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Purification of mature schizonts of
Plasmodium falciparum on colloidal silica gradients*
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The density ofhuman erythrocytes infected in vitro with Plasmodium falciparum has
been measured by isopycnic centrifugation in colloidal silica gradients. The densities ofun-
infected cells, rings, trophozoites, young schizonts, and mature schizonts were approx-
imately 1.110, 1.110, 1.106, 1.097, and 1.090g/ml, respectively. This information has been
used to design a simpleprocedurefor the separation ofschizontsfrom otherparasite stages
and uninfected erythrocytes. By using synchronized cultures it is possible to obtain essen-
tially pure schizonts after two centrifugations using a bench centrifuge. Such preparations
are an excellent source ofparasite antigen for immunological studies.

Many experiments aimed at increasing our under-
standing of the biology and immunology of Plasmo-
dium falciparum require a supply of reasonable
quantities of erythrocytes infected with mature forms
of the parasite, and substantially free from non-para-
sitized cells. In our laboratory, such a preparation
was needed as a source of antigens for the production
of monoclonal antibodies that block merozoite in-
vasion, and for assay of antibodies against mature
parasites.
The lower density of infected erythrocytes com-

pared with uninfected erythrocytes has been used by
several investigators to separate cells infected with
mature forms of P. falciparum on density gradients
(1). For example, Mrema et al. (2) reported a 15-3 1-
fold concentration of mature forms (both tropho-
zoites and schizonts) on 2-10% continuous gradients
of Ficoll.
An alternative approach using swine skin gelatin,

reported by Pasvol et al. (3) and modified by Jensen
(4), relies on the formation of rouleaux by uninfected
cells causing an increase in their sedimentation rate.
This technique depends on the presence of knobs on
the surface of cells infected by late trophozoites and
schizonts which prevent them from taking part in the
rouleaux formation. However, as shown by Langreth
et al. (5), some strains lose their ability to form knobs
in culture, and thus cannot be purified by this
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method. Furthermore, this technique cannot separate
late trophozoites from schizonts.

Percoll, a colloid of polyvinylpyrrolidone-coated
silica particles, has been used for the purification of
P. berghei and P. yoelii both in this laboratory (un-
published results) and elsewhere (6). However, the
procedure cannot be applied directly to the purifi-
cation of P. falciparum for two reasons. Firstly, the
difference in density between parasitized and non-
parasitized cells is quite small (2) and secondly,
because of the lower initial parasitaemia, a much
higher degree of purification is required to achieve
useful concentrations of the parasite.

This report presents the results of a study to
measure the density of erythrocytes infected by
P. fakciparum and describes a purification procedure
which achieves a high concentration, purity, and
yield of mature schizonts of P. falciparum.

MATERIALS AND METHODS

Parasite line NF36 was obtained from Dr D. Walli-
ker (Edinburgh). The other lines used, and the
method of culture of the parasites have been
described previously (7). Cultures were synchronized
by a modification (8) of the technique of Lambros &
Vanderberg (9). Stock isotonic Percoll was prepared
by mixing 9 parts of Percolla with 1 part of sterile
10 x concentrated phosphate-buffered saline (PBS).b
The tonicity was then adjusted to 310 mOsmol with

a From Pharmacia, Uppsala, Sweden.
b Containing 80 g/litre sodium chloride, 2 g/litre potassium

chloride, 10.6 g/litre disodium hydrogen phosphate, and 2.5 g/litre
potassium hydrogen phosphate, adjusted to pH 7.4.
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sterile water. This isotonic Percoll had a relative
density (specific gravity) of 1.1216 ± 0.0019. In this
report, all dilutions of Percoll refer to dilutions of
this stock solution in isotonic PBS. The relative
density of the Percoll solutions was measured at
20 °C by comparing the weight of an aliquot of the
test solution with that of an aliquot of water delivered
by the same 200-11 syringe.

In initial experiments to determine the density of
the different parasite stages, 5 x 109 asynchronously
infected erythrocytes were suspended in 3 ml of
900 ml/litre isotonic Percoll. Aliquots of 2 ml of
850, 800, 750, and 700 ml/litre isotonic Percoll were
placed in layers over the cells, followed by 2 ml of
tissue culture medium. The tube was centrifuged for 5
min at 2000 g. The gradient was fractionated, the
number of cells in each fraction determined, and the
frequency of each parasite stage assessed on Giemsa-
stained preparations.
For the microscopical examination, fractions from

the Percoll gradients were washed twice in PBS, as
any remaining traces of Percoll resulted in poor fix-
ation and staining. To determine the parasitaemia, a
dilute drop of washed cells was placed on a clean
slide, spread gently, and dried rapidly in a stream of
warm air. Slides were fixed with methanol and
stained with Giemsa. This staining procedure was
essential, as standard methods of preparing thin films
resulted in the rupture of many of the schizonts. The
proportion of parasitized cells could also be deter-
mined by counting the unfixed cells in a haemo-
cytometer, since they could be distinguished from the
non-parasitized cells by the presence of haemozoin
crystals.

In this study, the term "mature schizonts" refers to
schizonts with six or more nuclei, while "young schi-
zonts" refers to schizonts with five or fewer nuclei;
percentage parasitaemia is the number of parasites
per 100 erythrocytes.
To determine the capacity of the gradient for puri-

fying mature schizonts, different quantities of infec-
ted erythrocytes from a synchronized culture were
pelleted and gently resuspended in 3 ml of the stock
isotonic Percoll. Aliquots of 3 ml of 850 ml/litre and
750 ml/litre isotonic Percoll, and 2 ml of PBS were
placed in layers over the contents of the tube. The
tube was then centrifuged at room temperature for 5
min at 150 g followed by 10 min at 1500 g.

RESULTS

The distribution of parasitized cells from an asyn-
chronous culture through a multistep gradient after
centrifugation is shown in Fig. 1. The median fraction
of mature schizonts occurred between the Percoll
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Fig. 1. The distribution of parasite stages on a multistep
Percoll gradient. An asynchronously infected culture
with an initial parasitaemia of 2.7% was used in the
representative experiment shown here. Data points rep-
resent the number of cells of each particular stage (in-
cluding uninfected erythrocytes) present in the fraction,
expressed as a percentage of the total number of cells at
that stage recovered from the gradient. In the peak
fractions of each parasite stage, at least 300 parasites of
that stage were counted. In all fractions, sufficient
numbers of parasites of each stage were counted so that
the sample size would cause an error of no more than
10% in the measured percentage recovery of each para-
site type. Fractions 1, 2, 3, 4, and 5 were collected from
the interface above the 700, 750, 800, 850, and
900 mI/litre isotonic Percoll, respectively. These con-
centrations of Percoll correspond to relative densities of
1.0854, 1.0915, 1.0970, 1.1037, and 1.1098. Frac-
tion 6 consisted of the cells that sedimented through the
900 ml/litre isotonic Percoll. In similar experiments with
different starting parasitaemias similar peak positions
were obtained.

layers with relative densities of 1.0854 and 1.0915,
while young schizonts were approximately equally dis-
tributed above and below the Percoll dilution with a
relative density of 1.0970. The median fraction of
trophozoites lay between the layers with relative densi-
ties of 1.1037 and 1.1098, while most of the rings sedi-
mented through the layer with relative density 1.1098.
The densities of rings, trophozoites, young schizonts,
and mature schizonts were, therefore, approximately
1.110, 1.106, 1.097, and 1.088 g/ml, respectively.
The effect of the number of cells loaded onto the

gradient on the purity of the schizonts is shown in
Table 1. At high cell loadings the gradient showed
some disruption in the lower layers; however, the yield
and purity of schizonts were not substantially
decreased at loadings of up to 1010 cells.
On the basis of these results, 3 x 109 infected

erythrocytes from a synchronized culture with 9.80%o
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Table 1. Effect of number of erythrocytes loaded on
purity and yield of mature schizonts

No. of Recovery
No. of Final mature of

erythrocytes parasitaemia schizonts mature
loadeda (%) per 100 schizonts

erythrocytesb (%)

5.Ox 108 76.0 48.1 46.1

1.0x 109 76.3 48.0 66.3

4.6x 109 76.5 48.2 71.6

5.0x 109 72.2 49.4 66.8

1.0x 10'° 60.1 42.6 70.9

The initial parasitaemia was 5.76% with 17.9%, 29.4%,
37.6%, and 1 5.1 % of the parasites present as mature schizonts,
young schizonts, trophozoites, and rings, respectively.

b The distribution of parasite stages in the top fraction was
similar for each treatment with an average of 66.1% mature
schizonts, 25.3% young schizonts, 8.6% trophozoites, and no
rings.

parasitaemia were suspended in stock Percoll and sub-
jected to the purification procedure already de-
scribed. The appearance of the 3-step Percoll gradient
after centrifugation is shown in Fig. 2. The top layer of
cells (at the 750 ml/litre Percoll-PBS interface) was
brown, with a parasitaemia of 91 %. Mature schizonts
accounted for 79% of the parasites; the remaining
21% of parasites were all- young schizonts. The
appearance of Giemsa-stained cells from the top layer
is also shown in Fig. 2.

This procedure has been carried out on a larger
scale, keeping the proportion of cells to total volume
constant. The largest purifications in routine use are
carried out with a total volume of gradient of 60 ml.

In numerous purifications using synchronous cul-
tures of FCQ-2/PNG, FCQ-22/PNG, FCQ-
27/PNG, FCQ-30/PNG, FCQ-46/PNG, and NF36
lines, with initial parasitaemias ranging from 2% to
10% (mainly schizonts with some trophozoites and
young rings), the final parasitaemia ranged from 70%
to 120% (approximately 60-95% infected cells). Con-
sistent results have been obtained over a period of two
years with several batches of Percoll.

DISCUSSION

A comparison of our data with those of Tosta et al.
(6) indicates that P. falciparum-infected human
erythrocytes are considerably denser than the cor-
responding P. yoelii- or P. berghei-infected cells.
Schizonts of the rodent malaria species have a density
of less than 1.072 g/ml compared with approximately
1.088 g/ml for mature P. falc.iparum schizonts and
approximately 1.097 g/ml for young schizonts. This
density difference is also apparent in late trophozoites
with the majority ofP. yoelii and P. berghei parasites
having a density of less than 1.072 g/ml compared
with approximately 1.106 g/ml for trophozoites of
P. falciparum.
From the data in Fig. 1, a higher purification and

concentration of mature schizonts could be obtained
by using 700 ml/litre isotonic Percoll instead of the
750 ml/litre solution chosen for the standard purifi-
cation. However, this increase would be obtained at
the expense of a greatly reduced yield. Similarly the
yield could be increased at the expense of purity and
concentration by increasing the concentration of the
upper layer of Percoll to 800 ml/litre. The choice
between yield and purity will be influenced by the
initial parasitaemia, the degree of synchrony of the
culture, and the intended use of the isolated parasites.
The yield is also improved by using synchronized
cultures which have a higher initial concentration of
mature schizonts than do asynchronous cultures.
The main advantage of this purification procedure

is the maturity of the isolated parasitized cells, since
separations using Ficoll (2) and gelatin-induced rou-
leaux formation (4) produce material containing
trophozoites and immature schizonts as well as
mature schizonts.

Unlike other techniques that rely on a differential
sedimentation rate, this is an isopycnic procedure. As
expected, we have found that, provided the cells have
reached their equilibrium positions, the separation
achieved is largely independent of the centrifugation
conditions (data not shown).
The high degree of purity of the material isolated

using this technique makes it ideal for the preparation
of antigen for immunization studies, e.g., the pro-
duction of antibodies that block merozoite invasion of
erythrocytes, or the testing of antibody preparations
for their ability to bind to mature parasites.
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RESUME

PURIFICATION DE SCHIZONTES MATURES DE PLASMODIUMFALCIPARUM
SUR DES GRADIENTS DE SILICE COLLOYDALE

La densite des erythrocytes humains infectes par Plasmo-
dium falciparum in vitro a et mesuree par centrifugation
isopycnique en gradients de Percoll. Les densites des
erythrocytes non infectes, des formes annulaires, des
trophozoites, des schizontes jeunes et des schizontes
matures etaient d'environ 1,1 10, 1,110, 1,106, 1,097 et 1,090
g/ml, respectivement. Ce renseignement a e utilise en vue
de I'e1aboration d'une methode simple pour separer les
schizontes des autres stades du parasite et des erythrocytes
non infectes.
La suspension d'erythrocytes infectes a e centrifugee et

le culot doucement remis en suspension dans 3 ml de Percoll
isotonique (densite de 1,1216). Des couches de 3 ml de

dilutions de Percoll isotonique dans du solute salin tam-
ponne au phosphate (850 ml/litre et 750 ml/litre) ont et
deposees au-dessus de la suspension cellulaire, puis on a
ajoute 2 ml de solute salin tamponne au phosphate et le tube
a e centrifuge a 150 g pendant 5 min et ensuite a 1500 g
pendant 10 min dans une centrifugeuse de paillasse. Les
cellules flottant jusqu'a l'interface de 750 ml/litre de
Percoll-solute salin tamponne au phosphate etaient consti-
tuees essentiellement de schizontes. Si l'on part de cultures
synchrones, la majorite de ces schizontes sont des formes
matures (c'est-a-dire des schizontes ayant plus de 6 noyaux).
Une telle preparation est une excellente source de para-

sites pour les recherches immunologiques.
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Fig. 2. The appearance of a 3-step Percoll gradient after centrifugation. The gradient is comprised of: a -2 ml of
PBS; then 3 ml each of b-750m1/litre, c-850 ml/litre, d-stock isotonic Percoll. Cells isolated from the 750
ml/litre isotonic Percoll-PBS intertace are shown after staining with Giemsa.


