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Abstract

Mammalian cell cultures are the preferred expression systems
for the production of biopharmaceuticals requiring
posttranslational processing. Usually, cell cultures are
cultivated in medium supplemented with serum, which
supports cell proliferation, viability, and productivity. However,
due to scientific and regulatory concerns, serum-free
conditions are required in recombinant protein production.
Cell lines that are intended for commercial recombinant
protein production have to adapt to serum- or protein-free
conditions early in their development. This is a labor- and
time-consuming process because of the specific cell
requirements related to their adaptation in new
microenvironment. In the present study, a Chinese hamster
ovary (CHO) cell line producing glycosylated recombinant
human erythropoietin (rhEPO) was adapted for growth and

rhEPO production in serum- and protein-free conditions. The
physiology, growth parameters, and morphology of the CHO
cells and rhEPO biosynthesis and structure were closely
monitored during the adaptation process to avoid unwanted
selection of cell subpopulations. The results showed that the
CHO cells were successfully adapted to suspension growth
and rhEPO production in the protein-free conditions and that
the structure of rhEPO remained nearly unchanged. In
addition, during rhEPO production in the protein-free
suspension conditions, the agitation rate seem to be
significant for optimal process performance in contrast to the
initial cell concentration, evaluated through evolutionary
operation method. C© 2015 International Union of Biochemistry and
Molecular Biology, Inc. Volume 63, Number 5, Pages 633–641, 2016
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1. Introduction
Erythropoietin (EPO) is a hematopoietic hormone and gly-
coprotein known to be involved in proliferation and differ-
entiation processes of erythroid precursor cells to mature
red blood cells [1]. EPO is used for the clinical treatment of
various conditions, such as anemia, where the normal se-
cretion of EPO is limited due to kidney damage, as well as
for cancers, chemotherapy, and preoperative surgery. Cur-
rently, recombinant human erythropoietin (rhEPO) is one of
the most widely used therapeutic agents for the treatment
of anemia and it represents one of the largest biopharma-
ceutical markets produced by mammalian host cell systems
[2]. Thus, the need for commercial production of rhEPO is
anticipated.
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In vitro animal cell systems are important tools for the study
of physiological, pharmacological, and biological processes.
Although other expression systems such as microbial cultures,
insect cells, transgenic plants, and animals exist, mammalian
cell cultures are currently the most important and preferred
system for the commercial production of recombinant proteins
for therapeutic applications [3]. Recombinant Chinese hamster
ovary (CHO) cells are a commonly used host system for the
production of many valuable glycoprotein biopharmaceuticals,
including rhEPO [2, 4, 5], as they possess desirable production
characteristics, including stable and high-level productivity
over time, a proper glycosylation pattern, and scalability
using serum- and protein-free media [6, 7]. Due to economic
and regulatory issues, modern biopharmaceutical production
now demands the use of serum-free media. The production
of serum-free media is generally a difficult and demanding
process because each medium has to be developed specifically
for each cell line and cultivation system. In fact, different
clones of the same cell lines (e.g. CHO cells) often require
different formulations of the serum-free media for optimal
growth (i.e. a universal serum-free media are not available)
[8, 9]. The adaptation of cells to serum-free growth and
production conditions is often a time-consuming process
[10]. The adaptation process can induce changes in the cell
growth kinetics, productivity of recombinant protein, and
glycosylation pattern, thus adversely impacting the whole
process performance. Considering all the aforementioned, the
characteristics of cell growth and structural and functional
integrity of the expressed protein must be carefully monitored
throughout the adaptation process and production in serum-
free conditions [8, 9, 11]. One approach for monitoring and
improving the recombinant protein production process is
evolutionary operation (EVOP) method. The EVOP is based
on the principle that small changes in process variables have
effects on interactions between variables and eventually on the
process response [12]. The advantage of the EVOP approach is
that the decision-making procedure, which focuses simply on
changes in variables toward objective maximum or minimum
value, is easily comprehensible. Furthermore, this methodology
does not affect the product quality or interrupt production at
the existing plant [13].

The present study evaluated the use of a recombinant CHO
cell line to produce rhEPO in serum- and protein-free media.
The cells were first adapted to adherent growth in full serum-
free conditions by gradual reduction of the serum content
(10% to 0%), followed by adaptation to suspension growth in
protein-free conditions. Cell physiology, growth parameters,
morphology, rhEPO production, and structure were closely
monitored during the whole adaptation process to avoid
unwanted selection of cell subpopulations. EVOP methodology
was used to optimize the rhEPO production process and
analyze the influence of initial inoculum concentration and
agitation rate on rhEPO production in protein-free suspension
conditions.

FIG. 1
Growth and viability of adherent rCHO cells during
adaptation to the serum-free HyQ CCM5CHO
medium.

2. Materials and Methods
2.1. Cell line and culture conditions
The rhEPO-producing CHO cell line (rCHO) was developed
and stored in PLIVA (Zagreb, Croatia). Adherent rCHO cells
(initial concentration of 5 × 104 cells/mL) were seeded in 75
cm2 T-flasks (Falcon/BD Labware, Franklin Lakes, NJ, USA) in
Dulbecco’s modified Eagle (DME) medium (Gibco, Grand Island,
NY, USA) supplemented with 10% (v/v) fetal bovine serum (FBS)
(Gibco, Grand Island, NY, USA) and 2 mM l-glutamine (Gibco).
Cells were cultured at 37 ◦C in a humidified air (95%) and CO2

(5%) atmosphere.

2.2. Gradual adaptation to serum-free medium
and protein-free suspension growth

The adaptation of adherent rCHO cells to serum-free conditions
was performed in T-flasks in DME medium by gradual reduc-
tion of FBS concentration from 10 to 1% (v/v). The cells were
maintained at 37 ◦C in a humidified air (95%) and CO2 (5%)
atmosphere. To evaluate the adaptation of the cells, the pop-
ulation doubling level (PDL) of the cells was monitored. After
stable growth was achieved in 1% FBS, the cells were transfered
to a serum-free HyQ CCM5CHO medium (Thermo Scientific,
Waltham, MA, USA) and cultured with 0% FBS (Fig. 1).

The direct adaptation approach for suspension growth
of rCHO cells failed. Thus, a gradual approach was adopted,
as shown in Fig. 2. At the end of the adaptation process, the
rCHO cells were succesfully adapted to suspension growth in
the protein-free HyQ CDM4CHO medium (Thermo Scientific,
Waltham, MA, USA) in 125-mL Erlenmeyer flasks on a rotary
shaker at 110 rpm. During the adaptation process, the cells
were maintained at 37 ◦C in a humidified air (95%) and CO2

(5%) atmosphere. Light microscopy was used to determine
the morphological changes during the adaptation process.
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FIG. 2
Adaptation scheme of adherent rCHO cell line to
the protein-free suspension growth in HyQ
CDM4CHO medium.

Morphological images of the cells were taken using an inverted
microscope (Eclipse TS100; Nikon, Tokyo, Japan).

2.3. Cell viability and analytical assays
During cultivation and adaptation of rCHO cells to serum-
free and protein-free suspension growth, samples were taken
daily, and cell viability was determined by counting in a
hemacytometer using 0.4% Trypan-blue dye (Gibco/Invitrogen,
Grand Island, NY, USA). The concentrations of glucose and
lactate in the culture media during suspension growth in the
HyQ CDM4CHO medium were quantified by HPLC (Knauer,
Berlin, Germany). The concentrations of rhEPO in the culture
media were quantified by an enzyme-linked immunosorbent
assay, according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN, USA) and expressed as means ± SD.

2.4. Immunoprecipitation of rhEPO
EPO immunosorbent (EPO IS) suspension, 400 µL per sample
(200 µL EPO IS + 200 µL of buffer A, 20 mM NaH2PO4, 20
mM Na-citrate, 200 mM NaCl, 0.15% Tween 20, pH 7.2), was
used for immunoprecipitation. Before the analysis, the samples
(total volume of 45 mL) were filtered through a 0.22 µm filter
and transferred to test tubes. The EPO IS suspension was
washed three times, with buffer A, and 400 µL of suspension
was added to the samples. The samples were shaken overnight
at +4 ◦C, followed by centrifugation for 2 Min/2,000 rpm, a
triple washing step with buffer A, after which the pellets were
transferred to clean cuvettes. The pellets were eluted with 600
µL of buffer C (0.1 M citric acid, 200 mM NaCl, 0.02% Tween
20, pH 2.25) and incubated for 10 Min at room temperature,
with agitation on a shaker. The samples were then centrifuged
for 3 Min/5,000 rpm, and the supernatants containing rhEPO
were carefully separated. The supernatants were immediately
neutralized with 1 M Tris buffer pH 7.0, filtered through a
0.22 µm filter, dialyzed in buffer F (2,120 mg/L NaH2PO4, 660
mg/L, Na2HPO4, 1,168 mg/L NaCl, 50 mg/L Tween 80), and
concentrated in Microcon YM-10 (Millipore, Bedford, MA, USA)
cuvettes. Dialysis was performed three times in succession
using 200 µL of buffer F. The final protein concentration in
the supernatants was 0.5–0.6 mg/mL in a total volume of 50
–70 µL. The concentrated samples were analyzed by isoelectric
focusing (IEF).

2.5. Immunoaffinity chromatography
An immuno-affinity column HR16/5 (GE Healthcare, UK) was
filled with EPO IS, pretreated with anti-human EPO, and
equilibrated with buffer A for 13 Min. Culture supernatants
(containing 0.3–0.41 mg rhEPO) were filtered through a 0.22
µm filter, applied to the column, washed with buffer A for 12
Min, and then with buffer B (20 mM NaH2PO4, 0.8 M NaCl,
0.02% Tween 20, pH 7.2) for 7 Min. The sample was then
eluted with 0.1 M citric acid, 200 mM NaCl, 0.02% Tween 20,
and pH 2.25. The eluted fractions were rapidly neutralized with
NaOH to pH 6.8–7.0. The samples were concentrated using a
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TABLE 1
Experimental design for rhEPO production in the protein-free suspension culture

Experimental conditions A0 A1 A2 A3 A4

Variable x1 (cells/mL) 1 × 105 5 × 104 1.5 × 105 5 × 104 1.5 × 105

Variable x2 (rpm) 50 30 30 70 70

Results of the first experimental cycle a10 a11 a12 a13 a14

Results of the second experimental cycle a20 a21 a22 a23 a24

Average values in two experimental cycle a0 = (a10 − a20)/2

a1 = (a11 − a21)/2

a2 = (a12 − a22)/2

a3 = (a13 − a23)/2

a4 = (a14 − a24)/2

Centricon YM-10 centrifugal filter unit (Millipore, Bedford, MA,
USA) to a rhEPO concentration of 2 mg/mL.

2.6. rhEPO analysis by SDS-PAGE
SDS-PAGE analysis was performed in 12% polyacrilamide
gels according to the method reported by Laemmli [14] using
an electrophoresis Mini Protean 3 (Bio-Rad, Hercules, CA,
USA) unit. Gels were stained with Coomassie staining solu-
tion R250 (Sigma–Aldrich, St. Louis, MO, USA), and a wide
range (6,400–198,000 Da) of molecular weight standards
(Bio-Rad).

2.7. rhEPO analysis by IEF
The IEF analysis was performed using an Isoelectric Focusing
System (Pharmacia, Uppsala, Sweden). The protein sample was
diluted to a concentration of 1 mg/mL with water, and 15 µL
of sample was applied to the IEF gel (dimensions 12 × 25 ×
0.05 cm3). Prefocusing was performed at 10 W, 4 ◦C, 1,500 V,
and 40 mA for 1 H. Focusing of the samples was performed
for 5 H at 4 ◦C, 1,500 V, and 40 mA. The gels were stained
with Coomassie blue stain R250, and a standard calibration
kit (Amersham Biosciences, Uppsala, Sweden) with a pI in the
range of 2.5–6.5 was used.

2.8. Optimization of variables during growth
and productivity in chemically defined medium
using EVOP factorial design technique

EVOP was used to select the optimum levels of two variables:
initial cell concentration x1 (5 × 104, 1 × 105, and 1.5 × 105

cells/mL) and the agitation rate x2 (30, 50, and 70 rpm). The
process optimization experiments were performed in spinner
flasks of 1,000 mL volume during a cultivation period of 216 H.
Every 24 H, samples were taken, and the specific growth rate µ,
specific cell decay rate kd, specific glucose consumption rate qG,
specific lactate production rate qL, rhEPO concentration CEmax,
rhEPO yield YEmax, and specific volumetric rhEPO productivity
PvEmax were calculated. The experimental design is shown in

Table 1, and the sets of formulas used for the calculation of the
effects and error limits of studied parameters are given in
Table 2, according to previously reported methodology
[13, 15, 16].

3. Results and Discussion
3.1. Adaptation of rCHO cells to serum-free conditions

and rhEPO production
During the commercial production of recombinant proteins,
a cell line should be adapted to serum-free conditions in the
early stages of its development to avoid potential contamination
by animal-derived materials. The adaptation to serum-free
growth is usually performed by gradual serum reduction [6].
Accordingly, in the first step of the present study, the adherent
rCHO cells were adapted to serum-free conditions in T-flasks
by gradual reduction of FBS content from 10% to 5% to 3%
and finally 1% in DME medium. As the cell viability dropped
below 90% in DME medium with 1% FBS, this medium could
not be used for further adaptation. Therefore, the rCHO cells
were transferred to a serum-free HyQ CCM5CHO medium
containing 0% FBS. The cells were cultivated in the HyQ
CCM5CHO medium for a further 50 days until stable growth
characteristics were obtained (Fig. 1). This result suggests
that cells need a substantial time during the early stage of the
adaptation process to achieve optimal growth [17]. Overall,
adequate growth and viability of rCHO cells in serum-free
conditions were obtained after an adaptation process of 130
days, which is in accordance with the results of previous
studies on the adaptation of CHO cells producing recombinant
antibodies [18, 19]. The PDL of the rCHO cell culture was
relatively constant during the adaptation process with some
variations in full serum-free conditions that may be attributed
to the observed cell aggregation. Such variations in cell growth
are not surprising since it is known that adaptation to serum-
free conditions often resulting in slowed growth and decreased
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TABLE 2
Calculation worksheet of effects of two variable system, standard deviation and error limits

Effect Calculation of effect

Variable x1 (a4 + a2 − a1 − a3)/2

Variable x2 (a4 + a3 − a1 − a2)/2

Variable x1 × variable x2 (a1 + a4 − a2 − a3)/2

Change in mean effect (a1 + a2 + a3 + a4 − 4a0)/5

Standard deviation Rf

R1 (Largest difference – smallest difference)

f Statistical constant: 0.3

Error limits

For averages
For effects
For change in mean

± 1.414σ

± 1.414σ

± 1.259σ

Relative effect for each variable rEf = Ef

Ef
× 100%

Effectability Efc =
∣
∣
∣
∣

Ef
2 × 1.414 × σ

∣
∣
∣
∣

TABLE 3
Concentration of produced rhEPO during the

adaptation of rCHO cells to serum-free HyQ

CCM5CHO medium

Medium
Cultivation

time (H)
rhEPO concentration

(IU/mL)

DME + 10% FBS 72 294.0 ± 6.5

DME + 1% FBS 72 260.0 ± 9.0

HyQ CCM5CHO 72 292.0 ± 5.7

viability. They indicate that the adaptation process needs to be
carefully designed and that cell growth needs to be monitored
at regular intervals [20]. During the adaptation process at
10%, 1%, and 0% of FBS, the concentrations of the produced
rhEPO were assayed, as shown in Table 3. The productivity
of rhEPO in the serum-free HyQ CCM5CHO medium (292.0 ±
5.7 IU/mL) was comparable to that in the DME medium with
10% FBS and 1% FBS (294.0 ± 6.5 and 260.0 ± 9.0 IU/mL,
respectively). A reversible decrease was reported in rhEPO
production using a medium without serum, whereas the use of
enriched medium with higher protein content resulted in the
recovery of rhEPO production [21]. Therefore, a high-protein
content media (HyQ CCM5CHO medium in the present study)
is required to restore rhEPO productivity compromised by the
cell adaptation process.

3.2. Adaptation of rCHO cells to suspension growth
and rhEPO production in the protein-free medium

Cell suspension growth is desirable for large-scale processes
where the volumetric productivity and product quality can be
assessed [20]. Serum-free and protein-free suspension cul-
tures are preferred and standard processes for commercial
recombinant protein production due to their scalability, use of
large stirred-tank bioreactors, and better control of process
parameters. Following the successful adaptation of the rCHO
cells to grow and produce rhEPO in the serum-free conditions,
the selected cell line was adapted for suspension growth in a
protein-free HyQ CDM4CHO medium by sequential reduction
of FBS content. The first two steps of adaptation were per-
formed in static conditions using T-flasks and the final step
was performed in Erlenmeyer flasks under agitation. Similar
methodology was applied in the production of human prolactin
from CHO cells adapted to a serum-free suspension culture
[22]. In that study, a thin layer of medium was used to keep
adequate oxygenation conditions and a less stressful environ-
ment. In the present study, during the adaptation process, the
FBS content was reduced from 5% to 2.5% to 0.6% and finally to
0% in protein-free HyQ CDM4CHO medium (Fig. 2). The rCHO
cells could not be directly switched from the serum-containing
media to protein-free media due to cell aggregation and the
experiment was stopped, although the direct switch approach
without an adaptation phase has been described [6]. The cell
number, viability, and cumulative PDL of the cells during the
adaptation phase are presented in Fig. 3. The cell viability was
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FIG. 3
Growth and viability of suspension rCHO cells
during the gradual adaptation to the protein-free
HyQ CDM4CHO medium.

maintained, with some variations, at 90% and resulted in the
successful adaptation of the rCHO cells to suspension growth
in the protein-free HyQ CDM4CHO medium. During the adap-
tation process, cell morphology was assessed and compared
to that of the cells grown in the DME medium with 10% FBS
(Fig. 4A). The adapted rCHO cells (Fig. 4B) showed a typical
round shape, without aggregate formation, and morphology
was retained during cell growth and rhEPO production. In ad-
dition to growth and morphological characteristics of adapted
rCHO cells, the productivity of cells is also important parameter
and it has to be monitored. During the different stages of the
adaptation process to protein-free suspension growth, the con-
centrations of the produced rhEPO were assessed, as shown in
Table 4. The productivity decreased at the 35th passage (101.0
IU/mL) in comparison with that of in the DME medium with
10% FBS (376 ± 13.5 IU/mL). In later stages, the relatively

high productivity of 404.4 ± 10.6 IU/mL in protein-free HyQ
CDM4CHO medium was achieved. The results indicate that the
rCHO cells maintained stable growth and rhEPO productivity
during suspension growth in the protein-free HyQ CDM4CHO
medium.

3.3. Characterization of produced rhEPO
in protein-free conditions

The structure of recombinant proteins during their production
can change with the omission of serum from culture media,
causing an overgrowth of cell subpopulations that have altered
productivity and product quality caused by protein posttrans-
lational modifications [9, 23]. Previous studies reported that
the culture conditions influenced the glycosylation pattern of
a secreted recombinant glycoprotein from mammalian cells
and that rhEPO may be particularly sensitive to such changes
due to its extensive level of glycosylation and heterogeneity
with respect to sialylation [24–26]. In the present study, to
determine the effects of cell adaptation on the quality of the
rhEPO, SDS-PAGE and IEF assays were performed at different
periods of cell growth in protein-free HyQ CDM4CHO medium.
The adapted cells were cultured at 50 rpm in spinner flasks
at an initial cell concentration of 1 × 105cells/mL. After 72,
96, 120, and 168 H of cell growth and productivity, aliquots
of culture media were collected and the rhEPO was purified
by an immune affinity assay and subjected to SDS-PAGE (Fig.
5) and IEF (Fig.e 6) analyses. The corresponding patterns
obtained by SDS-PAGE showed that the molecular weight of
rhEPO (�34,000 kDa) was consistent throughout process. The
molecular weight is an important indicator of protein stabil-
ity, as various processes, such as protein fragmentation and
aggregation, can markedly affect the immunogenicity of bio-
pharmaceutical proteins [27, 28]. The distribution of rhEPO

FIG. 4
(A) rCHO cell morphology in adherent growth
during 48 H of cultivation in T-flask in DME + 10%
FBS. (B) Suspension growth of rCHO cells during
24 H of cultivation in Erlenmeyer flask in the
protein-free HyQ CDM4CHO medium;
magnification 100×.
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TABLE 4
Concentrations of produced rhEPO during the adaptation of rCHO cells to protein-free suspension growth

Passage
no.

Cultivation
time (H) Cultivation system Medium

Initial cell
concentration

(cells/mL) PDL
rhEPO
(IU/mL)

3 72 T-flask for adherent
growth

DME + 10% FBS 5.0 × 104 2.7 376.0 ± 13.5

35 72 T-flask for suspension
growth

DME + 2.5% FBS: HyQ
CDM4CHO = 25:75 (v/v)

7.0 × 104 2.5 101.0 ± 7.9

52 72 Erlenmayer flask DME + 2.5% FBS : HyQ
CDM4CHO = 25:75 (v/v)

7.3 × 104 4.6 299.6 ± 8.3

57 66 Erlenmayer flask HyQ CDM4CHO + 0.6%
FBS (v/v)

7.3 × 104 3.8 246.5 ± 6.0

65 72 Erlenmayer flask HyQ CDM4CHO 7.3 × 104 4.1 404.4 ± 10.6

FIG. 5
SDS-PAGE analysis of produced rhEPO in the
protein-free suspension culture. Supernatants are
collected at (1) 72 H, (2) 96 H, (3) 120 H, and
(4) 168 H and purified by immune affinity assay.
MWS, molecular weight standards
(6,400–198,000); PS, protein standard of rhEPO.

isoforms is another indicator of protein quality, as the terminal
sialylation level directly affects the biological activity in vivo
[29]. The IEF patterns obtained after 72, 96, and 120 H of
cell culture showed that rhEPO glycosylation was constant
during the process, which is in accordance with results ob-
tained earlier [21]. However, changes in the molecular weight
and sialylation pattern of rhEPO were observed after 168 H
of cell culture, indicating that the protein-free HyQ CDM4CHO
medium was suitable only for rhEPO production in the early
stages of the process. During later production periods, proper
glycosylation of rhEPO did not occur due to cell lysis (data not
shown) and activation of released cytoplasmic enzymes, as
previously reported [30].

3.4. Optimization of cell growth and rhEPO production
in protein-free conditions

EVOP methodology, which has been described earlier [12], was
used to optimize rhEPO production in the protein-free HyQ
CDM4CHO medium. Using the obtained experimental data, the
effects of the input variables (initial cell concentration and ag-
itation rate) on the following parameters were calculated: cell
viability, cell decay rate, specific glucose consumption, specific
lactate production, specific rhEPO production, concentration
of produced rhEPO, specific rhEPO yield at maximum concen-
tration of rhEPO, and volumetric productivity at the maximum
rhEPO concentration. The relative effects of the of initial cell
concentration and agitation rate on the process output vari-
ables are shown in Fig. 7. The results showed that the agitation
rate had positive effect on specific growth rate, whereas the
initial cell concentration had negative effect. Numerically,
those two effects were approximately the same (around 25%),
indicating that only one of these variables should be varied
at a time. In the case of cell decay rate, results revealed a
positive effect of the initial cell concentration and a negative
effect of the agitation rate. Interestingly, according to the rel-
ative effects, the initial cell concentration had no effect on the
specific rate of rhEPO production (the effect was in the range
of statistical error), whereas the agitation rate had a negative
effect. These results indicate that decreasing the agitation rate
would increase the specific rate of rhEPO production. Given
that EVOP methodology was used to analyze the influence of
the two input variables and the results demonstrated that the
initial cell concentration had no effect, it can be assumed that
optimum rhEPO productivity was achieved. Therefore, there
was no need for further EVOP analysis of different ranges of
the other selected variables.

The effects of the initial cell concentration and agitation
rate on process output were also analyzed in the form of ef-
fectability. The effectability is defined as the ratio of absolute
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FIG. 6
IEF analysis of produced rhEPO in protein-free
suspension culture. Supernatants are collected at
(1) 72 H; (2) 96 H; (3) 120 H, and (4) 168 H and
purified by immune affinity assay. IEF, standard pI
(pH 2.4–6.5); PS, protein standard of rhEPO.

FIG. 7
Relative effects of the of initial cell concentration
and agitation rate on the rhEPO production
specific rate, qE.

value of the effect and interval of standard error. Numerically,
the values of effectability are greater than zero. The value of
effectability around 1 indicated a low or statistically insignif-
icant effect of the tested variable and a value greater than 1
denoted a strong and statistically significant effect of the tested
variable. The calculated effectability values for the analyzed
process outputs are given in Fig. 8. The results showed that the
effectability coefficients of the agitation rate were higher than
that of the initial cell concentration for most process outputs
(specific lactate production, specific rhEPO production, concen-
tration of produced rhEPO, specific rhEPO yield at maximum
concentration of rhEPO, and volumetric productivity at the
maximum rhEPO concentration) pointing to the importance of
agitation rate in rhEPO production. In the case of the specific
growth and cell decay rate, the effectability of the initial cell
concentration and agitation rate are approximately same (�1)
and can be considered as not statistically significant. Interest-
ingly, relative effects showed that the initial cell concentration
has significant positive effect on glucose consumption, but

FIG. 8
Relative effects of the of initial cell concentration
and agitation rate on the process output variables
and effectability values for analyzed process
outputs.

effectability coefficient was around 2. The largest effectability
coefficient (�7.7) was obtained for the effect of the agitation
rate on the yield at a maximum rhEPO concentration. The sec-
ond largest effectability coefficient (�5) was obtained for the
effect of the agitation rate on rhEPO volumetric productivity,
indicating that the agitation rate significantly affected rhEPO
production.

4. Conclusions
Following the standard principles of cell adaptation, rCHO
cells were successfully adapted for adherent growth and
rhEPO production in serum-free conditions, and reduction
and omission of serum did not significantly affect productivity.
Suspension culture of rCHO cells was obtained in protein-free
HyQ CDM4CHO medium. The expression level and chemical
properties of the rhEPO were stable in the early stages of
the suspension process. As demonstrated using the EVOP
technique, the agitation rate had a much greater effect on
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rhEPO production in protein-free suspension conditions than
the initial cell concentration.
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