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Executive summary: 

Wednesday 26.08.2015 

This is the final report corresponding to the consultancy study performed by the research 

team of Prof. Francesc Gòdia at the Department of Chemical Engineering of UAB for the 

company Novo Nordisk Pharmatech A/S. 

By: Francesc Gòdia Casablancas, Universitat Autònoma de Barcelona 

Executive summary: This is the final report corresponding to the consultancy study 

performed by the research team of Prof. Francesc Gòdia at the Department of Chemical 

Engineering of UAB for the company Novo Nordisk Pharmatech A/S. 

The main objective of the study was to investigate the effect of insulin as supplement to 

improve cell culture media for the growth of a CHO cell line. The approach of the study was 

similar to a previous work of UAB on the optimization of commercial serum free, 

chemically defined and animal derived component free media by supplementation with 

recombinant compounds, insulin among them, performed on HEK 293 cells. Nowadays, 

CHO are one of the most widely used platforms for the production of biopharmaceuticals. 

The cell line CHO-S was selected to perform the study. 

The use of serum-free medium has grown significantly in industrial applications where the 

use of bovine serum represents a safety hazard as well as a source of unwanted 

contamination for the production of biopharmaceuticals. Serum-free medium is prepared 

without the use of animal serum, but may contain serum constituents or substitutes 

thereof. In this work, three commercial serum-free and chemically defined media were 

initially trade-off, and one of them (FreeStyleCHO) was selected to perform a further 

optimization based on testing the effect of eight non animal-derived compounds as 

supplements (r-insulin, r-transferrin, r-albumin, selenium, tocopherol acetate, synthetic 

cholesterol, tween 80 and fatty acids) in order to increase maximum cell density. Design of 

experiments methodologies was used to minimize the number of experiments, elucidate 

cross effects between compounds, as well as to evaluate the statistical significance of the 

obtained results. Plackett-Burman initial screening experiments indicated that only three 



 

 

of the supplements (r-insulin, r-transferrin and selenium) had positive effects on cell 

growth. The concentration of these components was further optimized by means of a Box-

Behnken design. By using this strategy, a maximum cell density of 10 x 106 cells/mL was 

attained, a high cell concentration for batch culture operation, with FreeStyleCHO medium 

supplemented with selenium (1 µg/L), r-transferrin (20.2 mg/L) and r-insulin (26.1 mg/L). 

 

2. Introduction 

Chinese hamster ovary (CHO) cell line is a widely extended platform to produce 

recombinant proteins based on mammalian cell culture. The first product receiving 

approval was human tissue plasminogen activator (Genentech, S. San Francisco, CA, USA) 

in 1986. More than 20 years after t-PA approval, CHO cells platform remain as the 

preferred mammalian cell line for the production of recombinant therapeutic proteins. 

CHO cells are capable of adapting and growing in suspension culture which is ideal for 

large scale culture in industry [1]. This cell line poses less risk as few human viruses are 

able to propagate in them [2]. Another important feature is that CHO cells can grow in 

serum-free and chemically defined media which ensures reproducibility between different 

batches and GMP compliance[3]. It is also worth mentioning that CHO cells allow post 

translational modifications of recombinant proteins which are compatible and bioactive in 

humans due to the fact that glycosylation of glycoproteins produced by CHO cells are 

human-like [4]. It is well known that CHO cells change their chromosome composition at 

random and frequently, more than the majority of mammalian cell lines do. This 

contributes to their easy adaptation to different culture conditions and the possibility to 

find high producers clones through screening. Currently, recombinant protein titter from 

CHO cell culture have reached the gram per litre range which is a 100-fold improvement 

since the 1980s typical yields [5]. The significant improvement of titter can be attributed to 

progress in establishment of stable and high producing clones as well as optimization of 

culture process [6]. 

The culture media used for animal cell culture are very complex. Historically serum has 

been a crucial component of their composition, as a provider of complex biological 



 

 

molecules such as hormones, growth factors as well as numerous low molecular weight 

nutrients [7]. The emergence of industrial scale mammalian cell culture for the production 

of protein pharmaceuticals presented a new challenge for cell culture medium design, 

where the question of quality control arose from the use of foetal bovine serum (FBS). The 

issues of reliability of supply, variability in performance and the risk for biological 

contaminants (mycoplasmas and viruses), created serious safety concerns in the regulatory 

agencies. In more recent years, the emergence of prion related diseases, specifically bovine 

spongiform encephalomyelitis, led to an increased demand for defined non-animal sourced 

medium components to replace both serum and medium supplements purified from 

animal sources such as insulin, transferrin and albumin [8]. Insulin serves as a growth and 

maintenance factor and is considered to be important for serum-free cultures [9]. Insulin 

stimulates uridine and glucose uptake and synthesis of RNA, proteins and lipids; it also 

increases fatty acid and glycogen synthesis [10]. Transferrin is one of the most essential 

growth promoting supplements in serum-free medium, and its omission causes severe 

inhibition of cell growth [11]. Transferrin is an iron binding glycoprotein that interacts with 

surface receptors. It is closely related to the transport of iron across the plasma membrane 

[12]. Transferrin has additional in-vitro functions, e.g., chelation of deleterious trace 

materials that are unlikely replaced by other components. Selenium is a trace element 

essential for mammalian cell cultures [13]; its mechanism is poorly understood although 

there is evidence that selenium enhances growth rate in serum free-cultures [14]. Lipids 

are required for proliferation, differentiation, and antibody secretion. They play a major 

role in the cell membrane which is composed of a phospholipid bilayer, and help in the 

transmission of nutrients into the cell and excretion of proteins out the cell [15]. Albumin, 

most commonly known as human serum albumin (HSA), prevents toxic effects of free fatty 

acids on cells in culture, acts as a metal ion binding protein and it also has antioxidant 

effects [16]. 

Further, as the impact of medium components on cell growth or product synthesis is rather 

difficult to fully elucidate, statistical methods are adopted to develop a medium for cell 

culture that offers optimal viable cell density and product formation. Design of 

experiments (DoE) is a useful tool that enables to determine simultaneously the individual 

and interactive effects of many factors that could affect the response function. The 



 

 

traditional one-factor-at-a-time approach for optimization is time-consuming and 

incapable of reaching the true optimum because this approach assumes that the various 

growth parameters do not interact, which could induce to error when defining the 

optimum [17][18]. In fact, the observed behavior of growth may result from the interactive 

influences of the various variables [19]. To be effective, optimization requires statistical 

methods that take these interactions into account. When there are many variables to be 

analysed, an efficient way to screen for the important factors is the use of the Plackett-

Burman design. The Plackett-Burman design is a two-level multifactorial design based on 

the rationale known as balanced incomplete blocks [20]. The key to this technique is 

forming various combinations (which are called assemblies) of the components with 

varying amounts. With the help of this design, up to N-1 components can be studied in N 

experiments, where N must be a multiple of 4 [21]. Plackett-Burman design is a statistical 

technique that is not useful to analyse interactions between supplements but doubling the 

number of experimental runs may allow to identify the most evident ones. 

After finding the most relevant factors that influence cell growth, the next step is to 

optimize the concentrations of these components in the growth medium. Response surface 

methodology (RSM), a powerful experimental strategy for seeking the optimum conditions 

for a multivariable system, is the chosen technique for optimization [22]. RSM comprises 

mathematical and statistical procedures that can be used to study relationships between 

one or more responses and a number of independent variables, and it also generates a 

mathematical model that describes the overall process [23][24]. In this approach, a Box-

Behnken design has been chosen as the RSM. This design is formed by combining 2k 

factorials with incomplete block designs. The resulting designs are usually very efficient 

since they require few number experiments [20]. 

In this consultancy study, a Plackett-Burman and Box-Behnken approach has been 

adopted to first screen and second determine the optimum levels of, r-insulin, r-

transferrin, selenium, r-albumin, tocopherol acetate, tween 80, fatty acids and synthetic 

cholesterol in order to maximize maximum cell density of the cell line CHO-S. With this 

strategy, the purpose is to gain insight both into the single effects and also the interactions 



 

 

among these factors that significantly impact cell growth in order to select the most 

relevant ones and optimize their concentration. 

3. Objectives, work plan and scheduling 

The objective established for the study was the optimization of a commercial serum-free 

cell culture medium for CHO-S cells with various non-animal derived supplements in 

order to improve maximum cell density. To achieve this end, the work plan includes the 

following steps: 

1. Screening between three commercial media to select the best one for further 

optimization. 

2. Determination of the concentration range for each supplement based on toxicity 

assays including zinc. 

3. Screening of supplements by means of the Plackett-Burman design methodology in 

order to identify those with a positive effect on cell growth and discard those with 

negative or null effects. 

4. Optimization of the concentration of the supplements with positive effect on cell 

growth using the Box-Behnken design methodology. 

5. Validation of the optimal conditions previously determined. 

The work plan was defined as represented in the scheme below: 
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The initial proposed schedule was: 

 

This initial schedule had to be prolonged, mainly due to two delays faced with the supply of 

laboratory material, particularly culture media, and an episode where the research team 

was uncertain in respect a potential contamination of some of the preparations. The 

additional time necessary for the finalization of the study has not added additional costs to 

it. In total de effective time to perform the work has been 7 months (from December 2013 

to July 2014). 

4. Materials and methods 

4.1 Cell line, media and culture conditions 

The cell line used was a serum-free suspension-adapted CHO-S cell line (Invitrogen, 

Carlsbad, California, USA). Three commercial serum-free media formulations for CHO-S 

were tested for cell growth. These include ProCHO5 (Lonza Biologics, Basel, Switzerland), 

ActiCHO (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and FreeStyleCHO 

(Invitrogen, Carlsbad, California, USA). All formulations were supplemented with 

GlutaMAXTM (8mM) (Invitrogen, Paisley, UK). Cell cultures were pre-adapted to each 

formulation prior to experimentation. Cells were routinely maintained in 125-mL 

disposable polycarbonate Erlenmeyer flasks (Corning, Steuben, NY, USA) in 20 mL of 

culture medium. Flasks were shaken at 130 rpm using orbital shaker (Stuart, Stone, UK) 

placed in an incubator maintained at 37°C in a humidified atmosphere of 5% CO2 in air. An 

YSI 2700 select glucose/lactate analyzer (YSI, Yellow Springs, OH, USA) was used to 

measure the concentrations of the major nutrients and by-products (glucose and lactic 

acid) in cell culture supernatants 

4.2 Determination of cell concentration and viability, growth rate an duplication time 
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Cell count and viability were determined by Nucleocounter NC-3000 (Chemometec, 

Allerod, Denmark). The cell counter has been provided by FeF Chemicals as part of the 

study, and after its validation has been used routinely during all the study to count cell 

concentration and viability, with good performance. The maximum specific growth rate, 

µmax(h-1), was estimated from data corresponding to the exponential growth phase by using 

the following equation: 

μ = ln(X_f⁄X_i ) / (t_f-t_i)(1) 

where X is the viable cell concentration (cells · mL-1); t is the culture time (h); subscripts f 

and i indicate the final and initial points of the exponential growth phase respectively. 

Duplication time dt was calculated from the previous specific maximum growth rate 

μmax(h-1) determination: 

dt = ln(2) / µ(2) 

4.3 MTT assay and toxicity tests 

The MTT assay is a colorimetric assay for assessing cell viability. NAD(P)H-dependent 

cellular oxidoreductase enzymes reflect the number of viable cells present. These enzymes 

are capable of reducing tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide to its insoluble form formazan, which has a purple colour. 

The MTT assay was used to perform toxicity assays. 100 μL of CHO-S cells were cultured at 

0.3 million/mL in 96-well plate together with 10 μL of different concentrations of the 

supplement from which its toxicity is to be studied. The plate was cultured under standard 

culture conditions. After 48 h, 20 μL of the MTT reagent were added to each well and then 

the 96-well plate was incubated during 1 h at 37°C temperature and at 130 rpm stirring. A 

calibration curve was performed just before the analysis. 100 μL of CHO-S cells were 

seeded at variable concentrations in different wells, from 0 cells/mL to 1-1.5·106 cells/mL. 

The calibration curve was performed in duplicate. 

The absorbance was measured in the spectrophotometer at a wavelength of 490 nm. By 

means of the data obtained from the calibration curve, cell concentration values could be 

http://en.wikipedia.org/wiki/Colorimetry_(chemical_method)
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extrapolated from absorbance values, which showed the toxicity of the different analyzed 

supplements. 

4.4 Medium optimization using design of experiments (DoE) 

Non-animal derived medium components used for media supplementation (DoE variables) 

included 3 recombinant proteins: r-albumin, r-transferrin (Merck Millipore, Kankakee, 

Illinois, USA) and r-insulin (Novo Nordisk/FeF Chemicals, Denmark); sodium selenite 

(selenium), synthetic cholesterol, fatty acids, tocopherol acetate and tween 80 (Sigma, St. 

Louis, Missouri, USA). In order to determine the maximum reached cell density (DoE 

response function) under each experimental condition analyzed, CHO-S cells were seeded 

at a density of 0.3 x 106 cells/mL and their growth kinetics were followed during 10 days. 

4.4.1 Plackett-Burman design 

A 24-run Plackett-Burman design of Resolution III was used to identify supplements with 

a significant effect on CHO-S cell growth and screen out irrelevant variables [20]. The 

eight selected variables were screened at two levels: a low level (no additive) coded as -1 

and a high level coded as +1 as indicated in Table 5. High levels for each variable were 

defined based on pre-existing knowledge extracted from the literature [25]. A 12-run 

Plackett-Burman would also be suitable for 8 components, but doubling the number of 

experiments allow to better infer evident interactions between the supplements since the 

obtained information is more statistically significant. The objective was not to ignore 

supplements that could have a negative effect on cell growth individually but altogether 

with another supplement could have a positive effect. 

The effect of each experimental variable upon the measured response (cell density) was 

determined as the difference between the average responses at the high level (+1) and the 

average responses at the low level (-1), as shown in Eq. 3: 

(3) 
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where Eij is the effect of the variable i on a response j, is the measured response j andn is 

the number of experimental runs. A positive value for Eij means that the variable iincreases 

response j if added at high level, and vice versa. Plackett-Burman experimental results 

were fitted to a first-order polynomial function as described in Eq. 4 by regression analysis: 

(4) 

where Y is the response (cell density in million cells/mL),ß0 is the model intercept and ßiis 

the linear coefficient for the independent variable Xi. 

4.4.2 Box-Behnken design 

In order to define the optimal concentration for each supplement selected in the previous 

step, a Box-Behnken design was used. The three significant variables selected from the 

previous study were screened at three levels: a low level coded as -1, a medium level coded 

as 0 and a high level coded as +1 as indicated in Table 7. Box-Behnken experimental 

results were fitted to a second-order polynomial equation described in Eq. 5 by non-linear 

regression analysis: 

(5) 

 

where Y is the response (cell density in million cells/mL), ßij is the offset term, ßi the linear 

coefficient, ßii the quadratic coefficient, ßij the interaction coefficient and Xi and Xjare the 

independent variables. This equation was used to predict the optimum values of the 

independent variables using the solver feature of Microsoft Excel 2007. Three-dimensional 

surface plots were generated to facilitate model interpretation. 

4.4.3 Statistical analysis 

Statistical analyses of the models were performed using R Software (R Development Core 

Team) and Sigma Plot 12.0 (Systat Software Inc.) . The quality of the fit of the model 
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equation is expressed by the coefficient R2 obtained by regression analysis. Additionally, a 

lack of fit test was performed in order to compare the experimental error to the predicted 

error. The overall significance of the model was determined by analysis of variance 

(ANOVA) F-test, whereas the significance of each coefficient was determined by the 

corresponding t-test. 

5. Results 

5.1 Cell growth in commercial media 

Three serum-free commercially available formulations specific for CHO suspension growth 

were selected with the guide of the ”good cell culture” interactive online database [26]. All 

formulations tested are also free of supplements of animal origin (ADCF) and chemically 

defined (CD) (Table 1). Chemically defined media refer to media that do not contain 

hydrolysates or compounds of unknown composition and therefore completely defined 

regarding their chemical composition. 

However, the exact composition of these media is proprietary to the corresponding 

manufacturers, and it is not disclose for obvious commercial reasons. The results of the 

first experiments with CHO-S cells performed with the three commercial media in batch 

culture are shown in Fig. 1. 

Table 1. CHO-S growth kinetics in the three commercially available serum-free media 

tested. Abbreviations: Max: maximum; t1/2: duplication time; ADCF: animal-derived 

component free; CD: chemically defined; ± number: standard deviation of the measured 

value. 
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After thawing, CHO-S cells were subcultured in FreeStyleCHO medium requiring little 

adaptation. Subsequently, cells were subcultured into ActiCHO and ProCHO5 media also 

requiring little adaptation. Cells maintained a high viability (>90%) and showed a doubling 

time of 19 to -35 h at the exponential phase (Table 1 and Fig. 1). The maximum cell density 

attained varied with the different media, being highest in ActiCHO medium (11.5 x 106 

cells/mL) while ProCHO5 and FreeStyleCHO reached 3.6 x 106 and 5.2 x 106cells/mL, 

respectively. When cell viability started to decrease, the availability of glucose was not 

limiting in ProCHO5 medium (>1.5 g/L) while it was in ActiCHO and FreeStyleCHO media 

(Fig. 1B). Regarding lactate production, it did not exceed 2 g/L in any media tested, which 

is considered typically the toxic concentration. 
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Fig. 1. (A) Growth kinetics of CHO-S cells in batch culture in different culture media. Cells 

were seeded at 0.3 x 106 cells/mL in 125-mL flasks in their growing exponential phase. Cell 

density and viability of each culture were determined every 24h. (B) Lactic acid and 

glucose profiles in different culture media. Mean values ± standard deviation of triplicate 

experiments are represented. 

5.2 Cell growth in MIX supplemented media 

The three commercial media previously tested were supplemented with a mixture (MIX) of 

various components with their concentration optimized for HEK 293 cell line in a previous 

work [27]. This mixture included r-insulin (19.8 mg/L), r-transferrin (1.6 mg/L), 

tocopherol acetate (0.9X) , tween 80 (0.9X), synthetic cholesterol (0.9X) and fatty acids 

(0.9X) [27]. As the concentration of the different supplements was not optimized for CHO-

S cell line, this experiment enabled to see whether the addition of these components to the 

media could improve maximum cell density. This experiment was performed in batch 

culture and the results are presented in Fig. 2: 
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Fig. 2. Growth kinetics of CHO-S cells in batch culture in different culture media with 

MIX supplementation. Cells were seeded at 0.3 x 106 cells/mL in 125-mL flasks in their 

growing exponential phase. Cell density and viability of each culture were determined 

every 24h. (B) Lactic acid and glucose profiles in different culture media. Mean values ± 

standard deviation of triplicate experiments are represented. 

Cells maintained a high viability (>90%) and showed a doubling time of 17 to -29 h during 

the exponential phase (Table 2 and Fig. 2). The maximum cell density attained varied with 

the different formulations, being highest in ActiCHO medium (12.2 x 106cells/mL). 

Comparing this maximum cell density value to the value with the same medium without 

supplementation (Table 1), no relevant cell density improvement was achieved. Regarding 

ProCHO5 medium, a maximum cell density of 5.4 x 106 cells/mL was reached, 1.5-fold 

higher than the same media without supplementation (Table 1). With reference to 

FreeStyleCHO medium, a maximum cell density of 6.7 x 106 cells/mL was attained, 1.3-fold 

higher than the same media without supplementation (Table 1). As in the previous 

experiment, when cell viability started to decrease, the availability of glucose was not 
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limiting in ProCHO5 medium (>1.5 g/L) while it was in ActiCHO and FreeStyleCHO media 

(Fig. 2B). Regarding lactate production, it did not exceed 2 g/L in any of the media tested. 

Table 2. CHO-S growth kinetics in various commercially available serum-free media 

formulations with MIX supplementation. Abbreviations: Max: maximum; t1/2: duplication 

time; ADCF: animal-derived component free; CD: chemically defined; ± number: standard 

deviation of the measured value. 

 

The selected medium for subsequent optimization was FreeStyleCHO because for ActiCHO 

medium, which showed the highest cell density, no relevant improvement in maximum cell 

density was attained due to the fact that this medium can be already considered as highly 

optimized. This is the reason why this medium is less suitable for mixture supplements 

optimization in order to maximize cell density, but it is considered as the highest cell 

density CHO-S cells can reach. ProCHO5 medium showed the highest fold change with 

regards to maximum cell density attained with (Table 2) and without mixture 

supplementation (Table 1), but as FreeStyleCHO medium reached a higher cell 

concentration, and for this reason it was the medium finally selected to perform the 

subsequent optimization study. 

5.3 Toxicity assays for non-animal derived mixture supplements 

Previous to the screening of supplements as defined for the Plackett-Burman design two 

levels for experimentation have to be defined (a low concentration and a high 

concentration). Toxicity tests for every compound were performed to determine which 

compounds have an effect on cell growth, and with this information the concentration 

ranges for all supplements could be defined. For this reason, nine toxicity experiments 

were performed. This corresponds to the eight compounds initially selected as 

supplements, as well as Zinc, since this was requested by FeF Chemicals. 
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All the toxicity assays performed are shown in Fig. 3 and the concentration ranges for each 

supplement tested are in Table 3. Fatty acids and tween 80 are the only supplements that 

show some cell growth inhibition in the concentration ranges tested for the toxicity assays. 

Table 3. Concentration ranges of the different supplements tested in the toxicity assays. 
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Fig. 3. Toxicity assays curves for the different supplements 

5.4 Screening of non-animal derived supplements using Plackett-Burman design 

The potential beneficial effect of non-animal derived supplements on CHO-S cell growth 

using the selected FreeStyleCHO medium was further investigated using a Plackett-

Burman design of experiments, as previously mentioned. As discussed, non-animal 

derived additives evaluated included three recombinant proteins (r-albumin, r-transferrin 

and r-insulin), selenium, synthetic cholesterol, fatty acids, tocopherol acetate and tween 

80. All supplements were studied at two levels: a low level (no additive) coded as -1 and a 

high level coded as +1 (Table 4). 

Table 4. Concentration of each supplement referring to coded values -1 and +1. 

 

The experimental design matrix in coded values, response and statistical analysis are 

shown in Table 5. 

Table 5. Matrix design, response and ANOVA analysis for Plackett-Burman design of the 

different supplements: selenium (X1), r-transferrin (X2), r-albumin (X3), r-insulin (X4), 

tocopherol acetate (X5), fatty acids (X6), tween 80 (X7) and synthetic cholesterol (X8). 

Responses ‘a’ and ‘b’ are maximum cell density values from duplicate experiments in 

millions of cells/mL. Abbreviations: Exp. no.: experiment number; r-: recombinant. 
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Estimation of the main effect for each variable according to Eq. (3) indicated that r-

transferrin had the greatest positive effect on cell growth (Fig. 4): 
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Fig. 4. Effects of non-animal derived supplements on CHO-S cells growth in 

FreeStyleCHO medium according to Plackett-Burman DoE. Code levels refer to the 

presence (1) or absence (-1) of the supplement. The response variable is viable cell 

concentration (106 cells/mL). 

Selenium, r-insulin and tween 80 also showed a positive effect on cell growth, whereas 

fatty acids and synthetic cholesterol had no effect and r-albumin and tocopherol acetate 

had a negative effect on cell growth. The ANOVA F test associated p-value for each 

regression coefficient can also be used as an indicator of the statistical significance of the 

factors. Variables with a p-value lower than 0.05 were accepted as significant factors 

affecting CHO-S cell growth. This only includes r-transferrin with p < 4.46 · 10-6. The effect 
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of the other supplements was not statistically significant (p > 0.05). r-transferrin, selenium 

and r-insulin were selected for further optimization experiments due to their positive effect 

on cell growth. The experiment also served to identify that tween 80 interacted negatively 

with other supplements, and for this reason it was not selected for further medium 

optimization. 

5.5 Optimization of the concentrations of non-animal derived supplements using Box-

Behnken design 

A three-factor, three-level Box-Behnken experimental design was used to further optimize 

the concentrations of r-transferrin, r-insulin and selenium in the culture medium. All 

variables were studied at three levels: a low level coded as -1, a medium level coded as 0 

and a high level coded as +1 (Table 6). 

Table 6. Concentrations of each supplement referring to coded values -1, 0 and +1. 

 

Table 7 outlines the experimental design matrix coded in values, the response variable and 

the statistical analysis of the method. These data were fitted to the second-order 

polynomial model previously described in Eq. (4) by non-linear regression analysis. The 

obtained model equation is: 

 

where Y is the maximum cell density (in million cells/mL), X1 is the coded value for r-

insulin, X2 the coded value for r-transferrin and X3 the coded value for selenium. 

Table 7. Matrix design, response and ANOVA analysis for Box-Behnken experimental 

design of the different supplements: selenium (X1), r-transferrin (X2), r-insulin (X3). 

http://novonordiskpharmatech.com/wp-content/uploads/2015/12/fef_table_6.jpg
http://novonordiskpharmatech.com/wp-content/uploads/2015/08/fef_math_stuff_1.jpg


 

 

Response is the maximum cell density value (runs 1-12) in millions of cells/mL. Run 13 

was performed in triplicate because it was the center point. Abbreviations: Exp. no.: 

experiment number; r-: recombinant. 

 

Regression analysis showed that the model was adequate with a coefficient R2 of 0.6953, 

therefore indicating that the model is consistent with 70% of the variability in the data. The 

correlation between the experimental and predicted responses is observed in Fig. 5. The 

lack of fit parameter is p = 0.7714, as it is not significant at 0.05 level, the prediction error 
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is less than the experimental error and the model is consistent with the data. The statistical 

significance of the model was confirmed by ANOVA analysis. The Fisher’s F-test associated 

p-value of < 0.0001 indicated the model was significant. The second-order polynomial 

model was used to calculate optimal factor levels and construct response surface graphs. 

By solving the model equation, optimum concentrations of r-insulin, r-transferrin and 

selenium in FreeStyleCHO medium were calculated as 26.1 mg/L, 20.2 mg/L and 1 µg/L 

respectively. Under these conditions the predicted response was 9.4 x 106cells/mL. Three-

dimensional plots were constructed for visual observation of the trend of maximum 

responses and the interactive effects of the significant variables on the response (Fig. 5A-

C). 

Evaluation of the response over the experimental region indicates that the optimal 

concentrations of r-insulin, r-transferrin and selenium are toward the edge of the range 

concentrations tested. 

http://novonordiskpharmatech.com/wp-content/uploads/2015/12/fef_illustr_16.jpg
http://novonordiskpharmatech.com/wp-content/uploads/2015/12/box-behnken_b.png


 

 

ig. 5. Medium optimization by design 

of experiments. (A-C) Response surface graphs based on Box-Behnken experimental 

results. These 3D graphs were constructed depicting two variables at a time while keeping 

the third one at its intermediate level. CHO-S maximum cell density as a function of the 

concentrations of (B) r-transferrin (mg/mL) vs. selenium (mg/mL), (C) r-insulin (mg/mL) 

vs. selenium (mg/mL) and (D) r-transferrin (mg/mL) vs. r-insulin (mg/mL). Cell density 

values presented are in millions of cells/mL. 

5.6 Validation of the model 
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In order to validate the model, a verification experiment was carried out. Under the 

optimal culture medium conditions predicted by the model, a maximum cell density of 10 

± 0.3 x 106 cells/mL was reached (n = 2) (Fig. 6), close to the model prediction (9.4 x 106 

cells/mL), confirming the model accuracy. The control experiment performed in parallel 

with non supplemented FreeStyleCHO medium allowed to achieve a final cell 

concentration of 8.32 ± 0.1 x 106 cells/mL. 

 

Fig. 6. Model validation. CHO-S cell growth in FreeStyleCHO medium supplemented with 

the optimal levels of non-animal derived supplements were seeded at 0.4 x 106 cells/mL in 

125 mL flasks. Cell density and viability were determined daily. Mean values ± standard 

deviation of duplicate experiments are represented. 

6. Conclusions 

An improved cell growth of CHO-S cells in FreeStyleCHO medium was achieved by adding 

three supplements at the following concentrations: selenium (1 µg/L), r-transferrin (20.2 

mg/L) and r-insulin (26.1 mg/L). The optimization of FreeStyleCHO medium was 

successfully achieved by means of Design of Experiments methodology which led to a 

maximum cell density of 10 ± 0.3 x 106 cells/mL, that is near to that of one of the most 

optimized media for CHO cells in batch culture (ActiCHO), and represented an increase of 

20.5 % in respect to a control culture run under the same conditions. Therefore, it has been 
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proved that DoE techniques allow a fast identification of the most suitable supplements 

and their concentration for optimization of cell growth. In this direction, it is considered 

that DoE methodology is an interesting technique to be used with other cell lines for cell 

culture media optimization. 

7. Bibliography 

[1] Sinacore MS, Charlebois TS, Harrison S, Brennan S, Richards T, Hamilton M, et al. 

CHO DUKX cell lineages preadapted to growth in serum-free suspension culture enable 

rapid development of cell culture processes for the manufacture of recombinant proteins. 

Biotechnol Bioeng 1996;52:518-28. 

[2] Boeger H, Bushnell DA, Davis R, Griesenbeck J, Lorch Y, Strattan JS, et al. Structural 

basis of eukaryotic gene transcription. FEBS Lett 2005;579:899-903. 

[3] Sinacore MS, Drapeau D, Adamson SR. Adaptation of mammalian cells to growth in 

serum-free media. Mol Biotechnol 2000;15:249-57. 

[4] Kim JY, Kim Y-G, Lee GM. CHO cells in biotechnology for production of recombinant 

proteins: current state and further potential. Appl Microbiol Biotechnol 2012;93:917-30. 

[5] Hayter PM, Curling EMA, Baines AJ, Jenkins N, Salmon I, Strange PG, et al. Chinese 

hamster ovary cell growth and interferon production kinetics in stirred batch culture. Appl 

Microbiol Biotechnol 1991;4:559-64. 

[6] Lai T, Yang Y, Ng SK. Advances in Mammalian cell line development technologies for 

recombinant protein production. Pharmaceuticals (Basel) 2013;6:579-603. 

[7] Barnes D, Sato G. Serum-free cell culture: a unifying approach. Cell 1980;22:649-55. 

[8] Merten OW. Development of serum-free media for cell growth and production of 

viruses/viral vaccines–safety issues of animal products used in serum-free media. Dev Biol 

(Basel) 2002;111:233-57. 

[9] Schubert D. Insulin-induced cell-substratum adhesion. Exp Cell Res 1979;124:446-51. 



 

 

[10] Mather JP, Sato GH. The growth of mouse melanoma cells in hormone-supplemented, 

serum-free medium. Exp Cell Res 1979;120:191-200. 

[11] Kovár J, Franĕk F. Serum-free medium for hybridoma and parental myeloma cell 

cultivation: a novel composition of growth-supporting substances. Immunol Lett 

1984;7:339-45. 

[12] Bretscher MS. The molecules of the cell membrane. Sci Am 1985;253:100-8. 

[13] Nielsen FH. New essential trace elements for the life sciences. Biol Trace Elem Res 

1990;26-27:599-611. 

[14] Darfler FJ, Insel PA. Clonal growth of lymphoid cells in serum-free media requires 

elimination of H2O2 toxicity. J Cell Physiol 1983;115:31-6. 

[15] Farrant J, Newton CA, North ME, Weyman C, Brenner MK. Production of antibody by 

human B cells under serum-free conditions. J Immunol Methods 1984;68:25-34. 

[16] Francis GL. Albumin and mammalian cell culture: implications for biotechnology 

applications. Cytotechnology 2010;62:1-16. 

[17] Castro PM, Hayter PM, Ison a P, Bull a T. Application of a statistical design to the 

optimization of culture medium for recombinant interferon-gamma production by Chinese 

hamster ovary cells. Appl Microbiol Biotechnol 1992;38:84-90. 

[18] Freshney NW, Rawlinson L, Guesdon F, Jones E, Cowley S, Hsuan J, et al. 

Interleukin-1 activates a novel protein kinase cascade that results in the phosphorylation of 

hsp27. Cell 1994;78:1039-49. 

[19] Chen QH, He GQ, Ali MAM. Optimization of medium composition for the production 

of elastase by Bacillus sp. EL31410 with response surface methodology. Enzyme Microb 

Technol 2002;30:667-72. 

[20] Douglas C. Montogomery. Design and Analysis of Experiments. Wiley; 8th edition; 

2012. 



 

 

[21] Ahuja SK, Ferreira GM, Moreira a R. Application of Plackett-Burman design and 

response surface methodology to achieve exponential growth for aggregated shipworm 

bacterium. Biotechnol Bioeng 2004;85:666-75. 

[22] George E. P. Box et al. Statistics for Experimenters: Design, Innovation, and 

Discovery. Wiley, 2nd Edition; 2005. 

[23] Douglas C. Montgomery et al. Response Surface Methodology: Process and Product 

Optimization Using Designed Experiments. Wiley; 3rd Edition; 2009 

[24] Senanayake SPJN, Shahidi F. Chemical and Stability Characteristics of Structured 

Lipids from Borage (Borago officinalis L.) and Evening Primrose (Oenothera biennis L.) 

Oils. J Food Sci 2002;67:2038-45. 

[25] Keenan J, Pearson D, Clynes M. The role of recombinant proteins in the development 

of serum-free media. Cytotechnology 2006;50:49-56. 

[26] Brunner D, Frank J, Appl H, Schöffl H, Pfaller W, Gstraunthaler G. Serum-free cell 

culture: the serum-free media interactive online database. ALTEX 2010;27:53-62. 

[27] Cervera L, Gutiérrez-Granados S, Martínez M, Blanco J, Gòdia F, Segura MM. 

Generation of HIV-1 Gag VLPs by transient transfection of HEK 293 suspension cell 

cultures using an optimized animal-derived component free medium. J Biotechnol 

2013;166:152-65. 

8. Annex 

8.1 Plackett-Burman experiments 

Viable cell concentration (black line), viability (gray line) and the corresponding standard 

deviations from the Plackett-Burman experiments (n=2) are reported in each graphic. 
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8.2 Box-Behnken experiments 

Viable cell concentration (black line) and viability (gray line) from the Box-Behnken 

experiments are reported in each graphic. 
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