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Abstract
Fetal bovine serum (FBS) is a common supplement to in vitro culture media. A workshop was organized to discuss whether or
not fetuses might suﬀer when blood is withdrawn, and to discuss serum replacement methods. When bovine fetuses are exposed
after slaughter of the dam, they can suﬀer only if they inﬂate their lungs with air and increase their blood oxygen to levels
compatible with awareness. Preventing fetuses from breathing air or killing them by an eﬃcient method, according to clearly
deﬁned safeguards, ensures that fetal blood collection is humane. Since serum is a supplement of unknown composition, which
could be contaminated with unwanted factors, there are scientiﬁc and safety reasons for omitting FBS from culture media. Several
media have been developed in which minimal or no animal derived components are present. Also, diﬀerent cell types have been
adapted to serum-free media. As yet, no standard serum free media are present, and each cell type requires its own medium composition. Among other recommendations, the establishment of a public database with information on cell types and their serumfree medium composition is proposed.
# 2003 Elsevier Ltd. All rights reserved.

1. Introduction
The workshop ‘‘Towards Better In Vitro Methods,
The Replacement of Fetal Bovine Serum’’ took place
from 5 to 7 April, 2003 at Hotel Mitland in Utrecht,
The Netherlands. It was organised by Vera Baumans
and Jan van der Valk to discuss the conclusions of the
report ‘‘Use, trade and harvest of livestock sera’’
(Jochems, 1997). Participants were experts in the ﬁeld of
* Corresponding author. Tel.: +31-30-253-2163; fax: +31-30-2539227.
E-mail address: valk@las.vet.uu.nl (J. van der Valk).
0887-2333/$ - see front matter # 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tiv.2003.08.009

(fetal) pain and awareness and serum-free in vitro
methods. The workshop was made possible by the generous support of the Netherlands Organization for
Health Research and Development (ZonMw), the
Swedish National Board for Laboratory Animals
(CFN) and the European Society for Toxicology In
Vitro (ESTIV).
In vitro cell, tissue and organ cultures play an important role in science, medicine and industry. Fetal Bovine
Serum (FBS) is a common supplement to in vitro and ex
vivo cell, tissue and organ cultures. It contains essential
components such as hormones, vitamins, transport
proteins and attachment, spreading and growth factors

2

J. van der Valk et al. / Toxicology in Vitro 18 (2004) 1–12

(Maurer, 1986). It is estimated that about 500,000 litres
of serum are produced on an annual basis (Hodgson,
1995). For this purpose more than 1,000,000 bovine
fetuses have to be harvested annually (Jochems et al.,
2002). Use of FBS is expected to increase in the coming
years, due to an increase in the development and use of
in vitro methods, such as in vitro fertilization, cloning,
in vitro toxicity testing and the creation of genetically
modiﬁed animals. Also, the European Commission’s
‘‘White paper on a strategy for a future chemicals policy’’ (Anon, 2001) may lead to an increased use of in
vitro methods (Worth and Balls, 2002). The replacement of animals by in vitro methods in biomedical
research is a favourable development and meets the
Three Rs initiatives, designed to replace, reduce and/or
reﬁne animal experiments in teaching, research and
testing (Balls et al., 1995; Russell and Burch, 1959).
However, the use of FBS may involve both moral and
scientiﬁc problems. Concerns have been raised that the
current ways of collecting FBS may cause suﬀering to
the animals, in particular to fetuses (Jochems, 1997;
Jochems et al., 2002; Kohlpoth and Rusche, 1997).
With regard to scientiﬁc problems: the composition of
FBS is unknown and varies between batches, and FBS
may be contaminated with viruses, mycoplasms and
prions. This may interfere with the reproducibility of
experiments and the safety of products (Eloit, 1999;
Shah, 1999; Wessman and Levings, 1999). Because of
the safety risks, regulatory authorities discourage or
prohibit the use of animal sera and other components
for the production of biological products for human use
(Asher, 1999).
Since in vitro methods have been and are being
developed as alternatives to animal experiments, the use
of FBS seems to be contradictory in some ways to the
purposes of the Three Rs concept (Russell and Burch,
1959). It may therefore be questioned whether it is
ethically and scientiﬁcally justiﬁed to use this supplement with the aim of replacing and reducing animal use
in teaching, research and testing.
During the workshop, the possibility that the fetus
might suﬀer during serum harvesting by diﬀerent methods was discussed. Furthermore, the possibilities for
using serum-free media were explored.

2. The welfare of fetal calves during blood (serum)
collection
Collection of fetal calf blood (serum) occurs in some
meat processing plants after the pregnant uterus has
been removed from the slaughtered cow at the evisceration stage, which in diﬀerent countries occurs at different times after the neck cut of the dam. It can occur
as early as 5 min or as long as 25–40 min or more after
slaughter of the cow (Jochems et al., 2002; Mellor and

Gregory, 2003). Blood collection methods involve signiﬁcant manipulation of the fetus, which in some cases
may be suspended from an A-frame with application of
an external device that simulates the pumping action of
the heart while blood is drained from catheterised umbilical vessels, or the methods may be more invasive, involving insertion of a 12–16 gauge needle between the 4th
and 5th rib into the fetal heart. Whatever the method
used, if the fetus were to be aware (conscious) during
the conduct of such procedures there is potential for it
to experience signiﬁcant pain and/or distress. This raises
the issue of whether the fetus is likely to be aware, and if
it is, what safeguards could be put in place to minimise
any suﬀering it might experience during the blood collection procedure.
2.1. The potential for fetal awareness
Opinions are divided on the issue of fetal awareness.
Although suppressors of fetal behavioural arousal and
awareness are known to operate before birth, at present
there is general agreement that it is not possible to state
deﬁnitively that during normal development the ruminant fetus never experiences awareness (Mellor and
Gregory, 2003). Accordingly, it is necessary, ethically,
to consider what would be the consequences of fetal
awareness. This is because awareness in higher animals,
whether adult or juvenile, confers on them the potential
to experience pain and distress, and thereby to suﬀer.
Unaware (unconscious) or dead animals cannot have
noxious experiences and therefore cannot suﬀer.
Fetal age or maturity has some bearing on when a
fetus might become aware (Mellor and Gregory, 2003).
Awareness of sensations by the fetus requires that its
peripheral sensory apparatus be connected to the higher
centres of its brain and that the maturity of its brain
function be such that it could sustain awareness. The
former is reasonably well documented as being well
advanced in sheep once 70% of gestation has elapsed
(Mellor and Gregory, 2003), but the latter remains problematical. However, the establishment of discrete fetal
sleep states, identiﬁed by distinct electroencephalographic (EEG) or electrocorticographic (ECoG) patterns and electro-ocular activity, between 75% and 85%
gestation in sheep and other species, is said to indicate
that major neural interconnections and integrating
cerebral activities have matured (Berger et al., 1986;
Clewlow et al., 1983; Dawes, 1988; Dawes et al., 1972;
Harding et al., 1981). Further development of cerebral
processes is indicated by the appearance of the distinct
state of fetal behavioural arousal, identiﬁed by low voltage EEG/ECoG activity and increases in postural
muscle activity, electro-ocular activity, breathing rate
and responsiveness to stimulation, which is evident from
about 80% of gestation in sheep fetuses (Clewlow et al.,
1983; Harding et al., 1981; Rigatto et al., 1988).
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Accordingly, we suggest that fetal awareness, if it exists,
may require neural development to have progressed to
at least the ﬁrst of these stages, and would therefore not
be likely to appear before about 70% of gestation has
elapsed.
Although the fetus is known to respond physically
(e.g. ﬂinching, withdrawal movements) to potentially
painful stimuli well before this stage of gestation (Mellor and Gregory, 2003), it is important to note that
responsiveness to stimuli, whether noxious or not, is not
deﬁnitive evidence that a fetus is aware. However, the
absence of a response to noxious stimulation in situations where paralytic or other such agents have not
been used may be taken as evidence that the fetus is not
aware of the applied stimuli.
It follows from the above observations that fetal
calves may have the potential to be aware and therefore
to suﬀer if exposed to noxious stimulation after 70% of
gestation has elapsed. As bovine fetal blood is collected
at any stage during the last two-thirds of gestation
(Jochems et al., 2002), a signiﬁcant proportion of fetuses
may not have the potential to suﬀer during the process,
but equally, a signiﬁcant proportion representing the
larger mature fetuses that yield more blood (Jochems et
al., 2002), would have the potential to suﬀer. The
gestational age is not usually known at the time of
commercial slaughter so that diﬀerentiating on the basis
of maturity is not practically feasible. Accordingly,
safeguards devised to minimise any suﬀering fetal calves
may experience during this process should be applied to
all dams without reference to their stage of pregnancy.
This has the further advantage that the estimated stage
of 70% of gestation for the onset of fetal suﬀering, if it
can occur at all, would not be critical, and any such
suﬀering that younger fetuses might experience would
also be prevented.
2.2. Potential sources of fetal suﬀering
At slaughter, the neck or chest cut in the dam is
designed to cause a catastrophic decrease in the supply
of blood to its brain. In sheep, about 50% of all blood
lost at slaughter is lost during the ﬁrst 10 seconds after
the cut, by which time arterial blood pressure is too low
for bruise formation (Gregory and Wilkins, 1984). This
indicates that utero-placental perfusion would cease
near this time leading to cessation of oxygen supply to
the fetus (Mellor and Gregory, 2003). Associated with
this will be a rapid ﬂattening of fetal EEG/ECoG activity (i.e. progression to an isoelectric state), because
EEG/ECoG activity in fetal sheep ﬂattens within 1 min
of occluding the umbilical cord in utero (Mallard et al.,
1992), and stopping utero-placental blood ﬂow is likely
to have very similar eﬀects. As the rapidity of blood loss
(Warriss, 1984) and the speed of ﬂattening of the EEG/
ECoG (Bager et al., 1992; Gregory and Wotton, 1984;
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Newhook and Blackmore, 1982) are similar in calves
and sheep after an eﬀective neck cut at slaughter, and as
neurological responses of fetal calves and sheep to
umbilical cord occlusion and to hypoxia and anoxia are
likely to be similar, the EEG/ECoG of fetal calves at
slaughter of their dams will probably become ﬂat
equally rapidly.
It should be noted that human beings with a ﬂat (isoelectric) EEG show no clinical signs of awareness (Gregory, 1998), and that in adult and juvenile animals a ﬂat
EEG is taken as deﬁnitive evidence of unawareness
(unconsciousness) after slaughter (Bager et al., 1992;
Gregory, 1998; Newhook and Blackmore, 1982;
UFAW, 1987), during unconsciousness under deep
anaesthesia with some agents and ultimately during
euthanasia (Bager et al., 1992; Karasawa et al., 2001;
Luft et al., 2002).
It follows from the above observations that the fetus
cannot suﬀer if invasive procedures only occur after the
fetal EEG/ECoG has become ﬂat and provided that
precautions are taken to ensure that the EEG/ECoG
remains ﬂat. Also, fetal suﬀering will be absent when
other steps are taken to ensure that fetal brain function
is suﬃciently disordered to be incompatible with
awareness.
2.3. Safeguards
Adherence to the following safeguards will help to
ensure that calf fetuses will not suﬀer during the collection of their blood (serum) after slaughter of their dams.
First, the fetus must be unaware (unconscious) before
any invasive procedure is initiated by the act of cutting
open the uterus to expose a part or the whole of the
fetus. The EEG/ECoG must therefore be ﬂat before the
procedure begins. Although, as noted above, the EEG/
ECoG would be expected to be ﬂat by about 1 min after
the neck cut in the dam, it would be prudent to allow a
reasonable safety margin, and not initiate the procedure
at that point. This is to allow for variation between
dams in bleed-out time (Bager et al., 1992; Gregory,
1998; Levinger, 1995; Newhook and Blackmore, 1982;
UFAW, 1987) and for a possible slower onset of a ﬂat
EEG/ECoG in younger fetuses.
Safeguard 1: The procedure of fetal blood collection
must not begin until at least 5 min after an eﬀective neck
cut has been completed in the dam (Mellor, 2003; Mellor and Gregory, 2003).
Not only must the EEG/ECoG be ﬂat before the
procedure begins, it must remain ﬂat throughout the procedure. This means that the fetus must remain severely
hypoxic or anoxic throughout the procedure. The fetus
therefore must not be allowed to inﬂate its lungs with
air. This is especially the case in near-birth fetuses where
lung maturation may have progressed suﬃciently to
allow inﬂation with air (Mellor and Gregory, 2003). It is
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worth noting that provided the blood collection procedure is initiated only after the EEG/ECoG has become
ﬂat, i.e. after the prescribed waiting time of at least 5
min, the hypovolemia due to blood removal from a living fetus will help to ensure that it remains unaware.
Ultimately the combined eﬀects of anoxia and blood
loss would lead to fetal death. Fetal death is indicated
by an irreversibly ﬂat EEG/ECoG or, if such measurements cannot be made, by the absence of a palpable
heartbeat.
Safeguard 2: The fetus must not be allowed to breathe
air at any stage after removal of the pregnant uterus
from the dam (Mellor, 2003; Mellor and Gregory,
2003). In practice this can be achieved in a living fetus
by leaving its head inside the uterus or by clamping its
trachea, or by not removing it from the uterus until it is
dead (Mellor, 2003; Mellor and Gregory, 2003).
An alternative to preventing living fetuses from
breathing air is to guarantee unawareness by taking
actions which induce markedly disordered brain function
and which rapidly cause death (see Safeguard 3). Such
an approach would be required for those fetuses that
are exposed before EEG/ECoG ﬂattening is complete.
Safeguard 3: The fetus which may breathe air, or
which is exposed before expiry of the 5-minute minimum waiting time after slaughter of the dam, must be
stunned with a captive bolt ﬁrearm (Jochems et al.,
2002) or by a blow to the head with a suitable blunt
instrument (Mellor, 2003).
2.4. Emotional responses to the safeguards
Killing or otherwise harming fetal, newborn or very
young animals is quite challenging emotionally for several reasons, which include their apparent greater vulnerability when compared to adults. Accordingly, some
people may be very concerned with the present recommendation that fetal calves must be prevented from
breathing air by leaving their heads inside the uterus,
clamping their tracheas, or not removing them from the
uterus until after they die. This concern may be heightened in cases where such fetal calves are seen to move,
as some of them do (Mellor and Gregory, 2003). However, it is important to recall that without awareness
suﬀering is not possible. As the fetal EEG/ECoG has so
ﬂattened that no fetal awareness is possible within about
1 minute of slaughter of the dam, the fetus is incapable
of suﬀering at that point, no matter how invasive any
procedures applied to it might be. Preventing it from
breathing air is designed to ensure that the EEG/ECoG
remains ﬂat and that it will therefore remain incapable
of suﬀering until it dies. Accordingly, any movements
that occur in such fetuses are initiated by non-conscious
activity within the nervous system. Such activity occurs
regularly in adult animals soon after slaughter (Gregory, 1998).

Equal concern may be elicited by the recommendation
that the fetus be shot in the head with a captive bolt ﬁrearm or be given a strong blow to the head with a heavy
blunt instrument, but both of these approaches, properly
executed, achieve instantaneous unconsciousness or
death, and therefore guarantee that suﬀering is absent.
The point of these recommendations is to safeguard
the welfare of the fetus before and during blood collection, and unpleasant as these actions may appear to be,
they ensure that no fetal suﬀering can occur.
2.5. Blood collection before or after cessation of the
heartbeat
In the absence of breathing air successfully, the fetal
heart is likely to keep beating for some minutes after
slaughter of the dam, the period generally being longer
the younger the fetuses are during the last 40% of
gestation (Mott, 1961). This creates a dilemma.
On the one hand, greater yields of blood are generally
obtained by cardiac puncture when the heart is still beating (Jochems, 1997). Thus, more fetal blood would probably be obtained if collection occurs before the fetal
heartbeat stops, thereby potentially reducing the total
number of fetuses (and their dams) needed to meet the
demands for FBS. However, a strict caveat must be
applied: blood collection from living fetuses must only
be initiated when unawareness is deﬁnitely present (i.e.
at least 5 min after slaughter of the dam), and when it
remains throughout the procedure. Minimising the
numbers used in this way would conform to the 3Rs
principle of Reduction, but this would especially apply
when animals are bred speciﬁcally to meet the international demand for FBS.
On the other hand, commercial pressure to maximise
the yield of FBS may lead some producers to ignore the
above caveat and begin blood collection before EEG/
ECoG ﬂattening can be assured. This could cause suﬀering in those fetuses and is considered to be unacceptable
on animal welfare grounds. Nor is it necessary. In Australia and New Zealand commercially viable volumes of
blood are collected from fetal calves when the procedure
begins about 30 to 35 min after slaughter of the dam,
which is a suﬃcient interval to guarantee an irreversibly
ﬂat EEG/ECoG, and, in most fetuses, that there will be
no palpable heartbeat (Mellor and Gregory, 2003).

3. Conclusions
We conclude that ethical collection of FBS is possible
because relatively passive approaches (e.g. wait for
hypoxia to become severe enough or prevent breathing)
or active approaches (e.g. captive bolt) may be used to
ensure that the fetus is unaware (unconscious) before
and during collection of its blood. Moreover, however
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challenging their practical implementation may be for
some people, the recommended safeguards for calf
fetuses are practical and straightforward to put into
eﬀect during commercial slaughter of their dams.
The three safeguards noted above represent a Fetal
Calf Slaughter Welfare Protocol (Table 1). We recommend that FBS producers be encouraged to adhere to
this protocol and that users of FBS ensure that they
only purchase it from those producers who demonstrate
that they adhere to this protocol.
We have assumed throughout that the method of
slaughter of the pregnant dam is humane. For this to be
the case, high standards of animal welfare must apply
during loading, transport to the processing plant,
unloading, lairage while awaiting slaughter, movement
to the point of slaughter, pre-slaughter stunning and the
act of slaughter itself (Mellor, 2003, Table 1).

4. Serum-free culturing
4.1. Introduction
The successful in vitro cultivation of mammalian
cells of human and/or animal origin but also of insect
cells, requires the supplementation of culture media
with animal serum of diﬀerent origin for cell growth
and for the stimulation of proliferation (‘‘mitogenic
eﬀect’’). The sera most widely used are sera of adult or
newborn animals, or of fetal bovine origin. Serum, in
general, is an extremely complex mixture of a large
number of constituents, low and high molecular weight
biomolecules with diﬀerent physiologically balanced
growth-promoting and growth-inhibiting activities.
Thus, serum introduces an unknown variable into the
culture system.
Existing knowledge in modern cell biology and biochemistry allows the identiﬁcation of (growth) factors
involved in in vivo processes, like cell proliferation and
tissue repair (e.g. in wound healing), and cell maturation
and diﬀerentiation (e.g. embryonic maturation, stem cell
lineage, epithelial diﬀerentiation, etc.). The major functions of serum in culture media are to provide:
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1. hormonal factors that stimulate cell growth and
proliferation, and promote diﬀerentiated functions
2. transport proteins that carry hormones (e.g.
transcortin), minerals and trace elements (e.g.
transferrin), and lipids (e.g. lipoproteins)
3. attachment and spreading factors (i.e. components of the extracellular matrix), and
4. stabilizing and detoxifying factors, needed to
maintain pH or to inhibit proteases either
directly, such as a-antitrypsin or a2-macroglobulin, or indirectly, by acting as a non-speciﬁc
sink for proteases and other (toxic) molecules.
Today, media can be supplemented with a variety of
protein sources, which are speciﬁc for diﬀerent cell
types. Such protein sources can be:
Fetal bovine serum
Human serum
Bovine serum albumin (BSA)
Partly puriﬁed human albumin (HSA)
Puriﬁed human albumin (HSA, ‘‘pharmaceutical
quality’’)
 Recombinant human albumin (r-HSA)






Also, a number of growth factors, hormones, transport proteins, co-factors, essential minerals and trace
elements have been described, that all drive speciﬁc gene
expression, initiate and control the cell cycle and thus
cell division, and program speciﬁc aspects of cell diﬀerentiation. We know today, for example, that a speciﬁc
transcriptional activation program is needed to initiate
cell growth and proliferation in vitro, for instance the
speciﬁc activation of MAP (mitogen-activated protein)
kinases, like the ERK (extracellular signal-regulated
kinase) cascade (Kyriakis and Avruch, 2001; Widman et
al., 1999), by EGF (epidermal growth factor), FGF
(ﬁbroblast growth factor), PDGF (platelet-derived
growth factor), and others (Cohen, 1987; Deuel, 1987;
Levi-Montalcini, 1987).
The importance of culturing mammalian cells in a
medium without serum supplementation is widely

Table 1
Major features of the fetal calf slaughter welfare protocol
1.

All features of the presentation of the pregnant dam for slaughter, including loading, transport to the slaughter plant, unloading, lairage,
movement to the slaughter point, preslaughter stunning and slaughter itself, must be to high animal welfare standards.

2.

Fetal blood collection must not begin until at least 5 min after an eﬀective neck cut has been completed in the dam.

3.

The fetus must not be allowed to breathe air at any stage after removal of the pregnant uterus from the dam.

4.

The fetus which may breathe air, or which is exposed before expiry of the 5-minute minimum waiting time after slaughter of the dam, must be
stunned with a captive bolt ﬁrearm or by a blow to the head with a suitable blunt instrument.

5.

Where practical, the fetus should be left in the uterus and blood collection should not begin until after the fetus is dead.
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recognized (Jayme et al., 1988), since the use of serum in
cell culture has a number of disadvantages:
1. serum is an ill-deﬁned medium supplement, and
is thus an ambiguous factor in cell culture
(Barnes et al., 1987)
2. serum batches display quantitative and qualitative variations in their composition, and thus
may introduce a signiﬁcant batch-to batch
variability (Price and Gregory, 1982)
3. serum may contain diﬀerent amounts of endotoxins, haemoglobin and other adverse factors
4. serum can be a potential source of (micro)biological contaminants, such as fungi, bacteria,
viruses or prions.
With the identiﬁcation, cloning, and recombinant production of essential growth factors and nutrients required
by diﬀerent cell types, several very eﬀective chemically
deﬁned, serum-free media have been formulated (Bottenstein et al., 1979). There are signiﬁcant beneﬁts to
serum-free cell culture, including the following:
1. chemically-deﬁned and controlled culture conditions in vitro,
2. reduced variability in qualitative and quantitative
culture medium composition,
3. elimination of a potential source of (micro)biological contamination, and,
4. advantages in down-stream processing (i.e. the
isolation of cell culture products),
Serum-free media are generally more cell-speciﬁc.
Details of serum-free media formulations for the initiation in primary cultures of speciﬁc cell types, as well as
for culturing continuous cell lines, are being published
increasingly (Barnes and Sato, 1980a, 1980b; Bjare,
1992; Taub, 1990) and commercial availability is
increasing (Defrancesco, 1998). Therefore, key steps
towards the use or the development of a serum-free
formulation for a desired cell type and/or cell line are to
review the published literature, to scan commercial catalogues, and to contact other laboratories working in
similar ﬁelds in order to determine whether a suitable
media formulation might already exist. Further steps to
develop a deﬁned medium have been proposed (Zimmerman et al., 2000).
Growing cells in serum-free media has advantages.
First, as noted above, reduction in or replacement of
FBS use would reduce the number of animals required
to meet the demand for this product. A prerequisite,
and a consequence, of the objective of using serum-free
media is the need to develop new or modify current cell
and tissue culture methodology (Hartung et al., 2002).
Secondly, for cell biological reasons, the high speciﬁcity
of serum-free media allows the selection of certain cell

types and their speciﬁc stimulation and diﬀerentiation.
Unfortunately, however, the ideal general-purpose
serum-free medium has not yet been developed and is
almost certainly an unattainable goal.
The possibilities of serum-free culturing for diﬀerent
applications are discussed in the following sections.
4.2. Serum-free medium to culture epithelial cells
One of the alternatives to the use of animal sera is to
supplement serum-free medium with plant constituents.
Such an example is Proliﬁx, which is a new reagent of
plant origin, free of human or animal proteins. It contains a molecule (GCR 1003) that has an activity similar
to the one of mitogenic molecules in serum (Della
Rocca et al., 1999; Short et al., 1998). It supports cell
culture maintenance and proliferation, and it might
therefore be used to replace FBS. Two commonly used
epithelial cell lines, LLC-PK1 (porcine renal proximal
tubular cell line) and Caco-2 (human colorectal adenocarcinoma cell line), were progressively adapted to a
special culture medium containing 10% Proliﬁx (P.
Prieto: Unpublished data). After adaptation, cell cultures were characterized morphologically and functionally. Results showed that both cell lines kept their
typical epithelial morphology with formation of domes
when grown in conventional cell plastic culture ﬂasks.
However, the adaptation procedure of cells is long
and not easy to perform. Moreover, the growth rate of
both cell lines is slower in Proliﬁx supplemented medium than in FBS supplemented media. Another problem
encountered when the culture medium was supplemented with Proliﬁx was the freezing/thawing protocol:
cells did not survive cryopreservation, and it was not
possible to keep adapted cells in stock containers.
Therefore, it is very important to optimize a protocol to
cryopreserve cells that are adapted to grow in this special supplemented medium. One of the main advantages
oﬀered by this reagent of plant origin is its lower cost
compared to the conventional animal serum, and the
lack of animal-derived substances.
Unfortunately, the precise composition of the reagent
Proliﬁx is not available, since there are patented components in the formulation. This problem seems to be
related to most, if not all, commercially available serumfree media. However, for scientiﬁc and safety reasons, it
is important to be informed about the composition
(Merten, 1999). Therefore, companies that produce
special media to replace animal serum should provide
the precise composition of their formulations. An additional problem at the moment is that the company has
stopped producing and marketing this vegetal reagent.
Therefore, it is important to stress the need for reliable
and suﬃcient commercial availability of such reagents
(Jayme, 1999). Since Proliﬁx is a vegetal extract, the
batch-to-batch variability should be evaluated.
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The preliminary work done with molecules of plant
origin indicates that these reagents could be seen as a
promising alternative to animal serum, at least for culturing some epithelial cell lines. However, more eﬀorts
should be put into optimizing the culture conditions
when FBS is replaced by vegetal reagents in order to
improve cell adaptation, cell attachment, growing rates,
and freezing and thawing protocols.
4.3. Development of serum-free media for virus production
Developing serum-free media for large-scale production oﬀers diﬀerent challenges from those for smallscale research. For instance, problems arise because the
growth of cells on micro-carriers in running medium
requires strong attachment of cells to the substrate,
while in small-scale research cells grow in T-ﬂasks.
The polio vaccine production unit at the Netherlands
Vaccine Institute (NVI) employs animal cells which are
currently cultured in Modiﬁed Eagles Medium (MEM)
supplemented with 10% FBS (Mallard et al., 1992; van
Wezel et al., 1978). Current work aims to remove animal products from vaccine production processes in
accordance with European Pharmacopoeia guidelines.
First, ﬁve commercially available serum-free media were
tested, in order to compare these to Serum Containing
Medium (SCM). Although all media supported growth
in T-ﬂasks with hardly any adaptation period, except
for one medium, enough problems were encountered to
start developing a new medium without animal substances (AFM) (unpublished results).
The development of this medium was carried out
in collaboration with the Institute Pasteur of Tunisia
(IPT), where two preliminary media were formulated.
The basal media MEM and M199 were supplemented with a number of vitamins, trace minerals
and signiﬁcant amounts of plant protein hydrolysates. Although both preliminary formulations
worked in T-ﬂasks, the MEM-based medium showed
little or no cell attachment to micro-carriers in spinner cultures. However, the M199 medium, with ferrous citrate, selenite as well as in total 6 gram/L of
plant hydrolysates, showed relatively good growth.
The plant hydrolysates improved the attachment
properties of the cells to the micro-carriers, since
without hydrolysates the cells would not attach and
stretch on cytodex 1, as they did on cytodex 3, a
collagen coated bead.
Adding EGF (epidermal growth factor) to the medium did not enhance growth rate, viability or the ﬁnal
cell density. The ﬁnal batch medium enabled a cell density of about 1.4x106 cells/ml. In recirculation mode, the
cell density increased to more than 5106 cells/ml.
Thus, a few compounds that were historically deemed
necessary for growth were omitted from the medium,
resulting in a protein-free medium.
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The only complex compound still present in the new
medium composition is the combination of a number of
plant hydrolysates. It remains to be studied whether these
protein hydrolysates are able to inhibit trypsin, or any of
the other non-animal proteases under investigation to
replace trypsin. Sub-cultivation and freezing-thawing
protocols are inﬂuenced by the medium in which the
cells were cultivated. The next step is to adapt the routine protocols to accommodate the cells grown in this
largely deﬁned basal medium.
Another example of a successful serum-free medium
for large-scale production is EpiSerf (Life Technologies/
Invitrogen). It is being used for the production of inﬂuenza viruses on MDCK cells (Brands et al., 1999; Voeten et al., 1999a, 1999b). Although EpiSerf is not a total
animal protein-free medium, since it contains BSA, its
ease of use and grade of deﬁnition made it favourable
for large scale production.
4.4. Serum-free medium adapted cell lines
As mentioned above, the development of a serum-free
medium is the ﬁrst step in the process. The second step is
the adaptation of cells to the new medium. Today, there
are instructions on how, as well as medium compositions
available which help to adapt a cell line to a serum-free
medium. Some companies have ‘‘ready-to-use’’ serumfree media in their product list. However, when the
decision is made to change from a serum-dependent
medium to a serum-free, or rather, a chemicallydeﬁned medium, one has to go through a time-consuming procedure, where unexpected problems will
frequently be encountered. In order to stimulate scientists to give up the use of FBS, a project was
initiated by the FFVFF (Foundation for animal-free
experiments) and the ‘‘Ligue Suisse contre la vivisection’’ with the aim of providing the scientiﬁc community with cell lines adapted to chemically-deﬁned
media together with easy-to-follow manuals for their
cultivation.
Several culture media and working protocols are
available for producing monoclonal antibodies with
hybridomas. In order to generate new hybridomas from
immunized mouse spleen cells and mouse myeloma cells
by fusion with the aid of polyethylene glycol 1500, the
two most frequently used X63-Ag8 myeloma cell lines
and the hybridoma cell line Sp2/0 were adapted to the
chemically fully deﬁned ‘‘TurboDoma’’ medium (Marison et al., 1997; Marx et al., 1997). ‘‘Chemically fully
deﬁned’’ means a medium that does not contain any
complex additives such as lipid mixtures, hydrolysates,
peptides or proteins or other, even recombinant, growth
factors. These tools allow the scientist to directly generate and select antibody-secreting hybridomas in these
chemically-deﬁned culture media. Such direct procedures prevent users from losing antibody productivity
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during the typical long-lasting adaptation to cell proliferation in serum-free media.
Another ﬁeld of application in cell culture technology
with potentially increasing serum demand is the stable
and transient gene transfection of animal cell lines for
the production of recombinant proteins. While adapting
the cell line 293EBNA to ‘‘Hektor’’ and ‘‘InVitrus’’
media (Cell Culture Technologies GmbH, Buhnrain 14,
CH-8052 Zurich), the cells partially lose their ability to
attach to the plastic surface of the T-ﬂask. In addition,
the adapted cell lines generally exhibit a slower growth
rate. Whether this drawback can be compensated for by
optimizing the composition of the current culture media
(e.g. addition of a cell-line speciﬁc recombinant growth
factor) is also part of the study.
Also other cell lines such as COS-1, COS-7, NS0 and
the two CHO cell lines DUXB11 and DG44 (kindly
provided by Prof. Lawrence Chasin, Columbia University) are currently in the adaptation phase to proliferation in a chemically-deﬁned culture environment.
The CHO-DUXB11 cell line, growing in a chemically
deﬁned minimal medium was previously reported to be
useful for producing recombinant u-PA (Zang et al.,
1995), whereas a CHO-K1 cell line selected for fast
growth in chemically-deﬁned media has been available
since 1993 (Messi, 1993).
The ﬁnal goal will be to deposit all cell lines adapted to chemically-deﬁned media at the European Collection of Cell Cultures (ECACC) where they will be
available for scientists. Whenever possible, protocols
of the most suitable cultivation techniques will be
provided with the cells.
4.5. Requirements for the use of serum-free media in
large-scale production
For research purposes, there is a wide array of
media and alternatives to FBS-use available. For the
development and application of serum-free media in
large-scale production, for instance the production of
hormones and vaccines, additional requirements
apply. These relate to the production processes, the
end product and regulatory requirements and acceptability. The majority of biological product manufacturers favour the reduction or replacement of
animal serum in cell culture media, since contamination of the end product can be avoided thereby
improving the safety of the product and the standardisation of the production process. Also, the requirements regarding the screening of animal substances
for potential contaminating viruses and or prions are
becoming increasingly costly to implement.
Changes in cell culture medium composition in the
production of registered products, are sometimes
regarded as a new product by authorities, which
would require elaborate re-registration procedures.

The irony is that rigid regulatory requirements
discourage producers to improve the safety of the
ﬁnal product and/or consistency of production by
eliminating substances of animal origin. A more scientiﬁc approach of regulatory authorities towards
changes in medium composition, that do not aﬀect
the ﬁnal product, is desirable. As such, medium
changes can be viewed for what they are: minor
changes in production.
Once a serum-free medium is proposed for certain
cells both in research settings and for production purposes, it should be tested for compatibility with large
scale cell culture purposes from the start of development. Cells used for the production of pharmaceuticals in either a serum containing or a serum-free
environment should ideally perform with at least
similar yields. At none of the cell culture stages,
including for example the freezing/storage stage in
liquid nitrogen, should a cell encounter serum, since
this would render the procedure meaningless in terms
of being serum-free.
More criteria that should apply to new serum-free
media are:

 easily available through regular channels;
 standardized (description of components, marginal batch-to-batch variation);
 trypsin compatibility (for anchorage dependent
cell cultures);
 preferentially to be used as a basal medium to
which speciﬁc components can be added to
enable maintenance or expansion of speciﬁc cells;
 free of ‘‘endogenous and extraneous agents’’
complying with European and USA Pharmacopoeia;
 Down Stream Processing should not be aﬀected
by the change in medium composition, if
applicable and compatible with both GLP and
GMP implementation. This would imply that the
new product speciﬁcation tests can be limited;
 The ﬁnal product should not contain components
that are not present in the registered product.
There are as yet limited choices for serum-free media
or even protein-free media for the manufacturing of new
products with cultured cells. Except in cases where no
serum-free media are available to meet a sudden urgent
need for a product, it would be preferable for authorities not to register new products manufactured in
media containing serum.
The next step in the development of broadly applicable serum-free media is to further reduce the amount of
animal-derived proteins (e.g. BSA) used. This would
preferably be achieved by replacing these with proteins
from alternative cost-eﬀective sources.
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4.6. Requirements for the use of serum-free media in cell
therapeutic use
The area of cell therapeutic use, like in vitro fertilization, depends on culture media. The fundamental
demands on cell handling/culture media for cell therapeutic use are that the media should be safe, consistent,
and eﬀective.
The ideal situation would be to have chemically
deﬁned media during the whole cell-handling procedure.
This is not always possible with the techniques and
knowledge of today and the cost/value eﬃcacy might
make it non-viable. Serum still is one of the major constituents in culture media.
It is strongly recommended that for all human cell
therapeutic use, animal derived products should be
avoided. If possible, taking into account the economic
perspective, the diﬀerent media should also be chemically deﬁned. This reinforces the point that all animal
and human derived protein sources should be avoided.
An area, where today it is technically possible to use a
chemically-deﬁned medium with a high eﬃcacy is the
culture of human embryos for in vitro fertilization
(IVF) purposes (Gardner and Lane, 1998; Gardner and
Lane, 2000; Gardner et al., 2001; Gardner et al., 1999).
Recombinant human albumin (r-HSA) can be used
instead of puriﬁed human albumin. r-HSA is structurally identical to HSA and provides the following
advantages: it is safe – free from viral and prion contamination; and it is consistent – greater homogeneity
and high batch-to-batch consistency. The major disadvantage is the price, which is several times higher for
r-HSA than for puriﬁed HSA.
Each cell therapy ﬁeld will need to evaluate the cost/
risk ratio of the treatment when it is technically possible
to have a chemically-deﬁned medium, as in the above
mentioned ﬁeld.

5. Conclusion
In conclusion, it has been shown, without the intention to be complete, that several means exist to cultivate
cells in a serum-free environment and that this is possible and successfully applied in diﬀerent research areas.
The methods mentioned are standardized and deﬁned
and lead to better quality assurance and reproducibility,
as recommended by Good Cell Culture Practice (Hartung et al., 2002). A further reason to divert from the
use of animal serum has to do with its unknown composition, possibly containing factors which could lead to
non-speciﬁc binding and (in)activation (Goegan et al.,
1995).
Unfortunately, the composition of commercially
available serum-free media is generally unknown since
producers usually do not provide that information. This
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information is essential for research purposes. Producers should therefore be encouraged to release the composition of these media.
Many serum-free media have been developed for a
number of speciﬁc cell types, continuous cell lines and
tissue culture, but information on these is not easily
available. To encourage the application of serum-free
media, an easily accessible database should be established with extensive information on media composition, cell types, culture systems and links to users and/or
published literature. Preferably, this database should be
accessible via the Internet. A ﬁrst attempt was made for
commercially available media (Defrancesco, 1998), but
has not been followed up nor has it recently been
updated. To further stimulate the development of new
deﬁned serum-free media and to encourage the
exchange of information, regular symposia should be
organized, involving scientists and regulators, where
serum-free media, their development strategies and the
eﬀects on cells are discussed, both for small scale
research as for large scale manufacturing purposes.
The process of developing serum-free media or
adapting cells to serum-free media is time consuming
and diﬃcult. The development of these new media
should be stimulated by the provision of resources, preferably by launching EU Framework Programs.

6. General conclusions

1. The collection of FBS without fetal suﬀering is
possible, when the recommended safeguards (see
recommendations) are taken into account.
2. The recommended safeguards for calf fetuses are
practical and straightforward to put into eﬀect
during commercial slaughter of their dams.
3. Due to large-scale production, manufacturers
may have diﬀerent requirements for serum-free
media formulations, compared to speciﬁc
research settings.
4. Achieving regulatory acceptance of changes in
production media is currently time-consuming
and costly, which does not encourage the implementation of chemically-deﬁned serum-free
media.
5. Reduction of the use of FBS can be obtained by
several means (see recommendations).

7. Recommendations

1. The fetus must be unaware (unconscious) before
any invasive procedure is initiated by the act of
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2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

cutting open the uterus to expose a part or the
whole of the fetus The procedure of fetal blood
collection must therefore not begin until at least 5
min after an eﬀective neck cut has been completed in the dam
Not only must the fetus be unaware (unconscious, i.e. ﬂat or iso-electric EEG/ECoG) before
the procedure begins, its EEG/ECoG must
remain ﬂat throughout the procedure. The fetus
must therefore not be allowed to breathe air at
any stage after removal of the pregnant uterus
from the dam.
The fetus which may breathe air, or which is
exposed before expiry of the 5 min minimum
waiting time after slaughter of the dam, must be
stunned with a captive bolt ﬁrearm or by a blow
to the head with a suitable blunt instrument.
The detailed safeguards noted above represent a
Fetal Calf Slaughter Welfare Protocol (Table 1).
FBS producers should be encouraged to adhere
to this protocol and FBS users should ensure that
they only purchase it from those producers who
demonstrate that they adhere to this protocol.
Where technically possible, animal-derived components in cell-culture media should be replaced
by alternative products, e.g. plant-derived or
recombinant products.
For the purpose of standardization, FBS use in
routine in vitro assays should be strongly discouraged, due to batch-to-batch variability,
aﬀecting reproducibility and robustness.
As the complex composition of serum may result
in adverse reactions, like non-speciﬁc binding,
activation and inactivation, in vitro toxicity tests
should preferably be based on chemically-deﬁned
media.
Companies producing serum-free media for cell
culture should provide information on the composition.
The replacement of serum for the production of
registered cell-derived products is hampered by
the current registration procedures. When the
ﬁnal products are bio-equivalent, registration
authorities should regard such changes as minor,
in order to encourage further development and
use of chemically-deﬁned media.
Serum-free media have been developed for a
number of speciﬁc cell types, continuous cell lines
and tissue culture. Therefore, a public database
should be created with information on media
composition, cell types, culture systems and links
to users, for further reference.
More resources should be made available for the
development of chemically-deﬁned serum-free
media, e.g. by launching EU Framework Programs.

12. The development of new serum-free media seems
to take place more or less in isolation. Regular
symposia should be organized, involving scientists and regulators, where serum-free media,
their development strategies and the eﬀects on
cells are discussed, both for small scale research
as for large scale manufacturing purposes.
13. As part of Good Cell Culture Practice, scientists
should avoid the use of Fetal Bovine Serum and
apply a fully deﬁned medium. In cases were no
alternatives are (yet) available, FBS should be
obtained from a company that has a clear statement that serum was obtained according to the
procedures recommended in this report
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