition, pH, dissolved oxygen methods are generally less expensive than in vivo methods.
and temperature under steady-state conditions, and an on-line
On the other hand, there are disadvantages to in vitro
determination
ofthe intracellular
radiotracer
uptake.Theimmobi
models. Most such systems are static and do not permit an
lizedgliomacellsformed stable,3-dimensional,tumor-likespher
oids and were continuously proliferating, as proven by an appropriate simulation of the time course of drug concentra
S-phase portionof 25%â€”40%.
For furtherexaminationof the tions in the body. Another problem of most in vitro systems
cells, an enzymatic method for detachment from the carriers is that cells are often cultivated in an unphysiologic manner
without cellular destruction was introduced. In the FDG experi
(e.g., in a 2-dimensional monolayer instead of in 3-dimen
ments, a significant dependency of the LC on the glucose level sional tissues in the organism). This leads in many cases to
was found. For normoglycemic glucose concentrations, the LC
alterations in cellular reactions and metabolism. One ap
was determinedto be in the range of 0.7 Â±0.1, whereas in
proach
that offers the advantages of the in vitro method and
hypoglycemiaLC increasedprogressivelyupto a value of 1.22 Â±
overcomes
some of the disadvantages is cell growth in a
0.01 at a glucose concentrationof 3 mmol/L. Conclusion: The
bioreactor representsan improved in vitro model for the on-line 3-dimensional matrix, which can result in more natural
evaluation of radiotracers and combines a wide range of experi
metabolic and growth behavior and provide a potential basis
mental setups and 3-dimensional,tissue-likecell cultivationwith for mimicking important aspects of organ structure (5). This
a techniquefor on-line radioactivitydetection.
has been described for human gliomas, which show distinct
Key Words: cell culture;FDG; fluidizedbed; in vitro;lumped differences in their extracellular matrix when grown as
constant
tumor spheroids and as monolayers (6). The extracellular
J NucI Med2000; 41:556â€”564
matrix plays an important role in cell proliferation and cell
differentiation (7,8) and has been suggested to influence
penetration barriers to various cytostatic drugs (9,10).
The fluidized-bed cell-culture reactor is a well-established
espite much discussion, substantial effort, and growing
tool for the production of monoclonal antibodies or therapeu
ethical issues, animal models remain the standard for
tic proteins using animal cells (11, 12). This technique of
pharmacologic and toxicologic testing. This is mainly be
3-dimensional cell cultivation in open porous microcarriers
offers several features that may overcome major drawbacks
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experimental conditions; physiologic in vivo-like cell culti
A fluidized-bed cell-culture reactor with on-line radioactivity
detection was developedfor the in vitro evaluationof radiophar
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vation; feasibility of cell and medium sampling; on-line
measurement, representative of in vivo-like exposure of the
cells to the drug; and continuous operation under steady
state conditions. In this study we extended this system to the
on-line evaluation of radiopharmaceuticals.
The high cell densities in the bioreactor allow an easy and
accurate determination of changes in the concentration of
unlabeled substrates, a process that is difficult in most in
vitro systems using low cell densities in monolayer cultiva
tion, such as microtiter plates, tissue flasks, or Leighton
tubes. This high sensitivity of the bioreactor method allows
determination of metabolic rates similar to those in isolated
organs or living animals.
FDG PET is being used in determination of the regional
metabolic rate of glucose in the human body and has been
found to be useful in many clinical applications, such as the
diagnosis and grading of malignant gliomas (13â€”16).FDG
and glucoseare transportedbetweenblood andbrain tissues
by the same carrier. In the cytoplasm they compete for
hexokinase, which phosphorylates to their respective hexose
6-phosphates. Whereas glucose-6-phosphate is further me
tabolized, FDG-6-phosphate is trapped in the cell, because
the phosphatase activity in the brain is negligible.
Because FDG and glucose differ in their rates of transport

the proliferation rate. Batch cultivations were performed in a
humidified atmosphere (37Â°C;5% C02).
Fluidized-Bed Reactor
The fluidized-bed cell-culture reactor consisted of a reactor tube
with a thermostat and a conical bottom inlet. The tube was inserted
in a recycle loop containing the recirculation pump, dissolved
oxygen (DO) probe, external oxygenator for bubble-free aeration
through gas-permeable silicone tubing, an application port for
injecting the radiotracer, and a sampling port for medium and
carriers (Fig. 1). Fresh medium was added continuously at rates in
accordance with cell consumption, which was measured periodi
cally from medium samples, and supematant was simultaneously
removed. Temperature and pH were adjusted to 37Â°Cand 7.2,
respectively, and the DO concentration was controlled at 30% of air
saturation by adding oxygen or nitrogen using mass flow valves.
The cells were immobilized on open, porous borosilicate glass
carriers (Siran; Schott, Mainz, Germany) modified with gelatin
(25), with a diameter of 400â€”500pm and a porosity of 50%. The

reactor had a total volume of 98 mL, and the volume of settled
carriers was 30 mL. The bioreactor tube was equipped with 2
detectors, consisting of a Nal scintillator, a photomultiplier, and an
amplifier. They were connected to a standard readout electronic
display (main amplifier, discriminator, and counter), allowing
simultaneous data recording in time steps as short as 1 s. One
detector faced the fluidized bed and the other faced the medium
and phosphorylation,
estimationof the metabolicrate of (Fig. 1). This arrangement enabled on-line determination of the
intracellular tracer accumulation. The difference between the 2
glucose (MR@1@)
from the net flux of FDG (MR@) requires
detectors, taking into account the attenuating effect of the glass
a proportionality constant, the lumped constant (LC), ex
portion of the fluidized bed, was equivalent to the tracer uptake of
pressed as:
the cells.
Dosage of the radiopharmaceuticals can be varied in a wide
LC - MR@
range with this setup. A step function could be performed as well as
- MR01@
a pulse input or an exactly defined profile using a perfusor. To
perform a step input, 200 mL supematant were collected during the
An erroneous underestimation of LC will automatically
steady state ofthe fermentation, centrifuged (10 mm at 2000g), and
yield a correspondingly erroneous overestimation for MR@1c
filtered. Radiotracer was added to the filtrate in an amount to give
(17). The LC in normal whole human brain has been the intended concentration (0.1 MBq/mL), and the solution was
estimated to be in the range of 0.5 (18, 19) or 0.86 (17), used to replace the medium in the reactor within 25 s.
whereas for gliomas significantly higher values, from 0.7 to
Samples of medium or carriers with immobilized cells were
removed through the sampling port; alternatively, samples could be
3.1, were found (17). The LC also depends on the plasma
glucose concentration because of the different affinities of taken through the top in a laminar flow hood. The volumetric flow
rate of the circulating medium could be adjusted from 10 to 116
hexokinase for transport and phosphorylation (20â€”23).
mL/min, corresponding to a medium velocity of 5â€”57.7
cm/mm in
To test the potential of the fluidized-bed cell-culture
the reactor tube, depending on the target of the experiment.
reactor for the evaluation of radiopharmaceuticals we stud
ied the kinetics of FDG in human glioma cells and analyzed
Analysis
the influence of the glucose level on the LC of FDG.
To determine the concentration and viability of cells in tissue
flasks, the medium was withdrawn, and the cells were washed once
with phosphate-buffered saline (PBS) without calcium and magne
MATERIALS AND METHODS
sium, pH 7.2 (GibcoIBRL), and detached by trypsinization (5 mm
OrganismandCultivationConditions
at 37Â°Cwith a solution of 0.5 g/L trypsin and 0.2 g/L ethylenedi
The glioblastoma cell line 86HG39, which was described by aminetetraacetic acid). The cell number was determined in a
means of immunocytochemical and morphologic criteria (24), was hemocytometer using the erythrosin B exclusion method (26).
obtained from Dr. Thomas Bilzer (Institut fÃ¼rNeuropathologie
For determination of the number of immobilized cells in the
Heinrich-Heine-Universitat, DÃ¼sseldorf,Germany). Cells were fluidized bed, a volume of approximately 0.5 mL open porous
grown in Iscove's modified Dulbecco's medium supplemented with microc@rnerswas taken from the reactor. The medium was quickly
10% fetal calf serum, 100 IU/mL penicillin, and 100 pg/mL withdrawn and the carriers were washed once with 2 mL PBS.
streptomycin (all from GibcofBRL, Eggenstein, Germany) and After addition of 5 mL solution of 0.1 mol/L citric acid, 0.1%
divided twice a week in ratios between 1:4 and 1:10, depending on (wtlvol) crystal violet, and 1% (wtlvol) t-octylphenoxypolyethoxy
.

Eq.l
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ethanol
Germany).many),
(Triton X-lOO; Boebringer Ingelheim, Heidelberg, Ger
using a Garnmaszint BF 5300 (Berthold, Bad Wildbad,
the sample was shaken vigorously and incubated at 37Â°C.The sample was subsequently dried and
weighed.After
ahemocytometer.
a 6-h incubation, the violet-colored nuclei were counted in
The mic@o@ai@iiers
were washed, dried for 48 h at
of LC
70Â°C,and weighed. Alternatively, the cells could be detached from
The LC, the conversion factor between the utilization of FDO
the carriers by trypsinization as described in the Results section.
The glucose concentration in the medium was determined and glucose in cells, was determined as the ratio of the metabolic
rates of FDG and glucose (Eq. 1). FDG utilization was calculated
enzymatically, using a commercial automatic analyzer (Ebio Corn
the intracellular uptake measured in the carrier samples
pact; Eppendorf, Hamburg, Germany) according to the manufactur
experiment:For
during
the first 15 mm of the
er's instructions.Determination
cell cycle analysis, cells either from tissue flasks or from
r
mmol
],
mic@@riern were trypsinized, centrifuged (10 miii at 200g),
Eq.2
cellsmeasurement.
MR@ = Ã§ [@
resuspended,
fixed in 70% ethanol, and stored at â€”20Â°C
untilq
Before measurement the cells were centrifuged and
q = cell-specific radiotracer uptake rate (cpm/l0@cells), and
resuspended in PBS. After staining and incubation with propidium
@, specific activity (cpm/mmol glucose). The cell-specific
iodide (18 pig/mL/l0@cells) and ribonuclease (40 pg/mIJl0@ cells) glucose utilization was determined at the same time from analyzed
for 1 h, analysis was performed with an Epics XL flow cytometer meiium samples under steady-state
conditions:Germany).
(excitation at 488 am, emission at 630 run; Coulter, Krefeld,where
X (C0 â€”Cr) I
mmol
DNA histograms were analyzed by a computer model
Eq.3
(MultiCycle;
Phoenix
Flow
Systems,
San
Diego,
CA).
The
S-phase
cells1'proliferative
@@1c
N,
[mm x io@
compartment of the cell CultUreSwas used as a parameter for theMFR
MFR = medium feed rate (mL/min), C0 = glucose con
activity of the cells.where
concentrationcarrier
fresh medium (mmol/L), C@= glucose
For each determination of the cell-specific radiotracer uptake, 3centration
reactor.sample
(mmoIfL), and N@ total number of cells in the
samples (0.25 mL) were taken from the fluidized bed. Eachreactor
specificdecay-corrected
was synthesized as described (27). The average
was washed 3 times with PBS. The radioactivity (cpm;FDG
with half-life [t1@J= 109.7 mm) was measuredactivity
was <7.4 X 1013Bq/mmol.
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FIGURE 2. Cell densityduringcontinu
ous cultivation of 86HG39 glioma cells in
fluidized-bed bioreactor. 0 = Number of
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portionas parameterfor proliferativeactivity
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RESULTS
Cultivation in Tissue Flask and Fluidized-Bed Bioreactor
Figure 2 shows the results of a continuous cultivation of
86HG39 glioma cells in the fluidized-bed reactor. The
bioreactor was inoculated with 3 X l0@ viable cells/mL.
Within 30 mm all cells were immobilized on the carriers in
the fluidized bed (data not shown). Carrier samples were
used to determine cell density (cells/g carrier) and S-phase
portion as parameters for the proliferative activity of the
immobilized cells as described above.
After a short lag phase, the number of immobilized cells
increased exponentially until the carriers were completely
covered with cells. The number of immobilized cells reached
a steady-state value of 1.15 X 10@cells/g carrier (1 g carrier
is approximately equivalent to 2 mL settled carriers). The
cells formed a 3-dimensional tumor-like culture (Fig. 3) but
were still proliferating, as shown by the S-phase portion,
which varied from 40% during the exponential phase to 25%
in the steady state. Because of limited space on the carriers,
the newly built cells left the carriers and were continuously
washed out with the supematant. This steady state could be
maintained for up to 2 mo (data not shown). The MFR
remained constant, as did the composition of the supema
tant. An S-phase portion of 25%â€”40%was equivalent to the
corresponding value during the exponential growth phase of
a batch cultivation of 86HG39 glioma cells in tissue flasks,
as shown in Figure 4.
Cell Detachment from Carriers
An important requirement for examination ofthe immobi
lized cells and for determination of cell-specific parameters
is a technique that enables complete detachment of the
immobilized cells without cellular destruction. This can be
performed enzymatically using trypsin. Approximately 0.5
mL carriers with immobilized cells were washed once with

PBS and incubated with 2 mL trypsin solution (2.5 g/L;
GibcofBRL) at 37Â°C.The detached cells were quantified
using the erythrosin B exclusion method (26). The total

number of immobilized cells was determined using the
crystal violet method. Figure 5 shows the portion of
detached cells and their viability in dependence on the time
of incubation. After 10 mm, all cells were detached within
the scope of the accuracy of measurement. A longer
incubation resulted in a slight decrease in the number of
counted cells, caused by enzymatic lysis of cells. The
viability was nearly constant at 85%.
FDG Uptake of Immobilized

Glioma Cells

in Fluidized-Bed Bioreactor
Figure 6 shows a transport experiment using FDG in the
fluidized-bed bioreactor and performed at the steady state of
the fermentation. The glucose concentration in the medium
was 3.2 mmollL, and the MFR was 13 mLih. At the marked
time, a step change in FDG concentration was performed
with a final concentration of 0.1 MBq/mL. Fresh medium
was also supplemented with 0.1 MBq/mL FDG to avoid
dilution effects. Figure 6A shows the on-line signals of the 2
detectors. The lower activity in the fluidized bed is caused by
the glass portion of the carriers, which replace activity
containing medium. But because borosilicate glass carriers
do not enrich FDG (e.g., by adhesion phenomena), this is a
constant effect. Therefore, it can be mathematically cor
rected using the activity values of the 2 detectors measured
immediately after finishing the step input. At this time, the
intracellular uptake is negligible, and the quotient of the 2
signals represents the glass portion in the fluidized bed:
glass portion
where Affi = radioactivity
Am

radioactivity

100 â€” @â€”
[%],

Eq. 4

in the fluidized bed (Bq), and

in the medium (Bq).

Figure 6B shows the on-line signals after decay correction
(t1,@of 18F = 109.7 mm) and mathematical consideration of
the glass portion in the fluidized bed. The FDG concentra
tion in the circulating medium was nearly constant, whereas
the value in the fluidized bed increased as a result of the
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FIGURE 3. Scattered-electronmicros
copy picturesfrom open porous glass carri
ers, diameter 400â€”500pm, modified with
gelatin. (A) Cell-freecarrier.(B) Carrierwith
immobilized cells (1.15 x 10@cells/g car
rier).

intracellular enrichment. At different times, carrier and
medium samples were taken from the reactor and analyzed
for determination of intracellular tracer accumulation, glu
cose consumption rate, and tracer concentration in the
medium. A good correlation between on-line difference
signal (difference between both detector signals in Figure

Â±0.1, whereaswith glucose concentrations below 5 mmol/L,
the LC increased progressively up to a value of 1.22 Â±0.01
at a glucose concentration of 2.7 mmol/L.
DISCUSSION

The specific goal of this study was to develop and validate
a fluidized-bed cell-culture reactor as an in vitro model for
The glucose consumption rate was determined to be 200 Â± the on-line evaluation of radiopharmaceuticals. A human
5.5 ng/l0@ cells/mn, and the LC was 1.14 Â±0.05.
glioma cell line was chosen as the cellular model for this
To investigate the dependence of the LC on the glucose approach. The cells, immobilized in open porous microcarri
concentration in vitro for FDG, 7 experiments with different
ers, formed stable 3-dimensional spheroids and were continu
steady-state levels corresponding to different glucose concen
ously proliferating, comparable to cells in the exponential
growth phase during batch cultivation.
trations in the medium (2.7â€”12.33mmolIL) were performed.
Figure 7 shows the results for the LC compared with the
For examinationof the immobilized cells and determina
values obtained from Sokoloff et al. (20) and Suda et al. (23) tion of cell-specific parameters, a trypsinization method that
for [â€˜@CJ-2-deoxyglucosein rats. For glucose concentrations
enabled a complete detachment of the immobilized cells
above 5 mmol/L the LC was found to be in the range of 0.7 without cellular destruction was introduced.

6B) and off-line analyzed samples was obtained (Fig. 6C).
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tion;
n = 5.

The fluidized-bed reactor enables consideration of a wide
range of experimental setups and offers the advantages of
steady-state conditions in a continuous cultivation and with
on-line measurement. The long duration of the stable steady
state permits a large number of experiments using the same
culture over a long time period, provided that the cells are
not affected by the experiments. This can be assumed
especially for radiotracers. The DO concentration, pH, and
medium composition, in addition to temperature, can be
adjusted according to the experimental requirementsâ€”for
example, to examine the effects of heat treatment on cellular
transport and metabolism. The flow rate of the circulating
medium can be adapted to the flow rate of the blood in the
corresponding organism, (e.g., mouse, rat, or human). The
input function of the radiotracer is freely adjustable and
enables the simulation of in vivo conditions. In contrast to
other 3-dimensional systems, such as hollow-fiber or fixed
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(CHO), baby hamster kidney (BHK), murine mast cells,
amd different human gliomas, in addition to primary mate
rial such as hepatocytes from liver or stromal and hematopoi
etic cells from bone marrow (12,28,29).

To prove the applicability of this in vitro system, FDG
uptake in human glioma cells was examined. The noise of
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bed bioreactors, sampling and examination of the immobi
lized cells and their compounds are possible at any time.
Because of the high cell densities in the bioreactor (total
number of cells, â€”1.5 X l0@ viable cells), an easier and
more accurate determination of metabolic rates is possible,
in comparison with in vitro systems using low cell densities
in monolayer cultivation, such as microtiter plates, tissue
flasks, or Leighton tubes.
The fluidized-bed bioreactor is suitable for cultivation of a
wide spectrum of cells. We performed fermentations with
cell lines including hybridoma, Chinese hamster ovary
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n = 3).
the on-line signal is caused by the fluidization of the carriers.
Detector 2 measures a limited volume of the fluidized bed
with fluctuation oflocal carrier density (Fig. 1). The number
of cells in this volume depends on the size and porosity of
the carriers and on the cell density per g carrier as well as on
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the expansion of the fluidized bed (dependent on the flow
rate of the circulating medium). Therefore, detector 2 cannot
measure the cell-specific uptake directly, and 1 carrier
sample per experiment is necessary for calibration. This
sample can also be used for further analysis. After calibra
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tion it was shown by off-line analyzed carrier samples that
the intracellular radiotracer uptake is measurable on-line
with this system.
To test the potential of the fluidized-bed cell-culture
reactor we have analyzed the influence of the glucose
concentration on the LC of FDG. Sokoloff et al. (20) and
Suda et al. (23) described the influence of the plasma
glucose level on the LC of [â€˜4C]-2-deoxyglucose in vivo in
rat brain. LC values were described in the literature to be
higher in hypoglycemia and to decline from a value of 1.2
for the lowest arterial plasma glucose concentration (1.9
mmol/L) to a constant value of about 0.48 in normoglyce
mia. Thus, our evidence suggests that the LC of FDG is
dependent on the plasma glucose concentration in human
glioma cells. For glucose concentrations above 5 mmol/L,
the LC was found to be in the range of 0.7, whereas with
glucose concentrations below 5 mmol/L, the LC increased
up to a value of 1.2 at a glucose concentration of 3 mmol/L.
The significantly higher value for the LC in normoglycemia
in gliomas compared with normal brain has also been
described in other studies of rat (30,31) and human gliomas
(21). Earlier studies assumed

the LC for gliomas

by Suda et al. (23) and by ourselves,
respectively.

method may improve and enlarge the possibilities of in vitro
methods and therefore contribute to a further reduction of
the number of animals used for pharmacologic and toxico
logic testing.
CONCLUSION
The fluidized-bed cell-culture reactor for on-line evalua
tion of radiotracers in vitro combines precise and flexible
control ofexperimental conditions and physiologic, 3-dimen
sional cell cultivation with an on-line radioactivity detection
system. Using this system we studied the kinetics of FDG in
human glioma cells and showed that the dependence of the

LC of FDG on the glucose level is similarto thatobtainedin
rat brain studies.
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to be the

same as that for normal brain (16,32), estimated to be 0.42
(18) or 0.52 (19). But the LC also varies widely from tumor
to tumor, as shown by Spence et al. (17), who performed a
study including 40 patients with supratentorial malignant
gliomas and found the LC to be in a range of 0.72â€”3.1.
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