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Introduction

Density gradient centrifugation is an established tech-
nique for the separation and puriRcation of eu-
karyotic and prokaryotic cells, viruses and subcellular
components such as plasmids, mitochondria and nu-
cleic acids. Using this technique, components may be
separated based on their differences in density or size
during centrifugation in a gradient medium. Gradient
media that have been used include caesium chloride,
sodium metrizoate, sucrose, Ficoll, Ludox�, Percoll�
and BactXtractor��. One of the limitations with this
technique has often been the properties of the gradi-
ent medium used. For instance, it is crucial that the
gradient medium is at physiological ionic strength to
avoid cell lysis or dehydration effects. Further, the
gradient medium should be nontoxic and not affect
the viability of the cells.

Density gradient centrifugation using different
gradient media has been used to separate a wide
range of microorganisms from various types of sam-
ples. For example, bacteria have been recovered from
soil using sucrose gradients and different types of
protozoa have been separated from river water,
faeces, etc., using various gradient media. Further,
gradient centrifugation in Percoll� has been used to
distinguish subpopulations of pathogenic bacteria
and to separate live from dead eukaryotic cells.

To some extent this technique has also been used to
separate microorganisms from food, e.g. in the separ-
ation of bacteria from milk and natural yoghurt. The
main beneRts of using density centrifugation is its
simplicity and speed in separating and concentrating
intact organisms from foods while at the same time
removing compounds that might interfere with or
inhibit the detection method. The ability to remove
inhibiting or interfering material present in food has
been evaluated by subsequent detection of prepared
microorganisms through methods of varying sensitiv-
ity such as traditional plate count procedures, the
polymerase chain reaction (PCR), nucleic acid se-
quence based ampliRcation (NASBA), and ATP
measurements.

The present work describes how to use buoyant
density centrifugation and gives an example of how

to design a procedure for the separation of microor-
ganisms from a speciRc food. This approach has been
successful for several food/microorganism combina-
tions and it has been possible to separate and concen-
trate bacteria from food and to remove inhibitors
sufRciently to allow detection of bacteria by both
PCR and NASBA. However, in some cases, especially
when the food contains denser components, there can
be limitations which may be overcome by use of
a two-layer technique also described here. The proto-
cols presented are based on work described in Lind-
qvist et al. (1997), Lindqvist (1997) and Anonymous
(1995) (see Further Reading).

General Theory and Methodology

Principles of Centrifugation

Equation [1] describes the sedimentation of a sphere
in a centrifugal Reld:

v"[d 2(�!�1)/18�]�g [1]

where v"sedimentation rate, d"diameter of the
particle (hydrodynamically equivalent sphere),
�"particle density, �1"liquid density, �"viscos-
ity of the medium and g"centrifugal force.

From this relationship it can be seen that the sedi-
mentation rate of a particle is proportional to its size
and to the density difference between the particle and
the medium. Also, the sedimentation rate is zero
when the density of the particle is equal to the density
of the surrounding medium. Further, the sedimenta-
tion rate decreases with increasing viscosity of the
medium and increases with increasing centrifugal
force applied. From this it also follows that separ-
ation depending on the conditions chosen may be
carried out based on either the size (rate zonal centri-
fugation) or the density differences (isopycnic centri-
fugation) between particles. In the latter case, each
particle will sediment to an equilibrium position in
the gradient where the gradient density is equal to the
density of the particle. In the present work, the
isopycnic technique is discussed.

The speciRc cell density, i.e. cell weight/cell volume
when measured by buoyancy in a given medium
capable of forming density gradients, is referred to as
the buoyant density. Consequently, anything that
affects the size of the microorganism, e.g. osmotic

III / FOOD MICROORGANISMS: BUOYANT DENSITY CENTRIFUGATION 2843



Figure 1 Schematic overview of the sequential steps involved in designing a protocol for separation of microorganisms from food.

conditions and growth phase, may also affect their
buoyant densities and, thus, separation. This stresses
the importance of the properties of the gradient me-
dium and of using standardized conditions when de-
veloping and using the separation protocol.

Gradient Media

Two gradient media with favourable properties for
work with microorganisms are Percoll� and Bact-
Xtractor��. The composition and properties of these
gradient media are similar (see below). The most
important difference is that BactXtractor may be au-
toclaved after NaCl and peptone have been added to
prepare a standard isotonic medium (SIM). Percoll
and BactXtractor are nontoxic, have a low osmotic
pressure and viscosity. These media consist of col-
loidal silica particles of 15}30 nm diameter coated
with polyvinylpyrrolidone (PVP). They can form self-
generated gradients in the range of 1.0}1.3 g mL�1,
which correspond to the cell densities of many micro-
organisms. When a solution of Percoll� (or Bact-
Xtractor��) is centrifuged at '10 000�g in an
angle-head rotor, the coated and hydrated silica par-
ticles will sediment resulting in an uneven distribution
of particles and the formation of a self-generated
density gradient. The gradient is formed isometrically
around the initial density of the gradient medium and
becomes steeper with centrifugation time. The shape
of the gradient can be visualized by the use of col-
oured density marker beads and is related approxim-

ately linearly to the g force and time of the centrifu-
gation. Rotor geometry and the size of the tubes also
have a marked effect on gradient shape. In contrast to
the self-generated continuous gradient, for some ap-
plications a uniform density centrifugation using one
(cushion) or several layers (step gradient) of the gradi-
ent medium is preferred. The latter approaches are
discussed here for the separation of bacteria from
food.

Overview of Methodology

When designing a separation protocol, the same pro-
cedure may be followed independent of the sub-
sequent detection method. This procedure includes
the following steps (Figure 1): (1) determination of
the buoyant density of the microorganism; (2) deter-
mination of the buoyant density of the food; (3)
selection of the concentration of the gradient medium
to be used in the separation of the microorganism
from food; (4) evaluation of the separation protocol
with the desired detection method; and (5) optimiza-
tion of the protocol if necessary.

Preparation of the Gradient Medium

The gradient media, Percoll� (Pharmacia Biotech,
Sweden) or BactXtractor�� (QRAB, Uppsala,
Sweden) have a density of around 1.130 g mL�1. Be-
fore use, the medium is made isotonic with physiolo-
gical saline by aseptically adding 8.5 g L�1 NaCl, and
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Figure 2 The relationship between density and concentration of the standard isotonic medium (SIM). The relationship described by
this line is only an example and was calculated based on the conditions described in this work. The exact relationship must be
calculated based on the density of the gradient medium and the diluent used.

its suitability for maintaining microorganisms is im-
proved by addition of 1.0 g L�1 peptone. This stock
solution is termed 100% standard isotonic medium
(100% SIM) and may be autoclaved if prepared with
BactXtractor��. The solution of 100% SIM is diluted
to the required concentration with the appropriate
volume of peptone-water (8.5 g NaCl and 1.0 g pep-
tone in 1 litre of Millipore water).

The density of the 100% SIM solution described
above is calculated by the following formula:

�s"[Vg��g#mNaCl#mp]/Vg

"[100�1.130#0.85#0.1]/100"1.1395 [2]

where �s"the density of 100% SIM (g mL�1),
Vg"the volume of gradient medium to be prepared
(mL), assumed here to be 100 mL (the volume change
by addition of solutes is negligible), �g"the actual
density of the gradient medium, assumed here to be
1.130 g mL�1, mNaCl"the amount of NaCl added
(g), assumed here to be 0.85 g and mp"the amount
of peptone added (g), assumed here to be 0.1 g.

By using eqn [2], the density of 100% SIM was
calculated to be 1.1395 g mL�1, assuming that
100 mL of gradient medium with a density of
1.130 g mL�1 was mixed with NaCl and peptone.
The relationship between density and concentration
of SIM can be determined by plotting the calculated
density of a 100% solution and the density of a 0%
solution, i.e. the density of the diluent, as a function
of percent SIM concentration and then determining
the equation for the straight line between these two

points:

�sy"[(�g!�p)/(100)]�Cs#�p

"[(1.1395!1.0095)/100]Cs#1.0095

"0.0013�Cs#1.0095 [3]

where �sy"the density of SIM of concentration
Cs (g mL�1), �p"density of peptone water, esti-
mated here to be 1.0095 g mL�1, Cs"concentration
of SIM (%) and �g"the actual density of the gradi-
ent medium, assumed here to be 1.130 g mL�1.

The line described by eqn [3] and shown in
Figure 2 is valid only for the properties of the gradi-
ent medium and diluent assumed in this work but
similar graphs can easily be constructed for other
experimental conditions. The graph can then be used
to determine what concentration of SIM is required
to produce a gradient medium of a particular density.

Determination of the Buoyant
Densities of Microorganisms

Since the buoyant densities of microorganisms may
be affected by a number of factors, it is important that
they are handled and separated from food under
standardized conditions. For instance, the buoyant
densities of bacteria in Percoll� gradients have been
shown to vary with growth rate and during the cell
cycle for some bacteria but not for others. Further,
efforts to inactivate bacteria by, for instance, boiling,
heating, and low pH treatment have shown that,
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Figure 3 Example of two protocols for the determination of the buoyant density of microorganisms and food.

depending on the treatment and the strain used, this
may or may not affect their buoyant densities. Some
variation in buoyant densities of a given strain may be
expected depending on the culture media used, stor-
age time after growth, etc., but ideally this is in
a density range where separation is not affected.
However, the presence of different subpopulations in
the sample, e.g. log-phase and stationary cells, may
result in a wide continuous distribution, or even sep-
arate bands, of microorganisms within the centrifuge
tube.

Preparation of Microorganisms

A sufRcient number of strains are cultured and
treated under relevant conditions to collect data on
the buoyant density of the microorganism and its
variation. The number of cells loaded on to the gradi-
ent must be large enough to form a visible band in the
centrifuge tube after centrifugation. In most cases
a solution containing 108}109 cfu mL�1 is sufRcient.
The solution is prepared by centrifuging an appropri-
ate volume of culture, washing, and resuspending in
physiological saline or peptone-water. The washing
and resuspension of cells in fresh physio-
logical saline solution serves to suppress variations
in osmotic pressure introduced by the presence of
metabolites, etc.

Sampling Loading

The appropriate volume of the microorganism sus-
pension or solution containing the density marker
beads is carefully layered on the standard isotonic
medium. There are no deRnite rules on how much
sample it is possible to load on to the gradient and

this must be tested empirically. The best SIM concen-
tration to use depends of course on the microorgan-
isms. In our work, concentrations between 50% and
80% and between 40% and 70% have been used
with microorganisms and food, respectively. How-
ever, in addition to buoyant density, speciRc require-
ments on the amount of sample and the shape of the
gradient may inSuence the scale of the experiment,
i.e. rotor geometry and size of the tubes. Figure 3
shows examples of a large scale and a small scale
protocol.

Generation and Reading of the Gradient

The gradient is generated by centrifugation and is
visualized by substituting the sample volume with
a solution of colour-coded density marker beads
(Pharmacia Biotech, Sweden) on top of the gradient
medium. A volume of marker solution equivalent to
the sample volume is prepared by adding approxim-
ately 5}10 �L of each marker bead to a physiological
saline solution. During centrifugation, the density
beads equilibrate at positions in the gradient corre-
sponding to their densities. The distance of the differ-
ently coloured density beads from the bottom of the
tube is recorded and the densities of the beads are
plotted versus the position to generate a calibration
curve (Figure 4). Similarly, the position of the micro-
organisms in the centrifuge tube is recorded and the
corresponding buoyant density is read from the cali-
bration curves. The best resolution is obtained in the
steep part of the curves where a large distance in the
centrifuge tubes corresponds to a small difference in
density (Figure 4). By comparing the shapes and
locations of the three gradients in Figure 4 it can be
seen that the resolution in the 60% SIM gradient is
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Figure 4 Illustration of how to construct calibration curves for
the determination of the buoyant densities of microorganisms and
food. The gradients were generated by layering 0.5 mL of density
marker beads on 6.5 mL of 60%, 70% or 80% SIM and centrifug-
ing at 25 000�g for 25 min. Left: the positions of the different
bands of colour-coded density marker beads in 60% SIM. Right:
the curves were constructed by plotting the position and the
density of the density marker beads in the diagram. The best
resolution is obtained in the steep part of the curves, i.e. large
difference in position corresponds to a small difference in density.

better at lower densities and vice versa for the 80%
SIM. However, in addition to the selection of the SIM
concentration, it is sometimes useful to vary the cen-
trifugation time and speed when optimizing the gradi-
ent for a speciRc microorganism or food. In a given
gradient, the width of the more or less well-deRned
band of microorganisms following centrifugation de-
pends on the number of microorganisms and the
range of buoyant densities present in the population
under study.

Determination of the Buoyant
Densities of Food

The food homogenate to be loaded on the gradient
medium must be sufRciently concentrated to be vis-
ible in the centrifuge tube. Thus, a more concentrated
homogenate is often used for this step than will be
used in the Rnal separation protocol. Typically
a 1 : 1 to 1 : 10 (w/v) homogenate is suitable. The
determination of the buoyant density of food is then
carried out by centrifugation in a self-generated
density gradient as described above for the
microorganism.

Selecting the Concentration of
the Gradient Medium

The simplest technique to separate microorganisms
from food is to centrifuge the sample on a single layer

of gradient medium of a uniform density (cushion
centrifugation). During the previous steps the buoy-
ant densities of the microorganism and of the food
have been determined under the relevant conditions
which will indicate if separation is possible, i.e. if
there is a difference in buoyant densities that may be
exploited. The food is generally less dense than the
microorganisms and the density of the gradient me-
dium is chosen so that it lies between the densities of
the food and the microorganism. Thus, the microor-
ganisms will be found in the bottom of the tube after
centrifugation. The optimum concentration of SIM to
use to obtain the cutoff density between food and
microorganisms can be determined from the relation-
ship between density and SIM concentration de-
scribed in eqn [3] and Figure 2.

Separation by a Uniform Density
Centrifugation

A quick way to test if the correct concentration of
SIM has been selected is to run a uniform density
centrifugation (see below) of a cell suspension and
food homogenate, respectively. After centrifugation,
food should remain on top of the gradient medium
and cells should be visible in the lower part of the
tube. Based on the exact position of microorganisms,
the volume of sample that needs to be retrieved is
determined. The sample volume is the amount of
medium contained in the centrifuge tube from the
upper band limit to the bottom of the tube.

In order to run a uniform density centrifugation,
gradient formation during centrifugation should be
avoided. This may be achieved either by centrifu-
gation in a swing-out rotor or, if using an angle-head
rotor, by centrifuging under conditions where gradi-
ent formation is negligible (e.g. low g forces or short
centrifugation times).

Evaluation of Protocol

To evaluate the separation procedure, inoculated
food homogenates are analysed with the desired
method of detection, e.g. plate counts or PCR. The
size of the centrifuge tubes to use depends on
the amount of sample needed for detection as well as
the number of samples to be analysed in a given time.

In Figure 5, examples of a large scale (larger
sample capacity) and a small scale (larger sample
throughput) protocol for separation of microorgan-
isms from food are offered to assist in the selection of
which centrifugation conditions to be used. Similar,
or identical, protocols have been used to separate
microorganisms, e.g. Shigella spp., E. coli O157:H7,
Yersinia enterocolitica, Campylobacter spp. and
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Figure 5 Example of two protocols for the separation of microorganisms from food by a uniform density centrifugation.

Zygosaccharomyces rouxii from different foods, e.g.
raw beef, ground beef, different vegetables, shrimps,
chicken, blackcurrant syrup, and milk, prior to detec-
tion by methods such as PCR, NASBA and plate
count procedures.

Optimization of Protocol

If, due to incomplete separation, the detection limit
is not satisfactory there are some key separation
parameters that can be changed. Initially it can
be helpful to add density marker beads corresponding
to densities similar to those of the microorganisms
during the uniform density centrifugation. The
location of the beads will indicate where in the tube
the microorganisms will be found and if the optimal
SIM concentration has been used. The beads may also
indicate if a gradient has formed during centrifu-
gation.

Instead of sampling from above, as suggested in
Figure 5, microorganisms can be retrieved by inser-
tion of a syringe through the bottom of the centrifuge
tube to avoid the mixing of inhibitory compounds or
particles from the supernatant during cell removal.

If particles from the food end up in the treated
sample, one can try to decrease the particle content in
the sample volume prior to centrifugation by diluting

the homogenate and/or preparing the homogenate in
a stomacher bag with a Rlter bag. If this does not help,
or if the food contains particles denser than the
microorganism, it is possible to use two layers of
gradient medium of different but uniform concentra-
tions (step gradient). The density of the second layer
is chosen to lie between that of the microorganisms of
interest and the denser components of the food. This
technique has been used to separate pathogenic bac-
teria in a blue cheese from the lighter cheese particles
and from denser fungal mycelia. The sample is re-
trieved at the interface between the gradient layers
and this position can be identiRed by centrifugation
of an identical tube where the sample is replaced with
density marker beads.

Another possibility, if the exact buoyant density of
the microorganism is known such as in a well-deRned
and constant experimental system, is to perform
the separation step using a continuous gradient
centrifugation.

Future Developments

Buoyant density centrifugation is a general method
which recovers nonattached microorganisms over
a speciRc buoyant density. This suggests two possible
areas for development and improvement. The Rrst
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would be to increase the fraction of nonattached cells
by optimization of the homogenization or stomach-
ing process. The second area is the exciting possibility
of developing a separation protocol speciRc for single
types of microorganisms, or a systematic or metabolic
group of microorganisms. This may be achieved by
manipulating the buoyant density of an organism
through a selective uptake of a speciRc compound.
Further, since it is possible to perform the separation
on a micro scale, it may be feasible to design auto-
mated systems for sample preparation and analysis
with a high sample capacity.

See also: II /Centrifugation: Theory of Centrifugation.
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One of the earliest successful industrial applications
of membrane technology was in the food industry. In
1972, a dairy plant in New York began processing
cheese whey by reverse osmosis. Membrane separ-
ations are now ubiquitous in the food industry, as
shown in Table 1. The main use of reverse osmosis is
the concentration of liquid foods, to complement or
replace evaporation. NanoRltration is used for desalt-
ing and de-acidiRcation with partial concentration,
while ultraRltration is used for fractionation, concen-
tration and puriRcation of food streams. MicroRltra-
tion is used for clariRcation and removal of suspended
matter to replace centrifuges and Rlter presses. It is
also used for pasteurizing and sterilizing liquids in-
stead of using heat. Electrodialysis is Rnding use for
demineralization and de-acidiRcation, as a possible

partial replacement for ion exchange. To date, per-
vaporation applications are few in the food industry,
although it could be used for puriRcation of volatile
aroma compounds partially to replace distillation.
This article focuses on selected food products with
varying physical properties and chemical composi-
tion and will illustrate the general applicability of
membrane technology in the food industry.

Dairy Industry

Milk

The dairy industry probably accounts for the largest
share of installed membrane capacity among food-
processing applications. Figure 1 is a general sche-
matic of possible applications of membranes in the
processing of milk. Reverse osmosis (RO) is mostly
used to preconcentrate milk prior to evaporation (al-
though there are RO techniques that could concen-
trate skim milk up to 45% solids, as with the Fresh-
note process, described later). This not only saves
sufRcient energy to justify the technology, but it also
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