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Historical development of basal media
The first attempts at culturing animal cells in vitro made use of biological fluids, such as 
serum or tissue extracts. It was in the 1950s that a scientific approach was adopted to deter-
mine the defined nutrients required for mammalian cell growth. The idea of a chemically 
defined media was pioneered by Eagle, who determined the minimum ingredients that were 
essential for the growth of a number of human cell lines. This led to the development of 
Eagle’s minimal essential media that consisted of 13 amino acids, 8 vitamins and 6 ionic 
species [1]. This formulation appeared to provide the requirements for the growth of a num-
ber of isolated cell lines if supplemented with animal-sourced serum. Higher cell densities 
were obtainable by increasing the component concentrations of Eagle’s minimal essential 
media and became established through basal formulations such as Dulbecco’s modification 
of Eagles medium (DMEM). Clonal cell growth of selected cell lines was obtained by enrich-
ment with an enhanced range of nutritional components, largely through the early work 
of Ham to produce the well-known Ham’s F-12 medium, Sato had the ingenious idea of 
combining these two approaches to blend a basal media formulation – DMEM/F-12 – that 
has become widely used for the growth of multiple cell lines to high density [2]. However, 
despite the inclusion of up to 70 components in these well-defined basal media formulations, 
supplementation with dialyzed serum (~10%) is necessary to provide sustained growth of 
most cell lines. 

Serum-based media 
Bovine serum (particularly fetal bovine serum [FBS]) contains many components required for 
cell growth such as growth factors, hormones and trace elements. The high albumin content acts 
as a carrier of micronutrients as well as protecting the cells from adverse pH fluctuations or shear 
forces. However, despite the excellent growth support there are significant disadvantages in using 
serum as a culture additive. These include:

 » Cost and availability: as a media component, serum can account for 90–95% of the overall 
cost. FBS varies in availability, particularly from favored countries such as New Zealand, and 
can cost anything from US$500–1000/l;

 » Ethical concerns: the procedure needed to obtain serum from a bovine fetus causes concern 
regarding animal suffering and welfare;
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 » Batch-to-batch variation in composition: the composition of serum is variable and unde-
fined, which leads to inconsistent growth and productivity. Each batch can vary in con-
tent depending upon the diet and condition of the donor cows. This variation can cause 
significant differences in the growth-promoting characteristics, and ultimately causes 
significant differences in productivity of the cell-culture process;

 » A high protein content hinders product purification: the cells grown in a bioreactor 
secrete the product of interest (normally a protein) into the culture medium. If the cul-
ture medium contains serum at 10% v/v, its protein concentration is already high, often 
approaching 10 g/l. In comparison, the concentration of a targeted protein secreted by 
the cells may only reach 0.1–1 g/l, thus a difficult purification process is required to 
separate the product from the serum protein. If the product of interest is a monoclonal 
antibody, it may well be mixed with any other antibodies present in the serum and these 
are very difficult to separate;

 » The potential for product contamination: the threat of contamination arises from 
unwanted viruses and mycoplasma that may be present in serum as well as prions associ-
ated with bovine spongiform encephalopathy. One estimate indicates that 20–50% of 
commercial FBS may be virus positive [3]. The incidences of new variant Creutzfeldt–
Jakob disease (the human version of bovine spongiform encephalopathy) that have 
originated from meat products are a source of concern for the manufacture of injectable 
biologicals. Although there have been no proven cases of such contamination getting into 
a final product, no one wants to take the chance of such contamination in a manufactured 
biopharmaceutical.

Serum-free media
The disadvantages of the use of serum in cell cultures have now led to a strong demand in 
both research and industry for cell culture formulations that are serum-free media (SFM). For 
research, serum-free formulations are important to ensure consistency of performance and 
reduced batch-to-batch variability. These factors are also important for large-scale manufac-
turing processes, particularly to minimize the risk of contaminating final product biopharma-
ceuticals with prions or viruses. Regulatory authorities have demanded the use of serum-free 
processes for biopharmaceutical manufacture when possible. 

The challenge of developing SFM is to be able to substitute serum with equivalent growth-
promoting factors. The requirement for such factors varies considerably between cell lines 
with some producer cells requiring an extensive profile of bioactive components. It has not 
been possible to design a universal serum-free formulation as a serum substitute suitable for 
all cell lines. Even different clones of a cell line may have different requirements for optimal 
growth. 

The objective in formulating a SFM is to supplement a basal medium such as DMEM/F12 
with essential components such as growth factors, vitamins, trace elements, hormones and 
any other micronutrients not provided by the basal media. Early attempts to develop SFM 
formulations incorporated such animal-sourced components as insulin, transferrin, albumin 
and cholesterol. However, these first-generation formulations still had the disadvantages of 
containing relatively high protein content and components that were derived from animal 
sources. There followed two important, but separate, criteria for SFM: protein-free (PF) and 
animal-derived component-free (ADCF). ADCF media may contain recombinant proteins 
and protein hydrolysates derived from non-animal sources. For PF media, proteins may be 
replaced by low-molecular-weight components including peptides, hormones and inorganic 
salts. However, in many cases commercially available media described as PF contain minimal 
levels of recombinant proteins. 

Peptide hydrolysates of plant and microbial origin used widely in the food industry have 
become valuable sources of non-animal components to promote mammalian cell growth. 
These are often supplemented to cultures as optimal blends from various sources such as 
soy, wheat gluten and yeast designed by statistical design of experiment protocols [4]. The 
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consensus is that there may be a combination of nutritive components and growth factors 
in these hydrolysates to promote cell growth [5]. There are clear advantages in being able 
to identify these bioactive components because they then can be included in a completely 
chemically defined (CD) media, which potentially could be manufactured from pure 
ingredients to a consistent standard. There has been some concern over the batch-to-batch 
variation in the content of these hydrolysates, although the method of processing can be 
improved to minimize this variability [6]. The chemical identity of all the bioactive com-
ponents needed for cell growth leading to a fully CD media is a desirable goal, but proves 
elusive, particularly for some fastidious cell lines. Although there are ADCF, CD culture 
media formulations available, many show a decreased performance with the higher degree 
of chemical definition [7]. 

Design of serum-free formulations 
It is reported that there are over 450 different SFM formulations available commercially for 
various cell lines and at various degrees of chemical definition [8]. Unfortunately, many of 
these formulations are proprietary and, unlike the basal media, are not in the public domain. 
This means that the user of a SFM may be reliant on a specific vendor to maintain defined 
conditions for their cell line. 

Serum-free formulations may be designed using several strategies. Initially, serum should 
be reduced to a minimum level for cell growth using different combinations of standard 
basal media. The determination of specific nutrient uptake rates and depletion during culture 
will aid in metabolic ana lysis that can identify requirements for supplementation of critical 
components. Optimal cocktails of critical components for growth and productivity can be 
determined from replicate cultures using a statistical design of experiments with techniques 
such as the Plackett–Burman matrix design [9]. An original approach is the identification by 
microarray ana lysis of specific receptors expressed during cell growth by ana lysis of extracted 
RNA with a microarray of cDNA. The media is then supplemented with the correspond-
ing ligands to stimulate the associated signaling pathways [10]. Using these techniques it is 
possible to design a serum-free formulation with optimal properties for any desired criteria, 
which may include high growth rate, cell yield, productivity or defined product quality such 
as glycosylation. 

One major challenge in this area of media design is the formulation of consistent and robust 
CD media for those fastidious human cell lines that may be anchorage-dependent and used 
for vaccine production, such as Vero, MRC-5 and WI-38 human cells. It is anticipated that 
the systematic approaches that are now being used, particularly with the high-throughput 
methods, will eventually enable even these cells to feed on a vegetarian, CD diet. 
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