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Abstract. The hollow fiber bioreactor (HFBR) is a cell culturing system allowing
continuous perfusion of medium. It was designed to grow microorganisms in a
dynamically altering medium mimicking change in the in vivo intravascular and
extravascular compartments. The cell compartment (extra capillary space) and
medium compartment (intra capillary space) are connected through pores of semi-
permeable fiber membranes. These membranes allow exchange of gas and nutri-
ents. We have adapted this system for the ex vivo culture of Plasmodium falciparum
at high parasite densities. A Thai P. falciparum isolate (TM036) cultured in RPMI,
supplemented with 0.5% Albumax II, could be maintained continuously in the
system by daily changes of a small volumes of medium. Under optimized condi-
tions the HFBR cultures attained 8% parasitemia in 40% hematocrit, thereby pro-
viding a total parasite biomass of 6.0x109 parasitized erythrocytes. The main prob-
lem encountered was clogging of micropores in the hollow fiber system by cellu-
lar debris over time. Although ‘reverse flushing’ partly prevented this, a larger
pore size might be needed to overcome this problem. The system opens new pos-
sibilities for the study of in vitro drug sensitivity under conditions mimicking in
vivo pharmacokinetics, and the selection of anti-malarial drug resistance and as-
sociated parasite biological and genomic changes.
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INTRODUCTION

The in vitro method for the continu-
ous cultivation for P. falciparum, originally
described in 1976, has made a significant
contribution to malaria research (Trager
and Jensen, 1976). This culture technique

has become an essential component of
malaria research leading to advances in
our understanding of parasite biology
(Udomsangpetch et al, 2007), phenotypic
(Serirom et al, 2003) or genotypic charac-
terizations (Kim et al, 2001), immunologi-
cal studies (Vande Waa et al, 1984; Fievet
et al, 2002), and drug susceptibility testing
(Peel et al, 1993; Hatabu et al, 2005). The
principle of this technique is to maintain
parasitized erythrocytes in a culture bottle
containing a thin layer of RPMI media to
allow adequate gas exchange in a low oxy-
gen tension environment. The technique
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only permits culture at low
parasite densities. Multiple
large culture flasks are needed
when larger numbers of para-
sites need to be studied.

Hollow-fiber membrane
devices are widely used for a
variety of purposes, including
the study of monoclonal anti-
body production (Kreutz et al,
1997; Gramer and Britton,
2002), recombinant protein
production (Inoue et al, 1999),
lymphocyte culture(Malone
et al, 2001), adenovirus vector
production (Pan and Whitley,
1999), cartilage formation
(Potter et al, 1998), studies on
cytokine production (Lamers
et al, 1999) and bioartificial or-
gans (Chen et al, 2005). Apply-
ing the technique for the cul-
ture of P. falciparum parasites
was first described in 2003
and offers a simple method
for culturing parasites at high
hematocrits and at parasite

dium, and supplementation with Albumax
II instead of human serum, both of which
confer important cost savings.

MATERIALS AND METHODS

Description of the hollow fiber bioreactor
The system consists of three parts: a

hollow-fiber cartridge, a pump, and the
tubing system that connects the cartridge
with a reservoir for medium (Fig 1). The
cartridge contains 2 compartments: an ECS
(Extra capillary space) and an ICS (Intra
capillary space). Cells are trapped at the
ECS side which is located between mul-
tiple hollow semi permeable fibers. The
medium inside the ICS supplies nutrients,
evacuates metabolites and enables gas ex-

Fig 1–Schematic diagram of Hollow fibers bioreactor.  a) Cross
section of the HFBRS showing the different component.
b) HFBR in use, with the erythrocyte suspension in the
extracapillary space. The black arrows denote the out-
ward flow of medium from the hollow fibers; the grey
arrows represent the exchange of waste products back
into the intracapillary space. c) Hollow fiber bioreactor
system overview.

densities up to 14 - 18% (Li et al, 2003). This
closed-continuous perfusion system offers
some important advantages over the tra-
ditional suspension cultures in culture
flasks, including protection of cells from
shear stress, allowing high cell densities
and higher concentrations of parasite
products; and a reduction in the number
of flasks, tedious manipulation, and me-
dium requirement (Piret and Cooney,
1990). This system still requires large
amounts of culture medium, although less
than conventional in vitro methods.

The aim of the current study was to
optimize the hollow fiber bioreactor
method for culturing P. falciaparum at high
hematocrits and parasite densities, reduc-
ing the volumes of required culture me-
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change between the cells through the pores
of the semi permeable fiber membranes.

 These fibers are ultra filters with se-
lective permeability depending on the
molecular weight cutoff, which varies be-
tween 10-100 kDa corresponding to a
micropore size between 0.1-0.2 µm.
(Gramer et al, 1999). A microprocessor-con-
trolled pump circulates medium inside the
hollow fibers at a preset rate.

Preparation of culture medium
RPMI-1640 medium (Sigma, St Louis,

MO) was complemented with NaHCO3 2 g/l,
Hepes 5.958 g/l, gentamicin 1 ml/l, hypox-
anthine 13.6 mg/l and D-glucose 4.5 g/l in
de-ionizing tissue grade water. Culture me-
dium was sterilized by filtering through a
0.45 µm pore filter unit (Nalgene, NY) and
kept at 4ºC or at -20ºC in case storage for
more than 2 weeks was required.

Culture medium was further supple-
mented with Albumax II (Gibco, New
Zealand) on a daily basis. For this a 5%
(m/v) stock solution was prepared from
10 g of Albumax II powder in 200 ml of
RPMI 1640, stirred at 37ºC by a movable
magnetic stirrer until dissolved com-
pletely, sterilized as described above, and
stored at 4ºC until further use. This stock
solution was added to 250 ml of culture
medium to obtain a final concentration of
0.5% Albumax II. The pH of the completed
medium was set between 7.2 and 7.4.

Red blood cell preparation
Human type O blood was collected in

acid citrate dextrose [citric acid 7.3 g, tri-
sodium citrate 22 g, glucose (dextrose)
24.5 g, distilled water 1,000 ml]. Buffy coat
and plasma were removed after centrifu-
gation at 2,500 rpm for 5 minutes. Packed
cells were washed three times in RPMI-
1640, centrifuged at 2,000 rpm for 5 min-
utes and resuspended at a 50% hematocrit
in culture medium.

Evaluating Albumax II as a replacement
of human serum for culture medium
supplementation

In order to justify the substitution of
the commercially available Albumax II, a
lipid enriched bovine albumin solution,
for human serum as supplementation of
the culture medium, we compared the two
in a conventional culture following the
standard method as described by Trager
and Jensen (Oduola et al, 1985). The para-
sites were cultured in 50 ml polystyrene
tissue culture flasks (Becton Dickinson -
Lab ware) containing 5% hematocrit in
RPMI 1640 medium (Sigma, St Louis, MO)
with NaHCO3 2 g/l, Hepes 5.958 g/l, gen-
tamicin 1 ml/l, hypoxanthine 13.6 mg/l, D-
glucose 4.5 g/l and supplemented with dif-
ferent types of serum. The growth rates of
parasite culture in medium containing
0.5% Albumax II (Gibco, New Zealand)
versus 10% human serum was compared.
Growth rates were analyzed as previously
described (Trager and Jensen, 1976) using
the following equation:

Exponential growth rates (R) = lnA2 - lnA1
––––––––––––––

T2 - T1

Where A1 and A2 = the number of para-
sites per ml blood at time T2 and T1, respec-
tively.

Cultivation of parasites in hollow fiber
bioreactors (HFBR)

The 15 ml HFBR with high molecular
weight cutoff (MWCO; 20kd@50%) hydro-
philic fiber (C2011, Fiber Cell system, MD)
was used to culture the laboratory adapted
P. falciparum strain TM036. A microproces-
sor-controlled pump was used to circulate
the medium at 75 ml/minute. The
bioreactor cartridge, pump, and the me-
dium containing bottle were kept inside
the incubator which was filled with 5%
CO2 and maintained at 37ºC.
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Samples of cells and medium were
collected daily after gentle cell resuspen-
sion using a syringe attached to the har-
vest port. One ml of the red cell suspen-
sion was removed to assess parasitemia
and hematocrit. The parasitemia and stage
distribution of the parasites were assessed
microscopically on a thin blood film
stained with Field’s stain. Parasitemia was
expressed as the number of erythrocytes
containing asexual stages of P. falciparum
per 1,000 erythrocytes under oil emersion
at a 1,000x magnification. Metabolic activ-
ity was assesses by evaluating glycolyses.
Since the total volume of the system re-
mained constant over time (250 ml), the
changes in lactate and glucose concentra-
tions over time represent the lactate pro-
duction and glucose consumption of the
experimental total parasite biomass. Di-
viding the total glucose consumption and
lactate production by the total parasite
numbers gives the average consumption/
production per parasite. Lactate and glu-
cose were assessed using the YSI 2300
TSAT plus (YSI Incorporated, OH). Har-
vesting of the cultured parasites was
achieved by tilting the bioreactor to one
side and flushing the system with com-
plete medium from the elevated end of the
bioreactor allowing accumulation of the
red cell suspension in the syringe con-
nected to the lower harvest port.

The erythrocyte suspension was
washed daily with 50 ml freshly prepared
complete culture medium. The rest of the
culture medium was replaced with 200 ml
of freshly prepared complete culture me-
dium in a frequency of once or twice a day
depending on the total number of para-
sites in the system. The red blood cells
were resuspended twice daily by gentle
rotation of the cartridge. During the de-
velopment of the method, we introduced
‘reverse flushing’, which consisted of ap-

plying negative pressure with a syringe to
the harvest port and aspirating culture
medium through the fenestrated hollow
fiber, in order to clean and maintain pa-
tency of the micropores.

Statistical methods
For the comparison between

Albumax II and serum, the evaluation of
the exponential parasite growth rates was
assessed using Student’s t-test. Once a
continual decline in parasitemia was ob-
served, the correlation between parasite
biomass, lactate production and glucose
consumption per parasite was assessed
using Spearman’s correlation coefficient.
A continual decline was defined as 3 or
more decreasing values over consecutive
time points.

RESULTS

Evaluation of Albumax II
Fig 2 shows the difference in the ex-

ponential growth rates of parasites cul-
tured in RPMI-1640 medium supple-
mented with 0.5% Albumax II compared
to 10% human serum. Mean ± SD growth
rates were 0.69±0.28 in medium contain-
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Fig 2–Growth rate of parasite strain TM036 in
culture medium supplemented with
Albumax II ( ) versus human serum ( ).
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ing Albumax II compared to 0.91± 0.40
in medium containing human serum
(p=0.18). Parasite strain TM036 could be
cultured by using this Albumax II contain-
ing medium recipe, maintaining a total
parasite biomass in the bioreactor of
1.6x108 to 1.3x109 parasite. The maximum
parasitemia obtained with either growth
medium was 10%. In contrast to medium
supplemented with human serum,
Albumax II supplemented medium re-
quired hypoxanthine and D-glucose as
mandatory additional supplements to sus-
tain parasite growth without transforma-
tion to gametocyte production (data not
shown).

When the complete culture medium
with Albumax II was kept longer than 3
days, a red color change was observed,
corresponding to a more acid pH of the
medium, coinciding with a decrease in
quality of parasite morphology.

Optimizing P. falciparum cultivation in
the HFBR

Using the method described by Li et al
(2003) with 500 ml of culture medium, we
were able to culture P.falciparum strain
TM036 up to 8 % parasitemia in 40 % Hct,
corresponding to approximately 6.02x109

parasites, with preservation of normal
parasite morphology. This is a consider-
ably higher total parasite biomass than
achievable with conventional culture in
culture flasks: 39 times higher when com-
pared to the biomass in a 5 ml culture with
5% parasitemia, 5% hematocrit in a T25
flask, 10 times more than 20 ml conven-
tional culture in a T50 flask and 5 times
more than 40 ml culture in a T75 conven-
tional flask.

The original method described by Li
et al (2003) was modified subsequently by
halving the amount of complete culture me-
dium used, from 500 ml per day to 250 ml

per day by reducing the volume of the me-
dium reservoir. With the reduced volume
of culture medium (250 ml per day), the
culture could be sustained without sub-
culturing for 3 days during which the para-
sitemia in the HFBR increased from 1.6%
to 4% parasitemia at 40% hematocrit. How-
ever, after 3 days parasitemia decreased to
1.1% on Day 4 and further decreased until
no parasites were observed on the thin film
by Day 7 (Fig 3a) coinciding with a change
in color of the medium resulting from in-
creased red cell hemolysis.

In the subsequent experiment, reverse
flushing for maintaining micropore pa-
tency was introduced (see methods) and
the culture was sub-cultured when para-
sitemia reached 1.4% on the 4th day. These
measures resulted in healthy parasite
growth up to a parasitemia of 3% at a 40%
hematocrit on Day 6 corresponding to a
total parasite biomass of 2.3 x 109 parasites.
Repeated harvesting of the culture on
Days 5, 6 and 9 yielded a total number of
2.9 x 109 parasites. To harvest a similar
number from conventional parasite cul-
tures in T25 flasks, 19 flasks would be
needed. Fresh red blood cells were repeat-
edly administered to the culture in order
to maintain a 40% hematocrit (Fig 3b).

Timing of harvesting, dilution with
fresh red blood cells and ‘reverse flushing’
were further optimized as shown in
Fig 3c. With this regimen, a parasitemia of
7% at a 40% hematocrit could be reached
on Day 4 of the experiment, correspond-
ing to a total parasite biomass of 5.3 x 109

parasites. The continuous culture could be
maintained successfully for up to 35 days.
Repeated harvesting up to 15 times
yielded a total of 2.4 x 1010 parasites,
equivalent to the number of parasites in
152 T25 flasks using conventional culture
techniques.

To monitor viability of the parasites
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Fig 3–a) Parasite biomass in the HFBR over-
time without subculturing; b) parasitized
biomass in the HFBR over time with sub
culturing. Two-headed arrows denote
harvest and addition of red blood cells
while single headed arrows represent ad-
dition of fresh red blood cells only; c) The
parasitized biomass in the HFBR over-
time. Introducing “ reverse flushing” and
intensified subculturing

Fig 4a-c–The relationship between parasite bio-
mass (circle), lactate production (square)
and glucose consumption (triangle) in
experiment 1 (Fig 4a), experiment 2 (Fig
4b), and experiment3 (Fig 4c).

in culture, glucose consumption and lac-
tate production was monitored over time
(Fig 4a-c).

In all three experiments, a biphasic
pattern in glucose consumption and lac-
tate production was observed, with in-
crease in per parasite lactate production
and glucose consumption occurring when
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and optimized timing of dilution with
fresh red blood cells and sub-culturing,
allowed continuous culturing of the labo-
ratory adapted parasite strain TM036 for
up to more than a month. Parasite viabil-
ity over time was well preserved, as shown
by the relatively constant growth rates and
associated constant glucose consumption
and lactate production rates over time.
Increased glucose consumption and lactate
production was an early sign of reduced
parasite viability in all our experiments.

The culture of parasites in the HFBR
yielded a high parasite biomass of around
1010 parasites for prolonged periods of
time and this can be obtained at less cost
and labor compared to conventional meth-
ods. An important application of the
method is the study of rare events such as
the selection of genetic changes associated
with drug resistance. High parasite num-
bers are also needed for the study of
mRNA transcription, and studies on
proteomics.

In the current study we observed that
parasite growth was optimal below a to-
tal parasite biomass of 3.4 x109 parasites,
corresponding to a parasite density of ap-
proximately 1,000/µl in an adult. Since it
is unlikely that the availability of
unparasitized red blood cells necessary for
invasion is the limiting factor, this sug-
gested that there might be parasite mecha-
nism of ‘quorum sensing’. Although this
phenomenon seems present during both
P. falciparum in vivo and in vitro infection,
the mechanisms involved have not been
clarified. In the bioreactor system it could
involve a negative growth regulatory fac-
tor secreted by parasitized erythrocytes
accumulating inside the bioreactor with
increasing numbers of parasites (Li et al,
2003). The bioreactor system provides a
model which is suitable for further study
of the mechanisms involved in P.

parasitemia declined (Fig 4a-c). During
parasite expansion, indicating a healthy
parasite population, glucose consumption
and lactate production per parasite
showed little variation (p>0.20), except in
experiment 1 which had only 2 time
points. Once a continual decline in para-
sitemia was observed, however, glucose
consumption and lactate production per
parasite increased (p< 0.004).

DISCUSSION

This investigation aimed to optimize
the techniques used for culturing P.
falciparum at high parasite densities at a
physiological hematocrit of 40%, thereby
approaching conditions similar to those of
a patient with acute malaria. The availabil-
ity of large volumes of human serum has
previously limited attempts to recreate the
conditions of a human infection. Albumax
II showed to be a good alternative to se-
rum as culture medium supplement al-
though hypoxanthine and D-glucose were
essential additions for the Albumax II con-
taining medium. Albumax II has an addi-
tional advantage that variation in the com-
position of the complete culture medium
will be reduced compared to that use of
human serum, which will vary in antima-
larial properties and nutrient content be-
tween individual donors. In areas of high
malaria transmission, the presence of an-
tibodies and other factors can vary con-
siderably between donors (Schuster, 2002).
Compared to human serum, however the
use of Albumax requires more frequent
changes of media.

Halving the volume of culture me-
dium in the HFBR from 500 to 250 ml per
day enabled continuous culturing of the
parasites at a significantly reduced cost.
Introducing the technique of ‘reverse
flushing’ to preserve micropore patency,
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falciparum quorum sensing.
The HFBR method also enables more

sophisticated assessment of antimalarial
drug sensitivity, mimicking in vivo drug
pharmacokinetics, especially of drugs with
a short in vivo plasma half-life. The
artemisinin derivatives have a short half-
life of around an hour. Therefore conven-
tional testing, where parasites are cultured
in the presence of a constant concentration
of the drug, does not represent the real life
situation. Use of the HFBR system using
our adapted method was less labor intense
than the originally described methods,
with only a daily frequency of cuture me-
dium changes. However, if very high para-
site/densities (eg >60% parasitemia, at high
hematocrit like 50%) need to be achieved,
medium need to be changed more fre-
quently; that is twice or three times a day.
In addition, the HFBR enables the frequent
change of the culture medium with de-
creased manipulation and danger of con-
taminating the culture, since the culture
medium reservoir can be easily replaced.

There is still room for improvement
of the method, since it is currently not suit-
able for long - term culture for periods over
a month. The main problem seems to be
the clogging of micro pores in the hollow
fiber by parasite waste products over time,
despite flushing the pores by ‘reverse
flushing’. This compromises parasite
growth in the long - term. The use of a big-
ger pore size might prevent this, but this
will need further evaluation. Besides, an
optimum training to limit problems of con-
tamination is essential.

 In conclusion, the in vitro culture of
P. falciparum in the HFBR provides an im-
portant technique for studying parasite
biology requiring a high parasite biomass
as well as studies requiring frequent
change of culture medium conditions such

as in vitro drug sensitivity assays assess-
ing short half life antimalarial drugs. The
current study describes in detail an opti-
mized method to further deploy this tech-
nique.
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