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Abstract: PC-3 human prostate cancer cells have been
cultivated in a rotating wall vessel in which glucose,
lactate, and glutamine profiles were monitored noninva-
sively and in real time by near-infrared (NIR) spectroscopy.
The calibration models were based on off-line spectra from
tissue culture experiments described previously (Rhiel et al.,
Biotechnol Bioeng 77:73–82). Monitoring performance
was improved by Fourier filtering of the spectra and initial
off-set adjustment. The resulting standard errors of
predictions were 0.95, 0.74, and 0.39 mM for glucose,
lactate, and glutamine, respectively. The concentration of
ammonia could not be accurately measured from the same
spectra. In addition, metabolite uptake and production rates
were determined for PC-3 prostate cancer cells during
exponential growth in batch-mode cultivation. Cells grew
with a doubling time of 21 h and consumed glucose and
glutamine at rates of 6.8 and 1.8 � 10�17 mol/cell�s, re-
spectively. This resulted in lactate and ammonia production
rates of 11.9 and 1.3 � 10�17 mol/cell�s, respectively.
Compared with other monitoring technologies, this tech-
nology has many advantages for spaceflights and stand-
alone units; for instance, calibration can be performed at
one time and then applied in a reagentless, low-mainte-
nance way at a later time. The resulting concentration
information can be incorporated into closed-loop control
schemes, thereby leading to better in vitro models of in vivo
behavior. B 2004 Wiley Periodicals, Inc.
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INTRODUCTION

Advancement of cell cultures for in vitro modeling of in vivo

conditions requires close simulation of in vivo conditions.

Often, key features of in vivo conditions are three-dimen-

sional (3D) growth and tight metabolic control. Designing

bioreactor systems that address these features is a challenge.

Recently, rotating wall vessels (RWVs) developed at the

National Aeronautics and Space Administration/Johnson

Space Center (NASA/JSC) (Wolf and Schwarz, 1991,1992)

have been used to culture various cell types, including

Escherichia coli (Fang et al., 1997a, 2000), Streptomyces

clavuligerus (Fang et al., 1997b), insect cells (Francis et al.,

1997; Saarinen and Murhammer, 2000), baby hamster kid-

ney cells (Schwarz et al., 1992), neuron-like cells (Lelkes

et al., 1998; Wang and Good, 2001), epithelial cells (Chopra

et al., 1997; Jessup et al., 1994), erythroid cells (Sytkowski

and Davis, 2001), colon carcinoma (Goodwin et al., 1992),

mixed mullerian tumor of the ovary (Goodwin et al., 1997),

prostate cancer cells (Ingram et al., 1997; Winkenwerder

et al., 2003), HeLa cells (Long et al., 1998), skeletal muscle

satellite cells (Molnar et al., 1997), skeletal and cardiovas-

cular tissues (Bursac et al., 1999; Sutherland et al., 2002),

lymphoid tissue (Margolis et al., 1997), and stem cells

(Colvin et al., 2002). The observed advantages are mainly

the formation of 3D aggregates and differentiation into

tissue-like structures that mimic in vivo characteristics

(Bursac et al., 1999; Goodwin et al., 1997; Ingram et al.,

1997; Klement and Spooner, 1993; Schwarz et al., 1992).

This approach has been exploited extensively for bone tis-

sue engineering (Baker and Goodwin, 1997; Duke et al.,

1993, 1996; Granet et al., 1998; Ontiveros and McCabe,

2003; Qiu et al., 1999, 2001; Radin et al., 2001; Rucci et al.,

2002), lymphoid tissue (Cooper and Pellis, 1998; Cooper

et al., 2001; Licato and Grimm, 1999; Long and Hughes,

2001; Margolis et al., 1997; Sastry et al., 2001), and pros-

tate cancer cell modeling (Clejan et al., 1996, 2001; Ingram

et al., 1997; Margolis et al., 1999; O’Connor et al., 1997;

Zhau et al., 1997).

Although the RWV provides an excellent system for

growing 3D aggregates, it should be emphasized that on-line
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monitoring and control systems for this type of bioreactor are

uncommon. In addition, utilization of RWVs during space-

flight missions necessitates long-term stable sensor systems

with minimal maintenance requirements. Previously de-

scribed on-line monitoring systems for RWVs include pH

monitoring (Jeevarajan et al., 2002) and glucose monitoring

(Xu et al., 2002). Using the amperometric glucose sensor

described by Xu et al. (2002), it was possible to monitor

glucose continuously for 16 days while using a single

calibration and for 30 days using two sets of calibrations.

Their reported standard error of prediction (SEP) was

0.5 mM (Xu et al., 2002).

Glucose is a necessary nutrient for cell cultures, but it is

not the only nutrient contained in the cell culture medium.

Glutamine, for example, is also necessary and thus it too is

important (Zielke et al., 1978). In addition, the waste

products of the cellular metabolism are also important as

they may accumulate to toxic levels when the nutrient

concentration is not controlled (Glacken et al., 1986). For

this reason, Rhiel et al. (2002a) investigated whether four

key metabolites (glucose, lactate, glutamine, and ammonia)

could be monitored with near-infrared (NIR) spectroscopy.

The advantage of spectroscopic sensors is that multiple

components can be measured simultaneously and non-

invasively (Rhiel et al., 2002a). Simultaneous measurement

eliminates the need for multiple sensors, and noninvasive

measurement avoids the need for elaborate sterilizations,

such as, for example, with the amperometric sensor

described by Xu et al. (2002). Rhiel et al. (2002a) generated

calibration models able to monitor glucose, lactate, gluta-

mine, and ammonia with SEPs of 0.82, 0.94, 0.55, and

0.76 mM, respectively (Rhiel et al., 2002a). Similar results

were obtained by Zhou et al. (1995), Chung et al. (1996),

Riley et al. (1997, 1998a, 1998b),McShane and Coté (1998),

and Lewis et al. (2000) for cell cultures, and Cavinato et al.

(1990), Ge et al. (1994), Hall et al. (1996), and Yano et al.

(1998) for fermentations. Thus, a sensor system based on

NIR spectroscopy seems to be suitable for RWVmonitoring.

The goal of the present work was to investigate the on-

line monitoring of RWVs using NIR spectroscopy,

specifically the on-line monitoring of cultivations of PC-3

human prostate cancer cells from established calibration

models. A priori establishment of calibration models is

particularly desired for spaceflight missions as the system

could be calibrated on earth and operated with minimal

input during the subsequent flight. In general, a priori-

established calibration models are useful for frequent

subsequent cultivations when operator time and costs are

to be minimized. For example, Rhiel et al. (2002b)

described the establishment of one-time calibration models,

which were still valid after 2 to 3 years. The calibration

models were established using randomly spiked off-line

tissue culture samples. This adaptive calibration approach

yields more robust calibration models (Rhiel et al., 2002c)

and was used as a basis in this work. In fact, basic

calibration model development has been described previ-

ously (Rhiel et al., 2002a).

MATERIALS AND METHODS

Cell Line, Medium, and Microcarriers

PC-3 human prostate cancer cells (ATCC CRL 1435) were

grown in RPMI-1640 medium (Gibco, Grand Island, NY)

supplemented with 10% fetal bovine serum (FBS; Gibco),

2 mM glutamine, 0.1 mM 2-mercaptoethanol, 100 mg/mL

streptomycin, and 100 U/mL penicillin (Rokhlin and Cohen,

1995). In general, cells were maintained in T-75 tissue

culture flasks (Corning, Inc., Corning,NY) containing 10mL

medium and expanded to inoculate T-150 tissue culture

flasks (Corning) containing 15 mL of medium (Rhiel et al.,

2002a). Each perfusion RWV experiment was inoculated at a

viable density of 2 � 105 cells/mL. In addition, Cytodex 3

microcarriers (Sigma Chemical Co., St. Louis, MO) were

added at a concentration of 5 mg/mL to provide an

attachment surface.

Bioreactor

A perfusion RWV (pRWV) with a 125-mL vessel volume,

equipped with a silicone membrane oxygenator, peristaltic

pump, and liquid handling manifold, was purchased from

Synthecon, Inc. (Houston, TX). Schematics of the exper-

imental set-ups are shown in Figure 1 for batch (fed-)batch

and continuous perfusion operation. The spent medium

outlet at the inner cylinder of the pRWV was covered with a

100-Am mesh size polypropylene filter to retain cells

attached to microcarriers. Unless otherwise noted, the

Figure 1. Perfusion RWV setup.
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culture medium in the pRWV was recirculated through the

oxygenator at a constant flowrate of 16 mL/min. The pRWV

was operated inside a humidified 37jC incubator with a 5%

CO2 atmosphere utilizing methods adapted from Schwarz

et al. (1992). Unless noted otherwise, both the inner and

outer cylinder of the pRWV were rotated at the same speed

of 25 rpm. The set-up of the pRWV provided by the

manufacturer allowed only manual ‘‘infusion’’ of fresh

medium intended for a limited amount of time using a

syringe attached to the manifold (Fig. 1). For continuous

perfusion experiments the system was modified by connect-

ing a low-flowrate multistaltic pump (LabConco, Kansas

City, MO) to supply fresh medium and withdraw spent

medium continuously (Fig. 1). The spent medium line

leaving the system was connected to the head of the

LabConco pump to the outward direction with the same size

tubing as the fresh medium line. Thus, equal volumes could

enter and leave the system. To account for potential

differences in the actual volumes delivered, a 60-mL

compliance syringe filled with 30 mL of medium was

attached to the system. Fresh medium used for perfusion was

stored outside the incubator in an insulated container on ice.

Before manual ‘‘infusion’’ of large amounts of fresh

medium, the medium was placed on the bench and allowed

to equilibrate to room temperature. Additions of small

amounts of fresh medium were directly taken from the

cooled container. The waste container was placed on the

bench outside the incubator at all times without any

temperature control.

Reference Analysis

Glucose and lactate concentrations in samples drawn from

the cultures were measured with an analyzer (Model 2700,

YSI, Yellow Springs, OH) as detailed by Rhiel et al. (2002a).

Glutamine was analyzed using a high-performance liquid

chromatography (HPLC) system by a method adapted from

Jones and Gilligan (1983), as described by Rhiel et al.

(2002a). Ammonia was analyzed with a solid-state diffuse

reflectance based fiber-optic sensor as described by Spear

et al. (1998) and Rhiel et al. (2002a).

Spectrometer

Single-beam spectra were collected with a Nicolet Magna

550 FTIR spectrometer (Nicolet, Madison, WI) equipped

with a 50-W tungsten–halogen source CaF2 beamsplitter,

liquid-nitrogen-cooled InSb detector, and a multilayer

optical interference filter (Barr Associates, Westford, MA)

to isolate the range 5000 to 4000 cm�1. Spectra were

collected through a thermostated transmission cell (Wilmad,

Buena, NJ) adjusted to a 1.5-mm pathlength. On-line

monitoring was accomplished by directing the spent medium

from the pRWV through the transmission cell and back to the

suction side of the recirculation pump (Fig. 1). The line

carrying the spent medium to the spectrometer was size 14

silicone tubing (Cole Palmer, Vernon Hills, IL) (nominal

inner diameter [i.d.] = 1.6 mm), approximately 140 cm in

length. The spectrometer was located next to the 37jC
incubator at room temperature. To minimize heat loss during

transport of the spent medium to the spectrometer, the 95-cm

portions of lines running outside the incubator were

insulated with 25/50 3/8 in. i.d. � 3/8 in. nominal wall

NP77 tubing.

Spectra collection was automated by placing the

initiation of the appropriate spectrometer acquisition

software commands of OMNIC v3.1a (Nicolet, Madison,

WI) under the control of a VISUALBASIC v4.0 (Microsoft,

Seattle, WA) program using Nicolet’s MACRO/PRO pack-

age. Generally, every 2 h three spectra were collected at

4-cm�1 resolution and 256 coadded scans, which required

2 min of collection time per spectra. Initial analysis of the

spectra and calibration model development have been

detailed elsewhere (Rhiel et al., 2002a). Fourier filtering of

spectra was adapted from Hazen et al. (1994). In brief,

single-beam spectra were transformed into the digital

frequency domain. Then a Gaussian-shaped curve was

selected based on digital mean and digital standard

deviation and used to multiply the spectra in the digital

frequency domain. The position of the filter in terms of

mean and standard deviation dictated the transmitted

information. Spectral noise corresponds to high frequencies

and baseline drifts were represented as low frequencies.

Proper selection of the filter minimized the magnitude of

both high- and low-frequency variations while transmitting

analyte-specific information.

The parameters may vary for each analyte of interest and

with spectral range used for analysis. In this study, the

Fourier-filter parameters were optimized with a subset of the

spiked calibration sample spectra for each PLS factor and for

each analyte. The previously optimized analyte-specific

spectral range was kept constant for the respective analyte.

The filter parameters found to be optimum for each number

of PLS factors were subsequently used in building a PLS

calibration model with all spiked samples and applied to the

tissue culture samples validation set. Thus, this set served as

a monitoring set in the Fourier-filter optimization. The

optimum number of factors was chosen when the standard

error of monitoring (SEM) was at a minimum. The set of

optimum Fourier-filter parameters, optimum number of PLS

factors, and optimum spectral range were then used as input

parameters for the spiked samples calibration set and applied

to the on-line-collected spectra.

RESULTS AND DISCUSSION

Batch Operation of the pRWV

As previously described, the culture medium in the pRWV

was recirculated through the oxygenator and spectrometer

flowcell at 16 mL/min (Fig. 1). This occurred in a closed-

loop as long as no fresh medium was added (infused) and

spent (waste) medium withdrawn. Thus, the closed-loop
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operation of the pRWV can be considered a ‘‘batch’’

operation. The pRWV was set up from the manufacturer for

manual ‘‘infusion’’ of fresh medium. This was accom-

plished by opening the valves of the manifold to allow

‘‘infusion’’ of fresh medium and at the same time directing

spent medium to an outside waste container (dashed lines in

Fig. 1). Once the desired amount of freshmediumwas added,

the valves were closed to continue operation in the closed

loop (i.e., batch mode). Operations involving segregated

‘‘infusions’’ of fresh medium may also be considered as

‘‘intermittent fed-batch’’ operation.

Figure 2 shows cell growth and the metabolite profile of

PC-3 cells cultivated in a pRWV with one ‘‘infusion’’ of

320 mL of fresh medium over 20 min at the 68-h culture

time. Before and after the ‘‘infusion,’’ the pRWV was

operated in ‘‘batch’’ mode, resulting in two batch phases

(Fig. 2). In the first ‘‘batch’’ phase, PC-3 human prostate

cancer cells were inoculated at a viable density of 0.2 �
106 cells/mL (Fig. 2). From the concentration profile ob-

tained after sample withdrawal and off-line analysis by

the reference analysis approaches described in the Materials

and Methods section, the kinetic rates of growth, nutrient

consumption, and waste product accumulation could be

estimated. As the cells grew at a rate of 0.033 h�1, or 21.0-h

population doubling time (Table I), glucose and glutamine

were consumed as nutrients at 6.8 and 1.8 � 10�17 mol/

cell�s, respectively (Table I). Lactate and ammonia accu-

mulated as waste products of the cellular metabolism at 11.9

and 1.3� 10�17 mol/cell�s, respectively (Table I). As lactate
results from the glucose metabolism and ammonia from the

glutamine metabolism, it was also possible to estimate the

metabolic ratio (yields) of these metabolites by plotting

the measured lactate concentrations versus the measured

glucose concentrations (Fig. 3a) and ammonia versus gluta-

mine concentrations (Fig. 3b). Clearly, these analytes were

correlated, with yields of 1.7 and 0.7 mol/mol for lactate/

glucose and ammonia/glutamine, respectively (Table II).

These values are comparable to those obtained when PC-3

cells were cultivated in T-150 tissue culture flasks (Fig. 3

and Table II), which suggests that the metabolism was

similar in both culture systems.

At the 68-h culture time, fresh medium was ‘‘infused’’ at

16 mL/min for 20 min and the spent medium was directed to

the waste container. Two hours after ‘‘infusion,’’ the

metabolites were measured with the reference methods to

be 8.61, 3.04, 3.98, and 1.03 mM for glucose, glutamine,

Table I. Estimated metabolic rates of PC-3 human prostate cancer cells

cultivated in an RWV during batch-phase operation.

Parameter Unit Rate

Cell growth h�1 0.033

Population doubling h 21.0

Specific glucose uptake 10�17 mol/cell�s �6.8

Specific lactate production 10�17 mol/cell�s 11.9

Specific glutamine uptake 10�17 mol/cell�s �1.8

Specific ammonia uptake 10�17 mol/cell�s 1.3

Figure 3. Ratios (yields) of lactate produced to glucose consumed (a)

and ammonia produced to glutamine consumed (b) during batch phases of

the following cultivations: RWV batch run phase 1 (w); RWV batch run

phase 2 (D); RWV perfusion run (n), and cultivation in a T-150 tissue

culture flask (.).

Figure 2. Viable cell density (.) and metabolite profiles of glucose (x),
lactate (w), glutamine (E), and ammonia (D) during cultivation of PC-3

human prostate cancer cells in an RWV operated in a batch mode after

inoculation (phase I) and after partial medium exchange via infusion

(phase II). (The metabolite values were measured off-line with the

reference methods indicated in the Materials and Methods section).
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lactate, and ammonia, respectively (Fig. 2). Thus, the

starting concentrations at phase II were similar to the

starting concentrations at phase I (Fig. 2). After ‘‘infusion’’

it was expected that the cells continue to grow. However, the

cell count at 71.5 h of 0.59 � 106 cells/mL was less than the

viable density of 0.94� 106 cells/mL at the 47-h culture time

(Fig. 2). In fact, the viability dropped and viable cell density

continued to decrease further (Fig. 2). As a result, the metab-

olite changes were smaller (Fig. 2). Nevertheless, the meta-

bolic ratios (yields) remained similar (Fig. 3 and Table II),

suggesting that the cellular activity of the remaining cells

stayed the same. A possible reason for the decrease in viable

cell density could be a washout of free suspended cells

during the ‘‘infusion’’ of fresh medium and corresponding

withdrawal of spent medium. As the inner cylinder of the

pRWVwas covered with a 100-Ammesh size polypropylene

filter to retain cells attached to microcarriers, free suspended

cells were not retained, as the mean population diameter of

Table II. Metabolic ratios (yields) during batch cultivation of PC-3

human prostate cancer cells in different cultivation systems and at different

phases of the cultivation process.

Culture system and phase

Lactate/glucose

yield (mol/mol)

Ammonia/glutamine

yield (mol/mol)

T-150a, complete batch 1.7 1.2

RWV, batch run, phase Ia 1.7 0.7

RWV, batch run, phase IIb 1.8 0.9

RWV, perfusion run, batch phasec 1.7 1.3

aT-150: tissue culture flask with a surface of 150 cm2 (Rhiel et al.,

2002a).
bSee Figure 2.
cSee Figure 5.

Figure 4. Application of various NIR calibration models to on-line monitoring of a RWV batch run. All spectra for calibration model development were

collected from tissue culture flask samples (Rhiel et al., 2002a). Application for these off-line-established calibration models to the present RWV batch run

were as follows: unfiltered calibration model (a-d), Fourier filtered calibration model (e-h), and Fourier filtered and off-set adjusted calibration model (i-l).

Open symbols represent values obtained by off-line reference analysis and solid lines are values obtained by on-line NIR monitoring.
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PC-3 cells was approximately 16 Am (determined with a

Coulter counter channelyzer). Thus, free suspended cells

could easily pass through the filter and may have been

washed out. This hypothesis was supported bymeasuring 8�
104 cells/mL in the waste container after termination of the

experiment. The exact washout cell number may have been

higher than 8 � 104 cells/mL, because some cells probably

disintegrated during the time in the waste container, which

was at room temperature.

Calibration Adjustments for On-Line Monitoring

Calibration models for glucose, lactate, glutamine, and

ammonia analysis from NIR spectra had been established

prior to on-line monitoring andwere discussed by Rhiel et al.

(2002a). In brief, the calibration models were established

using randomly spiked off-line tissue culture samples. This

adaptive calibration approach has been shown to yield more

robust calibration models (Rhiel et al., 2002c). Figure 4a–d

shows the direct application of the NIR calibration models

developed by Rhiel et al. (2002a) for glucose, lactate,

glutamine, and ammonia on-line monitoring of the afore-

mentioned pRWV culture. It can be seen that the lactate

model applied to the on-line-collected spectra resulted in a

good estimate of the concentrations (Fig. 4b), resulting in a

standard error of prediction (SEP) of 1.03 mM (Table III).

Direct application of the glucose model resulted in on-line

prediction of concentration values higher than the actual

concentrations (Fig. 4a), resulting in an SEP of 4.52 mM

(Table III). However, the trend of the glucose profile was

accurately predicted; that is, glucose started out at a higher

concentration and concentrations decreased during the time

course of the batch phase (Fig. 4a). Direct application of the

glutamine and ammonia models resulted in inaccurate on-

line predictions with SEPs of 1.75 and 1.09 mM for

glutamine and ammonia, respectively (Table III).

On-line spectra were usually collected while the medium

was recirculating through the system. It was observed by

Hazen et al. (1994) that the single-beam spectra of aqueous

solutions collected in the 5000- to 4000-cm�1 spectral range

do shift to higher frequencies with increasing temperature.

Such temperature variations may be present for the on-line-

collected spectra as compared with the off-line-collected

spectra used to establish the calibration model (Rhiel et al.,

2002a). Digital Fourier filtering of spectra prior to PLS

regression analysis has been shown to permit removal of

baseline shifts caused by differences in solution temperature

(Hazen et al., 1994). In fact, a temperature-insensitive

measurement could be performed. To test the potential

benefit of Fourier filtering, a similar methodology for

optimizing the Fourier-filter parameters was used in this

study, as described by Hazen et al. (1994) (see Materials and

Methods). Results are summarized in Table IV.

Optimizing the filter parameters maximizes the trans-

mission of analyte-specific information. It can be seen in

Table IV that the mean position as well as the standard

deviations of the filters are different. For all analytes the

number of factors could be reduced. Glutamine and lactate

models required only one PLS factor. Fourier filtering did

not significantly improve the SEC values or the SEP values

of the tissue culture sample validation set.

Application of the calibration models from the Fourier-

filtered tissue culture spectra to the previously discussed

pRWV culture resulted in further improvement of the on-

line lactate predictions (Fig. 4f, Table III), the on-line

glucose predictions (Fig. 4e, Table III), and the on-line

glutamine predictions (Fig. 4g, Table III). In fact, the on-

line glutamine predictions showed a profile trend similar

to the actual concentration profile (Fig. 4g). Nevertheless,

biases in the absolute concentration values were still

present for glucose (Fig. 4e) and glutamine (Fig. 4g).

Ammonia predictions, on the other hand, did not improve

for on-line monitoring (Table III). This could be due to

the fact that the ammonia absorbance feature, which is

just one broad peak (Rhiel et al., 2002a), is not as distinct

as the absorbance features of the other analytes, which

Table III. Summary of on-line standard prediction errors (SEPs) when a priori and off-line-established PLS calibration models were applied to the

corresponding referenced on-line-collected spectra during cultivation of PC-3 cell cultures in an RWV.a

Analyte

SEP when the unfiltered

calibration model is applied

to RWV batch run (mM )

SEP when the Fourier filtered

calibration model is applied

to RWV batch run (mM )

SEP when the Fourier filtered

and off-set adjusted

calibration model is applied

to RWV batch run (mM )

SEP when the Fourier filtered

and off-set adjusted

calibration model is applied

to RWV perfusion run (mM )

Glucose 4.52 2.83 1.62 (4.00) 0.95 (1.50)

Glutamine 1.75 1.19 0.53 (0.68) 0.39 (1.86)

Lactate 1.03 0.90 0.83 (0.72) 0.74 (�0.10)

Ammonia 1.09 1.54 2.13 (�0.71) 1.32 (0.32)

aBasic calibrationmodel and subsequent adjustments are detailed in text (corrected initial off-set is indicated in parentheses for the corresponding cultures).

Table IV. Summary of PLS calibration model statistics after Fourier

filtering of the off-line-collected tissue culture flask samples (Rhiel et al.,

2002a) from cultures of PC-3 cells.

Analyte

Spectral range

[cm�1]

Fourier

filtered mean

Fourier

filtered SD

Number of

PLS factors

SECa

(mM)

Glucose 4450–4300 0.0425 0.0100 4 0.65

Glutamine 4590–4550 0.0300 0.0055 1 0.67

Lactate 4350–4320 0.0500 0.0120 1 0.75

Ammonia 4720–4530 0.0415 0.0100 4 0.65

aStandard error of calibration (SEC).
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have multiple peaks and narrower absorbance bands (Rhiel

et al., 2002a).

When calibration models from off-line-collected spec-

tra are established at some time prior to the application of

these models to on-line-collected spectra, instrumental vari-

ations may have occurred. In the case discussed by Rhiel

et al. (2002b), off-sets could be attributed to differences

in instrument alignment. The observed off-sets, however,

were constant throughout each complete culture. Rhiel et al.

(2002b) showed that subtraction of the initial on-line pre-

diction off-set resulted in accurate concentration predictions

throughout the culture progression. The present situation is

similar in that calibration models were established a priori

with off-line-collected spectra. For collection of off-line

spectra, the flow-through cell was removed out of the flow

path for each sample exchange. Collection of the spectra

occurred after equilibration of the sample in the flow-

through cell. For the purpose of collecting off-line spectra,

the flow-through cell was charged with just the sample

solution (approximately 2 mL). For the purpose of collecting

on-line spectra, the complete recycle stream of the pRWV

was passed through the flow-through cell, as discussed

in Materials and Methods and illustrated in Figure 1. The

physical difference between the two collection methods

could result in slight alignment shifts.

The on-line predictive ability of the calibration models

based on Fourier-filtered spectra (Fig. 4l–k) was greatly

improved by adopting the methodology of initial off-set

correction from Rhiel et al. (2002b). The initial off-sets

observed and the SEP values resulting after adjustment are

summarized in Table III. No improvement was achieved for

the on-line prediction of ammonia values (Fig. 4l, Table III)

as the inaccuracies from model predictions were not due to a

constant bias (Fig. 4h). Because all the other results were

improved, it was decided to monitor subsequent pRWV

cultures on-line with the combination of Fourier-filtered

spectra and initial off-set correction.

Perfusion Operation of the pRWV

The pRWV was extended to continuous perfusion by

connecting a low-flowrate pump (Fig. 1). Different perfu-

sion rates and operation modes were investigated subse-

quently, resulting in four distinct phases (Fig. 5). Phase I

took place during the 0- to 50-h culture time when the pRWV

was perfused at 0.09 mL/min, corresponding to approxi-

mately one reactor volume per day (Fig. 5a). After having

turned off the perfusion from 50 to 73 h of culture time

(phase II, Fig. 5), perfusion was resumed at 0.17 mL/min

(2 reactor volumes per day) from 73 to 149 h (phase III,

Fig. 5). Thereafter, the pRWV was operated in batch mode

until termination at 266 h of culture time (phase IV, Fig. 5),

with a partial medium exchange (100 mL) at 174 h of culture

time (Fig. 5).

On-line monitoring of this culture was performed with the

calibration model built from Fourier-filtered spectra of off-

line samples that were modified using an initial off-set

adjustment. Using this strategy, glucose, lactate, and

glutamine could be monitored with SEPs of 0.95, 0.74, and

0.39 mM, respectively (Table III). Thus, monitoring

performance for these analytes during the 266-h continuous

perfusion run was similar to the previously discussed 120-h

repeated batch run (Table III). As before, it was not possible

to monitor ammonia, which could be attributed to the low

concentration values and the broad, nondistinct spectral

ammonia feature (Rhiel et al., 2002a).

Figure 5. Metabolite and perfusion profile of PC-3 human prostate cancer

cells cultivated in an RWV as determined using off-line-analyzed reference

samples and on-line-obtained concentration values from NIR spectroscopic

monitoring using initial offset correction of Fourier-filtered spectra.
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Closer examination of the on-line-monitored metabolite

profile for the discussed pRWV run reveals that the

monitoring accuracy was highest for lactate throughout the

complete run (Fig. 5c). Monitoring accuracy for glucose

(Fig. 5b) and glutamine (Fig. 5d) was good throughout

phases I, II, and III. During phase IV, however, an increasing

bias for both glucose (Fig. 5b) and glutamine (Fig. 5d)

appeared. The cause of this bias could not be specified. Its

occurrence was similar to the bias observed in the repeated

batch runs (Fig. 4i,k) after medium exchange. Its identi-

fication requires further experimentation.

From a cell physiology standpoint, perfusion operation

with the standard medium at approximately one reactor

volume per day was not adequate to supply sufficient

medium for keeping the concentrations constant (phase I,

Fig. 5). The glucose concentration decreased and the lactate

concentration increased (phase I, Fig. 5). After increasing the

perfusion rate to two reactor volumes per day at 73 h, a

steady state could be achieved (phase III, Fig. 5). Upon

resuming batch operation at 149-h culture time, glucose

concentrations decreased (Fig. 5b) and lactate concentra-

tions increased (Fig. 5c). In fact, the metabolic yield during

this batch phase (phase IV, Fig. 5) was similar to the

metabolic yields of the previous batch cultures (Fig. 3a),

suggesting that the metabolism remained similar.

Further study of the PC-3 cell metabolism under long-

term perfusion operation is needed. The experimental set-up

used here would aid in this regard as the key metabolites

could be monitored satisfactorily. In fact, timely separation

of calibration model establishment with off-line-collected

spectra and later application to maintenance-free on-line

monitoring would allow calibration on earth and later

convenient monitoring during spaceflights. However, fur-

ther study of bias prevention is needed. Nevertheless, the

results presented herein are an important step toward better

in vitro models of in vivo behavior.

CONCLUSIONS

Glucose, lactate, and glutamine concentrations could be

predicted from on-line NIR spectra of PC-3 human prostate

cancer cell cultures using PLS regression analysis with

calibrations performed on a spiked tissue culture sample set.

The ammonia concentration could not be measured accu-

rately from the same spectra. Metabolite uptake and

production rates were determined for PC-3 prostate cancer

cells during exponential growth in batch-mode cultivations.

NIR spectroscopy may become a primary sensor mechanism

for monitoring the key nutrients, glucose and glutamine, and

the cellular waste product, lactate, during continuous

perfusion operations of the RWV. This technology is

particularly useful for spaceflights as the calibration could

be performed on earth and applied in a reagentless, low-

maintenance, user-friendly way during such spaceflights. In

fact, Rhiel et al. (2002b) showed that calibration models

similar to those discussed in this work were still accurate

after a 2.3-year period. The only maintenance required

during this period was refilling the detector with liquid

nitrogen for cooling. Incorporation of the concentration

information into closed-loop control schemes (as reported by

Valentinotti et al., 2003) may result in maintaining the

constant metabolite concentrations required to better

simulate in vivo conditions in vitro.
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