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Abstract—Advantageous cultivation procedures for the 
Chinese hamster ovary (CHO) cells are necessary for the 
productive commercial production of biopharmaceuticals. 
A main challenge that needs to be addressed during the 
process development is the differences in each cell line 
requirements concerning the nutrients and feed strategies 
in order to achieve the desired growth characteristics. 
Therefore, within the current research, a naïve high cell 
density serum free suspension adapted CHO cell line was 
tested with glucose and glutamine rich feeds in fed-batch 
Erlenmeyer shake flask cultures. Glucose consumption rate 
was adjusted to develop the optimal feed strategies. Obtained 
results indicated that high glucose and l-glutamine feeding 
did not improve maximum viable cell density compared 
to the control samples. During the exponential phase, cell 
proliferation and viability of all feeds showed no statistically 
significant difference. Instead, the fed-batch processes tested 
led to statistically significant differences in viable cell density 
and cell viability during the decline phase, compared to 
control (batch) culture. The difference between glucose and 
glutamine feeding was indistinguishable, most probably due 
to the concentration imbalance with the rest of the nutrients 
in feed. The overall study presented a method to slow down 
the decrease in CHO cell proliferation and viability during 
the decline phase, instead of increasing the maximum cell 
density at the plateau phase.

Keywords—biotechnology, cell proliferation, Chinese 
hamster ovary cells, feeding strategy.

I. IntroductIon

Chinese hamster ovary (CHO) cells are widely used for 
biopharmaceutical production. Production of  recombinant 
cytokines, fusion proteins, monoclonal antibodies and 
others requires specific nutrient components to support 
cell growth in vitro [1]. Therefore, nutrient composition 
in culture media and the manner of media supply during 
the cultivation process have been extensively studied.

The main energy sources in chemically defined CHO 
cell culture media are carbohydrates (glucose, primarily) 
and glutamine [2]. Supplementation of glutamine in cell 
media can help to maintain higher cell viability profile 
and reduce lactate generation [3]. In the absence of 

glutamine, cells have a delayed start of exponential phase 
[4]. On the other hand, as a result of cell metabolism and 
the so-called glucoglutaminolysis, potential inhibitory by-
products are generated [5]. High glucose concentration 
can lead also to lactate accumulation which can further 
affect the cell growth [6], therefore, glucose concentration 
limits have been extensively studied [7]. High glutamine 
supplementation, however, can lead to ammonium 
accumulation which significantly inhibits the cell growth 
[8]. In this regard, maximum permittable ammonium 
concentrations should be seriously considered during the 
experimental procedures. Also, an interaction between 
consumption rates of glucose and glutamine has been 
investigated. For example, glucose consumption can be 
influenced by the glutamine excess [9]. Substitutions for 
both glucose and glutamine as the energy sources in the 
media have been proven to be effective [2].

Cell cultivation can be organized in either a batch or 
a fed-batch process. Fed-batch process means that after 
supply of basal medium at the beginning of fermentation, 
cells are later on supplemented with a feed medium which, 
in its simplest form, supplies only glucose in the range 
of 1.0-10.0 mmol/L [10]. Feed media usually contain 
10-15 times higher nutrient concentrations than in the 
basal medium [10]. In order to optimize the process, both 
appropriate feed medium design and the experimental 
approaches have to be selected. While the stoichiometric 
model serves for the measuring of nutrient demand rates, 
the metabolic flux analysis provides an opportunity to 
understand metabolic pathways in-depth [11][12].

During present research, CHO cell cultivation process 
development using controlled glucose consumption rate 
in a fed-batch regime was carried out in order to test the 
effect of glucose rich and L-glutamine rich feed media on 
CHO cell proliferation and viability.

II. MaterIals and Methods

A. Materials used
A naïve Chinese hamster ovary cell line FreeStyle 
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CHO-S adapted to high maximum cell density, serum-free 
suspension culture from Thermo Fisher Scientific (Carls-
bad, USA). Cell culture basal medium FreeStyle CHO 
Expression Medium (Life Technologies, New York, 
USA). Media supplements: l-glutamine (200 mM) (Gib-
co, Life Technologies, Paisley, UK), PenStrep antibiot-
ics (Gibco, Life Technologies, New York, USA), glu-
cose powder (Cargill, Krefeld, Germany). Other reagents: 
phosphate buffer (hereinafter, PBS) without Ca2+ and 
Mg2+ (Dulbecco’s PBS, Gibco, Life Technologies, Pais-
ley, UK), trypan blue stain (Life Technologies, New York, 
United States). Materials: 125 mL Erlenmeyer cell culture 
shake flasks (Corning, Merck, New York, USA) with 
40 mL initial basal media working volume, 0.2 µm mem-
brane filters (LLG, Meckenheim, Germany). Equipment 
and devices: CO2 incubator (New Brunswick S41i, Ep-
pendorf, Hamburg, Germany), hemocytometer (Neubauer 
Improved Assistent, Hecht-Assistent, Sondheim/ Rhn, 
Germany), glucose meter Accu-Check Active (Roche 
Diagnostics, Mannheim, Germany).

B. Methods for the preparation of cell media
Cell culture basal medium was prepared by 

supplementing FreeStyle CHO Expression Medium 
with 8 mM l-glutamine and 1% (v/v) antibiotics. Apart 
from glucose, there are inorganic salts containing 
magnesium, calcium, potassium, sodium, phosphate, 
chloride, sulfate, bicarbonate ions, trace elements, 
approximately 20 different amino acids, approximately 10 
different vitamins, and several growth factors contained 
in the basal medium [2].

In combination with basal medium, three feed systems 
and the control were compared being: 1) basal medium 
with increased glucose concentration (hereinafter, 
Glucose Feed); 2) basal medium with increased glucose 
concentration (hereinafter, Glutamine Control); 3) 
basal medium with increased glucose and l-glutamine 
concentration (hereinafter, Glutamine Feed); and 4) basal 
medium with phosphate buffer solution (hereinafter, 
Control Feed).

Glucose Feed consisted of 4 mL/day basal medium 
supplemented with glucose powder. The target levels 
of glucose concentration are listed on Table I. Firstly, 
the amount of glucose mn (g) in one flask is calculated 
according to equation 1:

mn=Cn×Vn×180.156×10-6  (1)
where Cn (mmol/L) is glucose concentration as 

measured, Vn (mL) is the cell culture volume before 
feeding and 180.156 is the molar mass of glucose. 

The amount of glucose mbasal (g) in the basal medium 
is calculated according to equation 2:

mbasal=Cbasal×Vfeed×180.156×10-6            (2)
where Cbasal (mmol/L) is glucose concentration in basal 

medium used for the preparation of feed media (Table II) 
and Vfeed (4 mL) is the total volume of the feed. Finally, the 
total amount of glucose m (g) to be added in the Glucose 
Feed medium is calculated according to equation 3:

 m=mn+1-mn-mbasal   (3)
Glutamine Control (4 mL/day) consisted of basal 

medium, PBS solution and glucose powder. The total 
amount of PBS to be added is calculated according to 
equation 4 (see below), and the volumes used are listed 
on Table III. The target levels of glucose concentration for 
this feed are listed on Table I. The total amount of glucose 
to be added is calculated according to equations 1-3 and 5. 

Glutamine Feed (4 mL/day) consisted of basal 
medium, l-glutamine solution and glucose powder. 
The target level of glutamine concentration was set to 4 
mmol/L during the whole feed schedule. It was set on 4 
mmol/L or one half of what is recommended for the initial 
basal medium, respectively. The amount of l-glutamine 
(mL) to be added is calculated according to equation 4:

              

         (4)
where CGLN (200 mmol/L) is the concentration of 

glutamine based on supplier’s information. Volumes of 
l-glutamine used are listed in Table III.

Glutamine Feed was supplemented with glucose as 
glutamine cannot support the cell growth in case of its 
absence [13]. The target levels of glucose concentration 
for this feed are listed on Table I. The total amount of 
glucose to be added is calculated according to equations 
1-3, except that in case of l-glutamine addition to the 
feed, Eq. 2 has to be modified in respect to VGLN according 
to equation 5:

Vfeed(GLN)=Vfeed-VGLN   (5)
Control Feed (4 mL/day) consisted of PBS 

only.
table I.

Type of feed
Target level of glucose concentration (mmol/L)

Feed day 1 Feed day 2 Feed day 3 Feed day 4

Glucose 
Feed 18 18 26 26

Glutamine 
Control/ 
Glutamine 
Feed

16 16 16 16

table II.

Type of feed
Glucose concentration of basal medium** 

(mmol/L)

Feed day 1 Feed day 2 Feed day 3 Feed day 4

Glucose 
Feed 26 26 26 26

Glutamine 
Control/ 
Glutamine 
Feed

31 31 32 32

** Although prepared according to the same supplier’s protocols, 
different glucose concentrations were measured among batches of basal 
medium.
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table III

Type of feed
Volume of l-glutamine or PBS (mL)

Feed day 1 Feed day 2 Feed day 3 Feed day 4

Glutamine 
Control/ 
Glutamine 
Feed

0.88 0.96 1.04 1.12

C. Fed-batch cultures
Prior inoculation of the fed-batch cultures purchased 

Chinese hamster ovary cells were thawed, sub cultured in 
basal medium every 2-3 days (duration of one passage) in 
the lag phase at 0.2×106 viable cells/mL and cryopreserved 
in a cell bank. Then cell passages 22 and 29 were taken 
from the cell bank, thawed and inoculated in disposable 
125 mL Erlenmeyer cell culture shake flasks with 40 mL 
initial basal media working volume in triplicate at 0.2×106 
viable cells/mL. Cells were cultivated in CO2 incubator 
with shaking speed 125 rpm (25 mm orbital shaking 
diameter) at 8% CO2, 37°C and 95% humidity.

Feed addition was started when cells reached plateau 
phase for all tested conditions with a daily bolus addition 
(4 mL) of four different feed media as described in section 
“Methods for the preparation of cell media”. Plateau phase 
was defined when the average cell density did not increase 
within the standard deviation range for one consecutive 
day. The measurement of average glucose concentration 
at the day before plateau then was taken as the target 
glucose level (see Table I). Feed supply was restricted to 
40% of initial working volume. Accordingly, there were 
four feed additions in the volume of 4 mL each. Before 
adding to the cell cultures, feed was filtered through 0.2 
µm membrane filter. Cell cultures were terminated when 
the average viability of triplicates dropped below 60%. 

D. Cell density and viability measurements

Daily sampling started from day 1 of cultivation for 
every cultivation experiment. In sterile conditions, 10 µL 
sample was taken directly from each cell culture flask 
and mixed with 10 µL trypan blue stain for a manual 
determination of total and viable cell density by the trypan 
blue exclusion method using a hemocytometer. Briefly, 
cells in hemocytometer chamber were counted under the 
microscope and sorted into viable (white colour) and dead 
(blue colour) cells. Glucose concentrations were daily 
measured using glucose meter. Glucose consumption 
(g/L) is calculated according to equation 6:

GCn=(Cn-1-Cn)×180.156×10-3  (6)
E. Statistical evaluation
All results were expressed as the mean value ± 

standard deviation (SD) of three independent samples. The 
significance of the results was evaluated using unpaired 
Student’s tests with the significance set at p>0.05. One 
way analysis of variance (ANOVA) was performed to 
evaluate the difference between the results.

III. results and dIscussIon

In this study, the method of media supply during the 
cell cultivation process was based on glucose consumption 
rate. In terms of viable cell density (VCD) and viability, 
cell response to the maintenance of high glucose (Table 
I) and l-glutamine (4 mmol/L) concentrations during 
cultivation process was different among the phases of cell 
growth (Fig. 1). During the exponential phase, VCD in 
all experiments that were conducted showed no statistical 
difference and increased on average from 0.2 to 5.3 ± 0.3 
(×106 cell L-1) at day 5 of cultivation. Feed additions that 
for all experiments were started on day 5 of cultivation and 
ended on day 8 (Fig. 2) took into account the measured 
amount of glucose 26 – 32 mmol/L that is by default 
present in the basal medium (Table II). On cultivation 
days 7-8 only in case of the Glucose Feed target glucose 
concentrations were increased higher than the plateau 
concentrations in order to provide excess glucose for cells 
if they recover in proliferation (Table I). However, on day 
6 the proliferation in all feed conditions tested decreased 
on average to 4.6 ±0.3 (×106 cell L-1) marking the end of a 
very short plateau phase (Fig. 1). Thus, increased glucose 
and glutamine concentration in none of the feeding 
strategies used improved the proliferation of CHO cell 
culture.

During the decline phase (days 6–12 Fig. 1), the 
differences caused by increased glucose and glutamine 
concentrations were observed. In case of Glucose Feed, 
a statistically significant difference of 0.7 (×106 cell 
L-1) higher VCD compared to the control culture was 
observed (days 7-9 Fig.1). Also, irrespective of the fact 
that the concentration of glucose was kept at plateau 
level in all feeding strategies, Glucose Feed showed the 
highest cell viability of 91% on day 9. On day 10, cell 
viability in case of Glucose Feed was 28% higher than 
in case of Glutamine Control. Difference between these 
two feeds was only in the amount of basal medium added 
to the feed. On day 6, Glutamine Control experienced a 
statistically significant decline in VCD of 1.4 (×106 cell 
L-1). On the third feeding day (day 7 of cultivation), half 
of the samples recovered from decline in proliferation. 
These observations suggest that other factors besides 
glucose and glutamine concentration affected cell growth 
and proliferation. Probably, other nutrients contained in 
the basal medium had an effect on cell proliferation and 
viability during the decline phase of cell growth. In other 
words, glucose and glutamine on average led to higher 
proliferation and viability during cell decline phase, but at 
the same time they were not the only factors that affected 
the process.

In Fig.2 glucose concentration profiles show zigzag 
patterns due to the daily feed additions for all conditions 
tested, except the control samples. In Fig. 3 glucose 
consumption curves in comparison to VCD are shown. 
Overall, cell glucose consumption rates at various phases 
of growth were rather inconsistent. During the exponential 
phase, only in the case of Glucose Feed smooth increase 
in glucose consumption was observed (days 1-5 Fig. 3). 
Usually, increase in glucose consumption is expected at 
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stationary phase [14], but due to a very short stationary 
phase it was not the case in the present study. During the 
decline phase, cells in case of the Glucose Feed experienced 
a decrease by 0.7 (g L-1) in glucose consumption when the 
feed was disrupted (day 8) which was recovered on day 
9 (Fig. 3).

Overall, the decrease in cell proliferation and viability 
was not caused by the glucose scarcity (Fig. 2 and Fig. 
3) leading to a conclusion that glucose and glutamine 
could not increase the proliferation when, most likely, 
other nutrients were depleted. Obtained results suggest 
that glucose and glutamine serve as the energy sources 
for cells, therefore, it allowed the cells to live longer, but 
not to proliferate. In order to improve cell proliferation, 
the addition of growth factors, typically peptides, small 
proteins and hormones, to the feed media is necessary [2].

Fig. 1. Viable cell density (closed symbols) and viability (open 
symbols) with Glucose Control (squares), with Glucose Feed 

(triangles), with Glutamine Control (rhombuses), and Glutamine 
Feed (circles). Error bars represent one standard deviation from three 

biological replicates.

Fig. 2. Glucose concentration with Glucose Control (squares), with 
Glucose Feed (triangles), with Glutamine Control (rhombuses), with 
Glutamine Feed (circles). Error bars represent one standard deviation 

from three biological replicates.

Fig. 3. Glucose consumption (closed symbols) and viable cell density 
(open symbols) with Glucose Control (squares), with Glucose Feed 
(triangles), Glutamine Control (rhombuses), with Glutamine Feed 
(circles). Error bars represent one standard deviation from three 

biological replicates.

IV. conclusIons

In this study, cultivation process of FreeStyle CHO 
high density, serum-free suspension culture cell line was 
characterised at increased glucose and glutamine levels 
maintained during the cultivation process. Obtained 
results suggest that increased concentration of glucose 
and glutamine had no statistically significant influence on 
CHO cell proliferation at exponential and plateau phases. 
However, cell proliferation and viability were affected 
during the decline phase. Results revealed statistically 
significant differences in viable cell density and cell 
viability in case of different feed media compositions when 
the same glucose and glutamine levels were maintained. 
It could be related to the preparation method of the feed 
media which was based on the supplementation of only 
two nutrients in the imbalance with other feed components 
in chemically defined cell culture medium.
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