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Some of the numerous feeding 
strategies are more appropriate 
than others for certain types of 
cell culture production systems. 

Once a nutrient supplement has been 
identified as described in Part 1 of this 
three-part review (1), a supplementation 
strategy must be chosen. Supplementing 
at too great a rate may expose log-phase 
cells to stresses such as increased 
osmolality and lactate levels that would 
inhibit biomass expansion. But 
inadequate supplementation can lead to 
early apoptosis through rapid depletion 
of selected important components. For 
commercially available supplements, 
guidelines often suggest specific 
protocols that will usually yield good 
results and can be further optimized by 
subsequent experimentation.  

Additional culture-specific methods 
are available to laboratories with access 
to monitoring equipment. As mentioned 
in Part 1, monitoring one component is 
an excellent way of approaching relative 
nutrient homeostasis in the bioreactor, 
especially with stoichiometrically 
balanced nutrient supplements (1). They 

may be added semicontinuously (e.g., 
daily or twice daily), with each addition 
providing enough supplement to cover its 
expected consumption until the next 
addition. Supplements also can be added 
continually to match predicted 
consumption, but this approach is more 
generally applicable at the research scale 
than in commercial production.  

Supplementation of cell cultures 
generally refers to adding nutrients that 
replace those consumed, but another 
type of supplement can be considered. 
Cell metabolic pathways are important 
to optimizing protein expression because 
of the dichotomous pathway of biomass 
expansion and product synthesis. Cells 
that are expanding rapidly may not have 
the highest specific productivity (output 
per cell), but once maximum cell density 
is reached, specific productivity can peak 
and be held at high levels for extended 
periods of time. Nutrient supplements 
can be designed to promote both phases. 
So nutritional supplements (those 
containing major nutrients such as 
glucose and specific amino acids that are 
consumed during the expansion phase) 
represent one type of supplement. And 
metabolic supplements (those containing 
molecules to guide cells toward 
maximum productivity) represent the 
other type. Timing their addition may 
promote superior productivity.  

A number of molecules have been 
identified as helpful in the production 
phase of cell culture. When glucose is 
replaced by a more slowly metabolized 
hexose such as galactose or mannose, a 
slower metabolism results with 

correspondingly lowered lactic acid 
production. At the same time, inducers 
of protein synthesis such as butyrate and 
pentanoic acid can be used for switching 
cell machinery from further replication 
at the plateau phase into protein 
expression. Numerous small molecules 
are being researched as protein synthesis 
stimulators in high-throughput systems.  

Nutrient Supplementation  
of Bioreactors

Bioreactor supplementation choices are 
made based on the timing and quantity 
of supplement to add to a culture. If a 
balanced, clone-specific nutrient 
supplement is used, one measurable 
component can determine the choice. 
With a low-glucose set point, Fike et al. 
(2) used computer-controlled peristaltic 
pumping of a stoichiometrically balanced 
supplement in a continuous fed-batch 
process to maintain a homogeneous 
nutrient environment that yielded a 
fourfold productivity increase.  

 

Once parameters are optimized,  
nutrient supplementation can usually 

double cell productivity, at least. Here, 
different nutrient supplements and feeding 

strategies developed by Invitrogen scientists 
improve cell performance (Figure 1).
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Another relatively common method of 
determining when to add supplement is 
by monitoring OUR, the oxygen uptake 
rate (3). Tracking OUR to maintain 
nutrient levels provides an aerobic culture 
metabolism for maximum energy 
efficiency while minimizing lactate and 
ammonia production (3). This approach 
works whether supplementing just 
glucose and/or glutamine or a more 
complex supplement. Supplement is 
added based on oxygen consumption to 
control glucose and glutamine at low 
levels without depletion or 
overabundance. OUR-based 
supplementation can increase cell 
densities and improve productivity. With 
proper control, metabolism shifting 
toward increased lactate production 
during the growth phase may be 
counterbalanced by lactate consumption 
during the production phase (4). 

Other methods of supplementation 
involve monitoring parameters such as 
pH, lactic acid, glutamine, dissolved 
oxygen (DO) levels, or glucose (3). Even 
turbidity can be monitored for 
supplementation purposes. Another 
approach is to add supplement 
proportional to the amount of base 
addition used to control pH. As a 
culture expands in cell number and 
consumes nutrients, it usually produces 
lactate, which reduces pH (kept in line 
by base addition and thus the cue for 
adding more supplement).  

In another example of fed-batch 
process control, Sauer et al. used off-line 
measurement of glucose to guide 
supplementation of a concentrated 
protein-free supplement that was scalable 
from 15 L to 750 L, with a 7.6-fold 
improvement of monoclonal antibody 
(MAb) yield (5). Their approach was to 

seek a rapid, generic, fed-batch process 
using a commercially available “low-
content” base medium and feeding the 
culture with a “rich” supplement. 
Somewhat analogous to this, Xie et al. 
specifically designed a base medium to 
reduce lactate and ammonia, then 
supplemented their culture with 
nutrients stoichiometrically shown to be 
depleting, allowing supplementation only 
as needed (6). Nutrients were kept from 
becoming depleted, lactate and ammonia 
levels were significantly lower, and cell 
density and productivity were increased 
by fivefold and 10-fold respectively.  

Spens et al. (7) used a dual approach 
to derive a supplement that boosted 
productivity >11-fold. First, they 
performed depletion studies on 
bioreactor cultures to identify those 
macronutrients that could be quantitated 
easily. Nonmeasurable compounds were 
then identified by separate shake 
cultures of various supplement categories 
in a design of experiments (DoE) study. 
Combining data yielded a superior 
supplement that included lipids as an 
important feed component. 	 

Fractional factorial design is another 
useful approach when it comes to 
assessing micronutrients for 
supplementation — e.g., trace elements, 
growth factors, and insulin — that may 
not be readily quantitated or that can 
interact with other supplement 
component(s). Sandadi et al. showed 
identification and quantitative 
modification of important components 
with interdependencies within a 
supplement (8).

Although most current 
supplementation regimens are of the 
nutrient-only type, biphasic approaches 
may become popular if they can enhance 
productivity. Success would require some 
knowledge of cell growth kinetics. 
Throughout the exponential phase, only 
nutrient supplements should be used to 
stimulate maximal cell mass expansion. 
Only as a culture has entered the plateau 
phase (but before a significant drop-off 
in viability) should a metabolic 
supplement such as butyrate be used.

Timing for addition of a metabolic 
inducer type of supplement (to 
immediately inhibit cell growth in favor of 
improved protein production) may need 
additional clarity. Sitton et al. (9) showed 

with CHO culture that monitoring gross 
viability or total cell count is not reliable 
for identifying the end of expansion and 
beginning of the culture’s stationary 
production phase. The team noted 
significant variation despite control of bulk 
culture parameters. They found that a 
nonviable subpopulation of cells (identified 
by automated flow cytometry) precisely 
identified the end of exponential 
proliferation, signaling the start of 
production feeding. The result was 
significantly improved total bioreactor cell 
count available for the production phase.  

One other aspect of supplementation 
involves the potential need to replace 
nonconsumed components. In fed-batch 
cultures, up to 40–50% supplementation 
may be optimal. Nonconsumed 
chemicals thus may end up at half the 
concentration of that in the original 
medium, potentially dropping them to 
suboptimal levels. It may be advisable to 
add back some important components to 
yield a 1× “original” concentration. This 
may be especially important for vitamins, 
trace elements, and certain salts such as 
phosphates that have been shown to 
enhance cell product synthesis (10).  

Supplementation Rates: A 
disadvantage of perfusion methods is 
product dilution resulting in high 
purification volumes. One solution may 
be combining multiple rounds of 
perfusion rate reduction with a more 
concentrated basal perfusion medium 
(11). Greater nutrient concentrations in 
the medium should allow perfusion 
rates to be lowered. Presumably this 
could provide much better productivities 
than fed-batch culture because some 
wastes are reduced even with a lowered 
perfusion rate. The challenge would be 
to choose a rate yielding the highest 
product concentration that also keeps 
toxic molecules at relatively low levels. 
Another limitation would be finite 
nutrient solubility in the basal medium 
— and the potential for adding grossly 
elevated levels of nutrients early in such 
a culture. 

Slow feeding of concentrates with a 
fed-batch process based on known 
nutrient requirements usually improves 
productivity. Product synthetic pathways, 
however, may require minimal levels of 
sensitive or critical components that could 
easily be left out or added at too low a rate 

Figure 1:  Fed-batch growth performance in 
DASGIP bioreactors
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if consumption rates are unknown, 
jeopardizing product formation. Senger et 
al. compared a fixed, rapid feeding rate 
with a metabolically determined one and 
showed improved productivity using the 
former, pointing out that it may be better 
to err on the side of higher 
supplementation rates to cover 
unquantified cell needs (12). Using similar 
reasoning, Takagi et al. supplemented 
basal medium with fivefold amino acids 
and vitamins to increase volumetric yield 
of tissue plasminogen activator (tPA) by 
3.6-fold, which the team considered to be 
critical to an economically viable 
production process (13).  

In addition to stable production 
platforms, transient gene expression 
(TGE) is also benefited by nutrient 
supplementation (14, 15). Sun et al. 
improved HEK 293 production of green 
fluorescent protein (GFP) and 
erythropoeitin (EPO) by supplementing 
with a 5× amino-acid concentrate based 
on DMEM/F12 in a fed-batch culture 
(15). Yet another approach was taken by 
Dempsey et al. using GS NS0 cells 
adapted to grow in a serum-free medium 
without glutamine. The team used 
several rounds of culture 
supplementation followed by analytical 
spent-medium analysis to sequentially 
develop a nutrient supplement. In the 
final version, it showed depletion of no 
basic components and resulted in a final 
10-fold improvement of product 
expression (16).

In an attempt to standardize methods 
of culture nutrient supplementation, 
Zeng et al. studied numerous 
stoichiometric ratios and related various 
cell culture parameters together (e.g., 
ammonium yield from glutamine or 
lactate from glucose) to determine which 
were most significant to cell productivity 
(17). They also presented an equation 
specifying oxygen consumption. The 
observed ratios were relatively constant 
and cell-line independent, making it 
possible to use them in controlling 
difficult-to-determine components and 
develop relatively fast feeding strategies 
for a number of cell lines and media. 
The team found that amino acid 
metabolism is a major consumer of 
oxygen and that using an OUR/glucose 
ratio is an excellent way to monitor and 
control culture supplementation rates.  

Although nutrient supplementation is 
often thought to be important mainly as 
a culture reaches plateau and available 
nutrients are lowered or depleted, 
evidence suggests that considering a 
day-0 feed may prove beneficial. 
Fassnacht et al. showed that 
supplementation at the start of a culture 
led to decreased lactate and increased 
membrane stability during the death 
phase and increased MAb production. 
Addition at the beginning of the culture 
promoted beneficial metabolic pathways 
from initiation (18). Although 
components for a day-0 feed could be 
added to the basal medium itself for the 
same effect, adding them separately kept 
the basal medium “unadulterated” for 
use in a range of different clone culture 
options.  

Metabolic Shift

Many articles use the term metabolic shift 
to imply adapting cells to a low-glucose, 
low-glutamine environment that reduces 
ammonia and lactate for improved 
protein productivity (20–22). But 
metabolic shifts in cell populations can 
be obtained through a number of 
chemical and physical approaches. 

Nutrient Induced: Two key goals of 
nutrient supplementation are to maintain 
cells in the log growth phase to yield 
maximum biomass and to extend the 
productivity of that cell mass. Literature 
is replete with successful approaches for 
different cell culture production systems 
and related types of nutrient 
supplements. As an example, it has been 
observed for some cultures that after 
rising to relatively high levels, lactate will 
decrease to low levels during extended 
culture as it is consumed. Lactate rise 
relates to glucose consumption during 
early culture; as glucose becomes 
depleted (as in batch cultures), cells are 
forced to use lactate as an energy source 
(19). High lactate consumption rates can 
be observed even after high initial 
glucose concentrations of ≥15 g/L.  

One approach to extending culture 
productivity involves a fairly complicated 
process known as metabolic shift. 
Historically it’s been observed that cell 
numbers and total productivity 
sometimes could be dramatically 
increased with lowered culture 
concentrations of waste products such as 

lactic acid and ammonia. As researchers 
subjected cells to reduced glucose and 
glutamine levels to force that change, 
they noticed that cells became much 
more efficient in their use of those 
nutrients over a number of generations 
(20, 21). Cells could expand nicely in 
media containing a fraction of both 
glucose and glutamine concentrations, 
resulting in lowered levels of lactic acid 
and ammonia and presumably leading to 
increased cell numbers and significantly 
higher productivity levels (22). Cells 
were “adapting” from a glycolytic 
(fermentative) state to a more oxidative 
(aerobic) state.  

With that approach, Lee et al. used a 
low-glutamine fed-batch feedback 
control-loop process in attempting to 
control ammonia and lactate with 293-
HEK culture for adenovirus production 
(23). Controlling glutamine levels at 0.1 
mM — with no other modifications — 
improved cell density and gave a 10-fold 
improvement in virus titer. And Li et al. 
controlled glucose at 0.3 mM and 
glutamine at 0.5 mM, which related to 
ammonia and lactate levels decreasing by 
74% and 63% respectively (24). Their 
cultures extended from eight to 14 days, 
with a 1.7-fold increase in MAb titers. 
The team found that if glucose and 
glutamine levels became too low, other 
amino acids would be used instead.  

In fact, the rate of glutamine feeding 
can determine the rate other amino 
acids are consumed (25), making it 
possible to begin planning supplements 
around those chemicals that do not lead 
to significant toxic waste product 
generation. Amino acid metabolism 
plays an important role in reducing 
lactate production (26). Under different 
growth conditions, cells can metabolize 
nutrients very differently while growing 
at the same rate. Glutamate can be used 
instead of glutamine as an energy source 
— especially but not exclusively in 
Lonza’s glutamine synthetase (GS) 
expression system — and can lower not 
only ammonia, but also cell 
consumption of lactate (27).  

Bear in mind one caveat to a low-
glucose, low-glutamine feeding strategy: 
Glucose or glutamine starvation can 
increase caspases and presumably lead to 
apoptotic pathways (28). So a very 
narrow concentration range must be 
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maintained, with the ability to react 
rapidly to sudden excessively reduced 
glucose/glutamine levels. If for some 
reason nutrient feeding is halted or too 
slow, a cell culture can degrade rapidly. 
Hwang et al. showed that nutrient 
starvation during culture can cause both 
autophagy (enzymatic self-digestion) and 
apoptosis (programmed cell death) 
identified by different markers (29).  

One other aspect of inducing metabolic 
shift should be considered: When cells are 
subjected to the long metabolically 
stressful process of initiating metabolic 
shift, repeated testing is needed to show 
that a product is glycolytically the same as 
before the change. In addition to 
metabolic shift methodology, any type of 
physical or chemical manipulation that 
alters cell metabolic state should be 
considered as initiating a metabolic shift. 
So several other mechanisms also belong 
in this category.

Decoupling growth from production is 
another approach to maintaining cells in 
the production phase. In one example 
involving CHO-based production of tPA, 
glucose was replaced by galactose (a slowly 
metabolized carbon source) to change cell 
behavior upon supplementation (30). Cell 
expansion essentially stopped, but the cell 
mass viability was maintained much 
longer in an oxidative (aerobic) instead of a 
fermentative state, resulting in 
significantly less generation of lactic acid. 
In another CHO feeding study, replacing 
glutamine by glutamate resulted in 
significantly less production of waste 
products (31). Glucose/glutamate ratios 
were studied, and it was feasible to 
increase cell growth efficiency by 
controlling glucose levels. But holding 
them too low negatively affected specific 
productivity, leading the authors to suggest 
that a combined use of alternative 
molecules with known controlled feed 
rates could maximize protein productivity.  

In another CHO-based tPA system, 
glucose and glutamine were substituted 
by the slowly metabolized chemicals 
galactose and glutamate respectively (32). 
Amino acid cell culture use dictated 
formulation of both the base feed media. 
In addition, base medium salt was 
reduced so nutrient feeding could be 
continued beyond the point at which 
standard medium osmolality would limit 
supplementation. Waste products were 

lowered and cell viability and 
productivity increased as both glutamate 
and lactate were consumed for energy.  

Culture “Stress” As a Potential Positive-
Productivity Factor: In a kind of diabolical 
approach based on observations, applying 
“stressful” conditions will increase 
productivity in a number of instances. 
Such an approach could be considered 
after cultures have reached optimal cell 
expansion (33). Yoon et al. showed a 5× 
increase in CHO-cell erythropoietin 
production by combining osmotic, low 
culture temperature, and butyrate-induced 
growth inhibition techniques (34). This 
affected product glycosylation, leading to 
altered isoforms, which emphasized the 
importance of reassessing product quality 
after using alternate supplementation 
strategies. Further substantiating that are 
the results of Sandadi et al., who showed 
that high osmolality in the production 
phase improved protein yield as long as it 
was kept low enough during growth to 
obtain the highest possible expansion cell 
mass (35).  

Culture pH Affects Cell Protein 
Production: In a GS-NS0 recombinant 
MAb system, Osman et al. studied pH 
shifts from 7.3 to a range of values (36). 
The team showed that abrupt pH shift 
from pH 7.3 to pH >8.0 or <7.0 caused 
rapid apoptotic cell death (within 10 
minutes). After the pH shift, maximum 
growth rate was observed in the pH range 
of 7.3–7.5, but maximum volumetric 
antibody titers were seen at pH 7.0. No 
alteration of the glycoprotein structure was 
seen at any pH range tested. After 
returning to the original pH, cell growth 
characteristics returned to normal. This 
study supports use of adequate mixing to 
equilibrate culture pH rapidly after base or 
nonneutral supplement addition to ensure 
consistent lot-to-lot performance.  

A mathematical model is published 
for attaining pH control in bioreactors 
through describing the relationship 
between pCO2 (carbon dioxide partial 
pressure), pH, lactate, and base addition 
in a bicarbonate-buffered cell culture 
process (37). This model also considers 
use of carbonate for pH control as well as 
buffering by amino acids. The model has 
been shown relevant at T-flask up to 
10,000-L fed-batch bioreactor sizes, 
which is especially important because 
pCO2 can be a problem at scale. 

Temperature Reduction: A well-
known observation is that lowering the 
temperature of a cell culture can promote 
a change from growth to protein 
production. Typically a culture is 
maintained at 37 °C for maximal cell 
expansion. Once that has been achieved, 
the temperature is reduced several 
degrees depending upon the cell type. 
Fox et al. showed in a CHO–interferon 
system that expanding cells at 37 °C and 
then lowering temperature to 32 °C 
increased their yield by 90% over 
maintaining temperature at 37 °C (38). 
The lower temperature maintained those 
cells viable in their productive phase 
longer — which presumably caused the 
improvement. The authors presented a 
modeling system for temperature shift 
that could be used for other cell lines.  

In a CHO-based granulocyte-
macrophage colony stimulating factor 
production system, a 2.1-fold 
improvement in specific productivity was 
seen with reduced growth rate, reduced 
lactate, and a prolonged stationary 
(production) phase (39). Interestingly, 
productivity improvements with lowering 
temperature may be not only cell line 
specific, but also product specific. Yoon 
et al. presented convincing evidence that 
cell production of CHO-based anti-4-
1BB did not improve with temperature 
reduction (40). Longer cell viability was 
countered by suppressed growth and cell 
cycle arrest. Molecular analysis also 
supported the team’s results. Production 
of EPO in the same cell line, however, 
did show significant improvements 
through temperature reduction. So this 
technique for increasing production may 
be an option, but it’s not a sure thing.  

Temperature-shift strategies may also 
be relevant to perfusion cultures. 
Perfusion typically produces high cell 
yields because of efficient removal of 
wastes and delivery of nutrients. Even 
though that is combined with the 
advantages of removing product to 
refrigerated storage to reduce protease 
action, titers can still be low because of 
product dilution. To improve perfusion 
titers, Yoon et al. used temperature shift 
for follicle-stimulating hormone (FSH) 
production (41). They grew cells up to 3.2 
× 107/mL at 37 °C, then shifted down to 
28 °C for a 13-fold productivity increase 
over leaving the culture at 37 °C.  



Carbon Dioxide: Although not usually 
considered as such, pCO2 should be 
thought of as toxic just like ammonium 
and lactate. For high-density/large-volume 
bioreactors, in which aeration may be 
insufficient to flush out high levels, pCO2 
levels can negatively affect cell growth, 
metabolism, productivity, and product 
glycosylation (42). Possibilities for pCO2 
reduction include reducing or eliminating 
sodium bicarbonate as a buffer, either 
replacing it with organic buffers such as 
MOPS-histidine or making pH 
adjustments with sodium carbonate 
concentrates instead (43). Doing so, 
Goudar et al. obtained a 63–70% 
reduction in pCO2, a 68–123% increase in 
growth rate, and a 58–92% improvement 
in specific productivity. Takuma et al. 
reported a similarly negative affect on 
growth with low glucose and higher pCO2 
in a CHO perfusion bioreactor system 
(42). Previously those components were 
thought to be acting independently. In 
another study, Hu et al. reported 
significantly increased cell inhibition 
caused by increased CO2 levels at high 
osmolality, which occurs as cultures are 
supplemented (44). 

Multiple Toxins: Although most 
research looks at individual toxic 
components, Xing et al. provided a 
guideline for assessing the real-world 
condition of multiple toxins acting on a 
culture at the same time (45). Using 
multivariate analysis, repression of 
threshold values for lactate, ammonia, 
osmolality, and pCO2 acting together are 
postulated and then tested to create a 
system that could be used for a range of 
production cell types.  

Bioreactor Evolution: Another 
approach for optimizing and extending 
culture life span through a metabolic 
shift involves bioreactor dynamics. 
Termed bioreactor evolution, this process 
uses the bioreactor to “adapt” cells, 
analogous to what is done in flasks. 
Using host DG44 CHO cells, a doubling 
of peak cell density was observed after 
several bioreactor runs using the same 
cells (46). With a recombinant production 
CHO line, researchers obtained a 36% 
improvement in titer with no differences 
in product quality. Cells presumably 
became adapted to the bioreactor stress 
conditions through a type of natural 
selection. Although this process may be 

worth assessing — as opposed to 
initiating cultures with new freezes into 
flasks each time — other considerations 
related to bioreactor adaptation (e.g., 
maintaining sterility and genetic drift) 
need to be assessed as well.  

Protein Production Enhancers

A number of small-molecule protein 
production enhancers work through 
various metabolic pathways to inhibit 
cell expansion, thus switching cells into 
a production phase. These molecules 
tend to be somewhat cytotoxic, 
supposedly working through 
stimulation of apoptotic pathways, so 
their use must be assessed for each cell 
line. But these enhancers have been 
known to double productivity.  

Several mechanisms of butyrate 
action have been suggested such as 
enhanced gene transcription through 
gene accessibility stimulation (47). In 
one study, sodium butyrate and sodium 
propionate (an alkanoic acid) enhanced 
MAb production sixfold (48). Whereas 
butyrate showed toxicity, no cell 
inhibition was seen with propionate. 
Similar results were reported 
comparing pentanoic acid (a carboxylic 
acid) with butyrate (49).  

Another study tested valproic acid 
(which is both FDA approved and much 
less expensive than butyrate) as an 
alternative to butyrate (50). Productivity 
improvements were observed. Seeking 
new protein-inducing compounds, Allen 
et al. used a high-throughput model for 
screening chemical libraries to identify 
several basic types of molecules as 
potential possibilities (51). Cell 
transcriptional activity helped in the 
team’s search and points to use of 
molecular approaches in future efforts.  

In a different mode, adenosine 
5’-monophosphate (AMP) significantly 
increased hepatitis B surface antigen 
production in CHO cells but 
dramatically reduced cell number once 
added to a culture (52). Extracellular 
nucleotides were shown to enhance 
protein production because intracellular 
adenosine 5’-triphosphate (ATP) pools 
increased with AMP addition. Yet 
another study showed rapamycin (a 
G1-phase arresting agent that slows cell 
cycle progression to delay apoptosis) to 
reduce hybridoma cell death and 

enhance MAb production twofold in 
fed-batch cultures (53). Dimethyl 
sulfoxide (DMSO) has also been 
advocated as a protein-inducing 
enhancer. Ling et al. showed that 0.2% 
DMSO added to hybridoma cultures at 
maximum cell density doubled MAb 
production with no negative effect on 
bioactivity and glycosylation (54).  

The Next Step

As reviewed here, different nutrient 
supplements and feeding strategies can 
improve cell performance. Once basic 
cell culture parameters have been 
optimized, nutrient supplementation can 
usually result in a doubling or greater of 
cell productivity. The conclusion of this 
three-part review will examine scale-up 
and scale-down strategies for rapid 
nutrient supplement prototyping. 
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