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Introduction

The discovery of recombinant DNA tech-
nology has changed the face of the phar-
maceutical industry in the last 20 years
due to the introduction of the large-

scale bioprocess production of therapeutic pro-
teins. It has become such an invaluable tech-
nique that the use of microorganisms and mam-
malian cells to produce therapeutic metabo-
lites and proteins is estimated to increase by
approximately 50% over the next five years,
making it into a $53 billion industry by 2010.1,2

This trend is far from surprising due to the
opportunity to discover and produce new thera-
peutic targets with tools such as metabolic
engineering. This dedication to increase
biopharmaceutical production also has become
critical to assure that the demand of needy
patients does not surpass availability and is
not only of important commercial value, but
also of great social value.

Recombinant protein production is accom-
plished by the use of several different expres-
sion systems such as bacteria, yeasts, plant,
insect, and mammalian cells. Although bacte-

ria and other prokaryotic microorganisms have
the advantage of producing high protein yields
and production costs are relatively low, they do
not possess the cellular machinery to perform
post-translational modifications, such as
glycosylation, essential for the production of
many biomedically active proteins. Therefore,
eukaryotic cells such as plant or mammalian
cells are preferred when glycosylation is criti-
cal for bioactivity. While the large-scale pro-
duction of human proteins by plant cells is
increasing in interest,3 most biopharmaceutical
processes in the industry employ free-suspen-
sion mammalian cells due to their lack of cell
walls which makes recovery and purification
simpler.

Bioprocesses aim to manipulate and control
cell lines to attain the maximum product yield
and productivity at the lowest cost and in the
most efficient way. Even though bioprocesses
using mammalian cells have progressively
achieved increased production yields at reduced
costs, there are still many hurdles to surpass to
fully optimize their recombinant protein pro-
duction. Mammalian cell cultures are still re-

porting lower cell densities
than microbial cultures for
example.4 Consequently, to
control and predict the be-
havior of the cells to achieve
better productivity and
product yield, information
concerning the cells physi-
ological and metabolic
states throughout the cul-
ture is necessary. Unfortu-
nately, reliable and compre-
hensive process data from
dynamic systems on living
cells are not available for
most cellular hosts includ-
ing mammalian cells.5 How-

Figure 1. The iterative
cycle of metabolic
engineering.
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ever, state-of-the-art non-invasive analytical technologies
have been developed in the last few decades, which may help
to provide the missing data, making it possible to model
cellular processes and choose optimal cell culture operating
conditions. This characterization of the bioprocess is typi-
cally performed during the development phase and tends to
be a very lengthy affair, requiring important investment
costs. A large set of experiments testing media components,
cell lines, and environmental conditions must be assessed to
determine optimal operation parameters in regard to produc-
tivity. Since so many conditions need to be evaluated, the
commercial viability of using conventional bench-top
bioreactors during the initial development is significantly
reduced. For this reason, the industry is already looking to
small-scale bioreactors that provide a well-defined environ-
ment and adequately monitor and control the culture, while
providing accurate, complete, and useful data to reduce
development process time. The range of data potentially
acquired from small-scale bioreactors includes cell physi-
ological and metabolic states as well as operational param-
eters. Furthermore, the small-scale bioreactor will signifi-
cantly decrease development costs owing to its high-through-
put qualities and the reduced use of raw materials, which are
particularly expensive for mammalian cells. In the wake of
Process Analytical Technology (PAT) tools, industry is now
more then ready to utilize bioprocess data to model cellular
performance to enhance bioproduction.

For accurate quantitative metabolic data, studies should
be performed on intact living cells as opposed to ex vivo or in
vitro experiments, such as metabolite extractions from cell
sampling which exhibit low reproducibility in the literature.5

Hence, Nuclear Magnetic Resonance (NMR) is one of the few
technologies that permits the monitoring of metabolite con-
centrations and compartmentalization as well as intracellu-
lar pH in vivo in a non-destructive and non-invasive manner.6

Combining the small-scale bioreactor with NMR has the
added benefit of acquiring crucial metabolic data simulta-
neously without the necessity of sampling in a defined and
controlled environment. Several small-scale bioreactors have
been developed to be coupled with the NMR for in vivo

measurements of yeast, plant, and animal cells. However,
none of the configurations where designed for free suspension
mammalian cells which, as stated above, are the most com-
monly used cellular host in the biopharmaceutical industry
and are the main focus of this study.

Objectives
The primary objective of this project was to design a small-
scale bioreactor perfusion system for mammalian cells free-
suspension cultures. The design was adapted from a previ-
ously successfully developed bioreactor configured for plant
cells in our laboratory.7

More specifically, the following conditions were analyzed:

• determine fluidization parameters allowing for adequate
nutrient and oxygen mass transfer for maintaining high
cell density culture

• characterize hydrodynamic profile of the bioreactor
• study and qualify mixing in the bioreactor
• demonstrate the bioreactor efficiency by performing on-

line 31P-NMR in vivo measurements

A Platform for Process Optimization
The production of a protein-of-interest depends on a combina-
tion of factors: genetic (e.g., expression levels of key enzymes),
physiological (e.g., carbon fluxes, energetic state), and envi-
ronmental (e.g., O2, CO2, temperature, and pH). Each of these
conditions must be studied and monitored during cell cultiva-
tion for process optimization.8 However, to date, most on-line
monitoring tools only measure extracellular components,
such as cell density and oxygen consumption to indirectly
assess the physiological and metabolic state of the cells.
Without intracellular measurements, available process vari-
ables are insufficient to fully characterize the process. There-
fore, new on-line technology must be selected to acquire as
much process data as possible, including both intracellular
and extracellular measurements. More sophisticated models
will then be developed to mathematically express the cellular
activities with the intention of optimizing:

• cellular growth
• product yield
• growth medium composition
• operating parameters including pH, temperature, dis-

solved oxygen

In the past, cellular processes were lumped into a black box
model, which were empirical by nature and gave no informa-
tion of the underlying mechanisms of the cell metabolism.
Metabolic engineering, on the other hand, is an evolved
approach that has been refined to fill this gap by adequately
measuring, analyzing, and designing bioprocesses opti-
mally.9,10

Metabolic Engineering: A Useful Tool
Metabolic engineering adopts genetic engineering strategies
such as recombinant DNA technology for strain improvement

Figure 2. Illustration of the typical relationship between bioreactor
monitoring capabilities and high-troughput experimentation.
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by enhancing or creating new pathways by which to increase
product yield. The main difference and advantage of this
systematic approach is that it mirrors the age-old adage that
“the whole is greater than the sum of its parts.” In other words,
while some cellular genetic strategies focus only on a particu-
lar pathway and a few of their key enzymes to increase product
yield, metabolic engineering recognizes that the living cell is
made up of thousands of complex and intertwined metabolic
pathways that respond differently to changing environmental
conditions. Therefore, a genetic change in one pathway may
unknowingly have undesirable effects in others due to the
interdependent nature of the metabolic network. Thus, it is
insufficient to arbitrarily amplify specific enzymatic genes in
a cellular host in the hopes of obtaining maximal protein
production with no comprehension of the impact on the entire
metabolic network. The amplification may have little or no
effect on product yield; therefore, time and money would have
been wasted in vain. Blind cellular mutations require long
screening processes and give no understanding on the im-
provement itself. Consequently, the aim of metabolic engi-
neering is to successfully direct metabolic flux toward valuable
product formation by understanding the effects of genetic
manipulations on the network or the “whole,” making intelli-
gent and directed genetic modifications.

In practical terms, metabolic engineering follows an itera-
tive approach for the continuous improvement of the targeted
phenotype based on a sequential series of experiments -
Figure 1. The knowledge gained in each step leads to the next
series of experiments. Where to start in the cycle depends on
the objective of the process as well as the initial knowledge on
the cells metabolic control. Often, a perturbation is first
applied to the cellular host such as a genetic modification to
impart improved qualities to the strain. Typically, several
cultures will be conducted to obtain a metabolic characteriza-
tion of the cells, including intracellular and extracellular
metabolites levels, bioprocess conditions (pH, pO2, and tem-
perature), RNA expression, etc. Metabolic flux and flux con-
trol analysis will then give rise to models to better target the
next modification. The more accurate and complete the data
used to perform whole metabolic analysis, the less the num-
ber of iterative cycles will be necessary as desired results will
be achieved faster reducing development time and cost. Once
targeted results are confirmed by analysis, the bioprocess can
be considered for large-scale production.

This data-driven approach can be used for many different
applications for bioprocess optimization such as:

• improvement of production yield: directing carbon flow
toward specific pathways or increasing enzyme activity

• recombinant protein production: cloning all necessary
pathways into host to produce active molecule

• bioprospecting: identifying new cell-lines that exhibit thera-
peutic compounds or novel enzyme activity

• screening of drug candidates
• elimination or reduction of by-product formation
• strain improvement: more robust in terms of viability
• identifying pathways for cell line enhancement

• media design
• extension of substrate range: to use less costly raw mate-

rials or higher viability in previously toxic environment
• extension of cellular physiological conditions: increase

tolerance to low oxygen concentration
• screening cell library for enhanced metabolite production

This list is far from exhaustive.8,9 Any potential improvement
to the strain and to environmental conditions, as well as
novel discoveries can be verified and further enhanced with
this approach making predictive changes a possibility. Up to
now, metabolic engineering has been mostly employed to
tailor specific traits of cellular hosts such as increased pro-
duction of ethanol,12 lactic acid,13 lysine,14 propane diol,15 and
therapeutic proteins.16 All of these examples are industrially
relevant processes and demonstrate the range of applicabil-
ity of this approach. In more detail, Takiguchi and his
colleagues14 were able to increase lysine production molar
yields from 7.5% to 30.6% by changing operational param-
eters based on molar flux distributions. These analyses were
derived from metabolic reaction models developed with on-
line measurements.

The shortcoming of metabolic engineering is that to use this
approach efficiently and in a timely manner, specific tools
must be on-hand. As defined earlier, this iterative approach
requires many series of tests. Several cultivations are required
under traditional methods to attain the large sets of data
needed to properly characterize the metabolic network and
identify control strategies. To significantly reduce costs, many
researchers have begun to use small-scale bioreactors for this
phase in the development process.17,18,19 By using small-scale
bioreactors that have high-throughput qualities, many me-
tabolites may be monitored in parallel and the reduced vol-
umes of the vessels save on expensive raw materials.

Small-Scale Bioreactors
To reduce material and labor costs and accelerate the devel-
opment phase, the use of small-scale bioreactors is indispens-
able. In this body of work, a bioreactor is considered “small-
scale” or “mini” if its volume is inferior to 100 mL with
particular attention to culture tendencies in vessels below 10
mL, such as test-tubes and microtiter plates due to the ease
of parallelization and automatization of these systems.20

It is important to recognize that regardless the volume of
the bioreactor, it is essential that it provides a well-defined
environment which can be monitored and controlled to obtain
detailed strain characterization and process condition data.
An advantage of using small-scale bioreactors is that they
permit high-throughput approaches. However, in the past, the
level and quality of monitoring and control of the cell culture
was proportional to the bioreactor volume as seen in Figure 2.
This trade-off was mostly due to the lack of appropriate
analytical tools such as pH and dissolved oxygen probes whose
relative size where not amenable for smaller vessels. However,
the use of microtiter plates has become more interesting in the
last several years due to the recent availability of innovative
integrated miniature sensors helping to close the information
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gap between small-scale and lab-scale bioreactors.21 There are
still some limitations to the use of microtiters plates as
bioreactors such as high evaporation rates and the relatively
high risk of cross-contamination caused by aerosol formation.20

Furthermore, the benefits of parallelization and automatiza-
tion in a microtiter platform are counter-balanced by its
inefficiency to precisely control operational parameters such
as O2 levels and to acquire in vivo metabolic data. Additionally,
many believe that culture volumes are too small to adequately
characterize the entire process and the cell line.8,18 Therefore,
other small-scale systems are developed and used to overcome
these shortcomings.

While several miniaturized systems now exist on the
market, it is difficult to find one that can fulfill monitoring
and control requirements to simultaneously examine nutri-
ent concentrations, metabolite levels, pH, oxygen, and tem-
perature. The difficulty is not only in choosing the appropri-
ate type of bioreactor for a specific bioprocess application, but
combining the bioreactor with the proper analytical tools for
extracellular and intracellular measurements and subse-
quent metabolic characterization.

Advantages of
Non-Invasive Analytical Technology

Metabolic engineering approaches are highly dependent on
the tools that are used to measure metabolite levels. Without
analytical tools it would be very difficult if not impossible to
verify or validate the perturbations or genetic changes ap-
plied to the cell line. Therefore, the accuracy of the models
defined by metabolic analyses will be proportional to the level
of sophistication of the analytical tools chosen. In other
words, the choice of technology used to quantify metabolites
will directly influence the quality of the results and deter-
mine the number of iterative cycles needed to obtain the
targeted-outcome (i.e., increased production yield and cell

robustness).
Two categories of analytical technologies can be distin-

guished: in vitro or invasive methods and in-vivo or non-invasive
methods. Invasive methods require sampling for in vitro analy-
sis by such instruments as HPLC,22 MS,23 spectrophotometer,24

and nuclear magnetic resonance or NMR.25 These analytical
techniques will provide a global snap-shot of the metabolic state
of the cell and will require several series of samples to readily
follow metabolism as a function of time. There is some debate on
the reliability of sampling methods since metabolites have
proven to be unstable. Several studies have shown that incon-
sistencies in the literature concerning metabolite levels are due
to sampling and that these methods may not adequately repre-
sent the true metabolic state of the cells.5,26

On the other hand, non-intrusive methods allow for on-
line in vivo measurements of metabolites over time and other
important cell culture parameters such as pH, dissolved
oxygen, and temperature, while eliminating the necessity of
sampling and reducing contamination risks. IR, Raman,
fluorescence, confocal optical imagery,6 and NMR spectros-
copy27 are all examples of this category. NMR is unique as it
can distinguish metabolite concentrations as a function of
space (i.e., between intracellular and extracellular space)
and measure compartmentalization in the cell providing key
parameters for subsequent process modeling.28

NMR Spectroscopy of Living Cells
Physicists developed NMR spectroscopy in the 1940s, but it
was only in the early 1970s that it was used for the first time
for in vivo measurements of intact red blood cell suspensions
albeit in non-viable conditions.29 Since then, multiple appli-
cations in the biotechnology field have been reported and
continue to grow.30,31 The popularity of this instrument is
owing to its non-invasive and non-destructive nature as well
as its capacity to measure metabolite levels in complex
mixtures without the need for specific assays. The metabolic
data elucidated from NMR spectra is used to observe and
measure intracellular pH, flux analysis, metabolite quantifi-
cation, and biochemical kinetic reactions32 and is of great
importance for such disciplines as metabolic engineering.

The basic principle of NMR spectroscopy is that certain
nuclei possess intrinsic magnetic moments which are sensi-
tive to magnetic fields. When these nuclei are submitted to
strong magnetic fields, their magnetic moments align them-
selves either parallel or antiparallel to the field, creating a
net magnetization. The difference in energy, “E,” of the state
or the direction of the magnetic moment of each nucleus
depends on the strength of the applied magnetic field and the
gyromagnetic ratio of the particular nucleus. Resonance is
produced when transition between the two energy states
occurs due to the application of bursts or pulses of electromag-
netic energy at a specific radiofrequency during the NMR
experiment. The measured resonance signal is specific to the
nucleus and its environmental conditions (i.e., the position of
nuclei in a molecule or the solution pH) as well as being
proportional to the number of nuclei present. Therefore,
NMR also can be used as a quantification tool.32 The various

Table A. NMR nuclei and their relative natural abundance and
biological applications (adapted from Gillies et al., 1989).

Nucleus Isotopic Abundance Biological Applications
3H 0 Receptor-ligand interactions
1H 0.9998 Metabolites, pH, redox
19F 1.0 Cations, O2, metabolites
31P 1.0 Energy, cations, metabolites
7Li 1.0 Transport

23Na 1.0 Intracellular Na+

13C 0.011 Metabolites
2H 1.5 x 10-4 Membrane structure

17O 3.7 x 10-4 Water structure
15N 3.7 x 10-2 Metabolites
35Cl 0.755 Intracellular Cl-

14N 0.996 Metabolites
39K 0.931 Intracellular K+

41K 0.069 Intracellular K+
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nuclei used in NMR are listed in Table A with their respective
relative natural abundance and biological applications.

While there are several different nuclei to choose from
when using in vivo NMR, one of the most commonly studied
is 31P due to its high natural abundance and the importance
of phosphorus in essential metabolic compounds such as
nucleosides phosphates (ATP, ADP, AMP, NADPH), sugar
phosphates (glucose-6P and fructose-6P) and inorganic phos-
phate (Pi).32 The majority of metabolic pathways employ ATP
and this molecule plays an important role in metabolic
reactions and control. Furthermore, ATP levels are consid-
ered to characterize the energetic state of the cell. Intracellu-
lar flux analysis performed by Henry et al,34 correlated ATP
levels to cell productivity demonstrating the relevance of
following the phosphate isotope using NMR spectra. Addi-
tionally, 31P-NMR allows for the monitoring of intracellular
pH due to the sensitivity of the chemical shift of the inorganic
phosphates to pH intermolecular effects.28

Though in vivo NMR is a powerful analytical tool provid-
ing on-line environmental and metabolic measurements of
the cell culture, this technique has a few limitations. The
most important is its lack of sensitivity. For a metabolite to
be properly identified using NMR, its total concentration in
the cell culture must be above 0.1 mM. However, many
critical metabolites are only found in low concentrations (less

then 0.1 mM) in the cell. The most common way to circumvent
this problem is by increasing cell density until high quality
spectra are achieved. Typically, NMR studies of suspended
cells call for cell densities of approximately 107-1011 cells mL-

1, depending on cell type and size.32 Therefore, certain process
or operation requirements must be met allowing for a viable
high density cell culture:29

1. Cell suspension must be homogeneous and within the
NMR reading zone.

2. Cell suspension must be adequately perfused for proper
nutrient delivery and waste removal.

3. Cell suspension must be adequately oxygenated.

To meet all of these constraints, the small-scale bioreactor is
an invaluable tool.

Small-Scale Bioreactor Combined with NMR
High cell density increases sensitivity and permits shorter
acquisition times for NMR spectra, providing real-time moni-
toring. However, this condition also will necessitate a higher
degree of control to provide adequate nutrient levels, oxygen
supply, waste removal, and other environmental param-
eters. Therefore, this control can be provided by small-scale
bioreactors housed in a standard NMR tube (10-20 mm

Figure 3. Small-scale bioreactor platform for plant cells.
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Figure 4. Potential small-scale bioreactor configurations for free-suspension mammalian cells in a 10 mm diameter NMR tube.

diameter, 3-20 mL culture volume). Many configurations
have been designed and tested using several types of cells,
including airlift, microcarrier, hollow-fiber, and compact bed
bioreactors.

The airlift small-scale bioreactor has the advantage of
being relatively simple and has been used to study bacteria
and yeast.35,36 Oxygenation is provided by bubbling gas in the
central tube of the bioreactor as is done in conventional sized
air-lift vessels. However, the presence of bubbles in the NMR
detection region can disrupt the homogeneity of the magnetic
field and broaden the resonance. To perform long-term stud-
ies, this configuration is not adequate since it does not bestow
suitable conditions for waste removal (i.e., lactate and CO2)
over time.

Perfusion systems for the small-scale bioreactor platform
have the advantage of providing constant nutrient and oxygen
supply, while simultaneously removing waste products which
allows for long lasting high cell density cultures.37 However,
sophisticated techniques need to be adopted to maintain the
cell culture in the NMR reading zone. Many have chosen to
make use of microcarrier beads to immobilize the cells in the
bioreactor and prevent cell wash-out. For example, Shankland
and colleagues38 immobilized A549 mammalian cells to
macroporous gelatine carriers in a perfusion reactor for 31P and
13C NMR study. Another configuration for anchorage-depen-
dent cells is the Hollow-Fiber System (HFBR). Gillies et al,39

have worked extensively with the HFBR since up to 70% of the
reactor volume can be occupied by the cells with this technol-
ogy and cell densities have been reported to reach above 108

cells mL-1. These conditions provide ideal circumstances for
NMR spectroscopy as seen by real-time 31P NMR studies (180s
acquisition time) of hybridomas, CHO cells as well as C-6 rat
glioma. However, adherent cells are not as commonly used in
industrial bioprocesses, due to the difficulty of maximizing

surface to volume ratio in large-scale bioreactors and cell
transfer through the bioreactor chain. Therefore, there is
concern that metabolic data obtained from adherent cells may
not be representative of the true nature of free-suspension cell
cultures. Consequently, research groups are designing small-
scale bioreactors that better reflect their large-scale counter-
parts such as Gmati et al.7

The long-term in vivo NMR study of high density plant cell
cultures was successfully accomplished by our laboratory by
developing a small-scale perfusion bioreactor that sequestered
the plant cells in a packed-bed, while providing a homogeneous
external environment - Figure 3.7, 40 Significant characteriza-
tion of the hydrodynamic and mass transfer profiles of the
bioreactor demonstrated a perfectly mixed system as well as
providing control of the perfusion parameters such as oxygen
and nutrient supply, pH, and temperature. Inspired by this
body of work, a small-scale perfusion bioreactor for free-
suspension mammalian cells is developed.

Design Constraints for
Free-Suspension Mammalian Cells

To our knowledge, no other configuration has been success-
fully designed for in vivo NMR measurement of free-suspen-
sion mammalian cells. This is invariably due to the specific
design constraints imposed by the necessity for high cell
density sequestered in the NMR reading zone. Therefore,
oxygen becomes a limiting factor in the system. Low solubil-
ity of oxygen in media entails that gas diffusion only will not
adequately provide for the metabolic needs of the cell. Fur-
thermore, mammalian cells negatively react to high oxygen
concentrations and it is generally recommended that pO2 is
maintained between 25 to 50%.41 Increasing perfusion rate is
the simplest solution to assure that oxygen consumption rate
of the cells is satisfied. However, increasing flow rate to
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suitable levels will most definitely cause cell wash-out from
the bioreactor, due to low cell density. The majority of the
work for this study will require determining and constructing
the appropriate configuration that will allow for high flow
rates, while maintaining free-suspension mammalian cells
in the NMR reading zone.

Figure 4 presents the various small-scale bioreactor con-
figurations studied. All of these designs have the potential to
fulfill the elementary requirements for in vivo NMR mea-
surements. The packed-bed configuration (A) has the advan-
tage of being relatively simple to construct and could satisfy

requirements for high flow rate and sequestered cells. But
mammalian cells are fairly sensitive to shear stress and the
packed-bed may create unviable conditions for the cells. For
example, the lack of cell walls and the plasticity of the cell
membranes may foster a very tight compact bed which could
produce preferential media currents in the bed and heteroge-
neous conditions. On the other hand, the whirling motion bed
(B), initially developed for drying applications,42 should be
compatible with the small-scale bioreactor, because the cir-
culating motion allows for better mixing as well as higher
flow rates, while maintaining the cells in the NMR reading
zone. The purpose of the wedge is to disrupt the flow and
create a preferential current which is the driving force of the
whirling motion. The superficial velocity of the fluid will
decrease as it goes up the wedge directing the cells back to the
bottom of the tube where they will be carried upward again
by the entering media. The whirling motion provides an
effective method to properly oxygenate the cells, but may be
difficult to apply. Optimal wedge configurations and flow
rates will have to be evaluated to assure satisfactory operat-
ing conditions. Another promising design is the fluidized-bed
with the disengagement zone (C). The top section of the
fluidized bed is expanded to abruptly reduce the superficial
velocity of the media below the minimum fluidization veloc-
ity, which serves to return the cells to the narrow part of the
NMR tube preventing cell wash-out and assuring high cell
density. The advantage of the disengagement zone is that it
allows for higher flow rates of the fluidized liquid, which
supplies additional oxygen levels to the cells. However, this
configuration requires a custom designed NMR tube and
probe. Nevertheless, all of the presented configurations merit
further investigation to determine the most efficient design.

As stated above, there is one significant limiting factor of
the design: oxygen availability. The ability to satisfy mam-
malian cell respiration is at the base of the successful design
and operation of the small-scale bioreactor. Consequently,
one of the first steps is to identify the minimal perfusion flow
rate required for sufficient oxygen delivery and to subse-
quently monitor the dissolved oxygen concentration through-
out the cultivation. Using a lab-built respirometer, the oxy-
gen specific uptake rate, qO2, can be calculated by plotting a
time profile of dissolved oxygen and the oxygen consumption
of the cells in culture.44 The qO2 is then used to determine
minimal perfusion flow rate (Q) for a given cell density (n) and
dissolved oxygen concentration (DO) using the following
relation:

qO2 • n
Q = ___________

DO

This estimate provides a crucial starting point for the fluidi-
zation assays to follow regardless of the small-scale configu-
ration studied.

Mixing of the cells also requires specific attention owing to
the fact that it will ensure cell suspension and provide
homogeneous nutrient and oxygen concentrations. To char-
acterize the quality of the mixing, Residence Time Distribu-

Figure 5. A. Proton-decoupled 31P NMR spectrum of in vivo
analysis of 3-d-old CHO (Chinese hamster ovary) cells perfused at
0.06 mL min-1. B. Perfused CHO cell bed (1.44 x 108 cells) at
0.06 mL min-1 in small-scale bioreactor.
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tion (RTD) experiments will be performed by measuring the
evolution of a saline pulse with an electrical conductivity
detector. The tracer concentration will then be evaluated in
terms of the dimensionless Péclet (Pe) number.45 When Pe is
close to zero, axial dispersion is large and when Pe tends to
infinity, axial dispersion is low. By uncovering and compar-
ing the specific mixing dynamics of each small-scale bioreactor,
the most appropriate configuration can be chosen for the
design constraints imposed by in vivo NMR measurements.

Once fluidization and operational parameters have been
discerned, in vivo NMR measurements of free suspension
mammalian cells can start. The spectra will give additional
information concerning cell viability, appropriate cell den-
sity, and/or dissolved oxygen concentration and further
improvements can be applied to the small-scale bioreactor
platform to achieve long-term monitoring and control of the
cell culture. Preliminary NMR studies of the packed bed
design demonstrate that in vivo measurements of free-
suspension mammalian cells are possible. However, as
speculated, the viability of the cells decreases as a function
of time and does not allow for long-term in vivo measure-
ments as seen in Figure 5 by the chemical shift of the
inorganic phosphate (Pi) peak. A chemical shift to the left is
indicative of an imposed stress to the cells such as a lack of
oxygen. Additionally, the peak intensities decrease as a
function of time demonstrating cell death. The packed bed
appears to create preferential currents which will be veri-
fied by RTD. The other bioreactor configurations will be
tested in the meantime and evaluated on the quality of the
spectra as well.

Conclusion
Enhancing cell lines, media, and bioprocesses for greater
bioactive protein delivery and cell robustness is the aim of all
biopharmaceutical manufacturing industries. To fulfill this
goal in an efficient and timely manner, metabolic engineer-
ing is progressively becoming an invaluable tool. This ap-
proach will lead research and development to better control
strategies by targeting the right genes, pathways, and pro-
teins for bioprocess expansion. The small-scale bioreactor
combined with NMR technology for in vivo measurement
provides accurate, relevant, and real-time physiological, op-
erational, and metabolic data necessary for comprehensive
metabolic analysis. The development of this bioreactor plat-
form for free-suspension mammalian cells is critical owing to
the importance of this particular cellular host in the industry.
Preliminary tests have shown that the packed-bed configura-
tion enables in vivo NMR measurements for CHO cells.
However, optimal operating conditions and bioreactor design
still need to be determined. The whirling-motion bed offers
particular promise in satisfying all design constraints, pro-
viding necessary metabolic data for process optimization.
Regardless of the final configuration, the small-scale bioreactor
will be able to host numerous types of suspension cells as well
as adherent cells and make full use of long-term in vivo NMR
measurements.
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