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Artemisinin and its derivatives, artesunate and artemether, are rapidly acting antimalarials that are used
for the treatment of severe and uncomplicated multidrug-resistant falciparum malaria. To optimize treatment
regimens that use this new class of antimalarials, there is a need for readily available and reproducible assays
to monitor drug levels closely in patients. A sensitive and reproducible bioassay for the measurement of the
concentrations of artemisinin derivatives in plasma and serum is described. By modifying the in vitro drug
susceptibility test, it was found that antimalarial activity in plasma or serum containing an unknown concen-
tration of drug could be equated to the known concentrations of dihydroartemisinin (DHA) required to inhibit
parasite growth. Dose-response curves for a Plasmodium falciparum clone (clone W2) and DHA were used as
a standard for each assay. Assays with plasma or serum spiked with DHA proved to be reproducible (coefficient
of variation, <10.9%), with a lower limit of quantitation equivalent to 2.5 ng of DHA per ml. For plasma spiked
with artesunate or artemether, there was good agreement of the results obtained by the bioassay and the
concentrations measured by high-performance liquid chromatography (HPLC) with electrochemical detection.
The bioassay for measurement of the antimalarial activities of artemisinin derivatives in body fluids requires
a smaller volume of plasma or serum and is more sensitive than the presently available HPLC methods, can
provide pharmacodynamic parameters for determination of activity against the parasite, and should enhance
the design of more appropriate dosage regimens for artemisinin drugs.

The malaria situation is continuing to worsen in many parts
of the world, and there is an urgent need for new, effective
drugs for the treatment of falciparum malaria. The antimalari-
als derived from qinghaosu, or artemisinin, may meet this need
(11). Although the artemisinin derivatives are increasingly
used for the treatment of multidrug-resistant malaria, little
clinical pharmacokinetic information is available to assist with
the development of rational dosage regimens for this novel
class of antimalarial drugs (42).

The development of selective methods for determination of
the concentrations of artemisinin and its derivatives poses
challenging problems since the drugs are thermally labile, lack
UV or fluorescent chromophores, and do not possess func-
tional groups for derivatization. In addition, the remarkable
activities of these drugs require assays with sensitivities in the
low nanogram-per-milliliter range. At present there is no one
simple, selective, and sensitive method for measurement of the

concentrations of these substances. The methods previously
used to measure the concentrations of these drugs include gas
chromatography-mass spectroscopy (30, 36), high-perfor-
mance liquid chromatography (HPLC) with UV detection (3,
9, 12, 22, 33, 37, 38), HPLC with electrochemical detection
(HPLC-ECD) (1, 4, 8, 15, 17, 20, 23, 28, 34, 35, 40, 43, 45), and
liquid chromatography with mass spectrometry (2, 6, 13, 19, 26,
27, 31).

The HPLC-ECD technique is widely used for the measure-
ment of artemisinin drug concentrations in biological fluids
because of its selectivity, sensitivity, and ability to detect both
the parent drug (artemisinin, artmether, or arteether) and a
major metabolite, dihydroartemisinin (DHA), simultaneously.
Unfortunately, this method requires complicated extractions,
expensive instrumentation, absolute electrical stability, and
highly skilled personnel. Since therapeutic drug monitoring is
helpful in areas where malaria is endemic, where facilities for
such procedures are not commonly available, a simple and
reliable analytical method that can be easily reproduced in
other laboratories is required.

A bioassay for chloroquine, artemisinin, and mefloquine
that is based on the in vitro microculture technique and that
was used to detect bioactivity in the serum of monkeys and
humans dosed with drug has been described (16, 18, 44). This
technique uses microscopic determination of parasite mor-
phology to determine the highest serum or plasma dilution that
inhibits the in vitro maturation of a parasite isolate, relates this
to the MIC of the drug for that isolate, and converts the results
into drug concentration equivalents in serum or plasma. Al-
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though this method provides preliminary information on drug
effects and kinetics, the technique is very labor-intensive and
produces semiquantitative data.

We report here on a bioassay technique for measurement of
the antimalarial activities of artemisinin and its derivatives in
human plasma or serum. The technique is based on the mi-
crodilution radioisotope technique used for antimalarial drug
susceptibility testing (10, 41). This method proved to be quan-
titative, reproducible, and sensitive for detection of the anti-
malarial activities of artemisinin derivatives in plasma or
serum.

MATERIALS AND METHODS

Treatment of plasma or serum. Fifty microliters of Affigel protein A (binding
capacity of 20 mg of purified human immunoglobulin G [IgG]/mg of gel; Bio-
Rad, Richmond, Calif.) was washed twice with 50 �l of phosphate-buffered saline
(pH 7.2) by centrifugation in an Eppendorf centrifuge (model 5414S; Thomas
Scientific, Swedesboro, N.J.) for 5 s. In a third washing step, 50 �l of RPMI 1640
medium (supplemented with 5.94 g of HEPES per liter and 2.1 g of sodium
bicarbonate per liter) was used. After centrifugation the supernatant was dis-
carded and the protein A gel was ready for incubation with non-heat-inactivated
plasma. Plasma (250 �l) spiked with DHA or plasma from patients was incu-
bated with protein A for 30 min at room temperature. Serum samples spiked
with drug were treated as stated above for plasma.

Preparation of drug solutions. A stock solution of DHA (1 mg/ml) was pre-
pared in 70% ethanol and was kept at �10°C for up to 1 month before use.
Further dilutions were prepared fresh in plasma or serum to give a working
concentration range of 1.25 to 100 ng/ml. The DHA used in this study was
obtained from the Experimental Therapeutics Chemical Inventory of the Walter
Reed Army Institute of Research (Washington, D.C.).

Bioassay. The bioassay was based in part on a microdilution radioisotope
method used for antimalarial drug susceptibility testing of Plasmodium falcipa-
rum (10, 41). To prepare the 96-well microtiter plate for the assay, 100 �l of
protein A-treated plasma or serum was transferred to row A of a flat-bottom
plate. Heat-inactivated serum (50 �l/well) was added to rows B through G of the
plate and was used as the diluent for plasma or serum containing drug. Twofold
serial dilutions were then made by using an automated PRO/PETTE liquid
handling system (Perkin-Elmer Cetus, Norwalk, Conn.). The result was seven
concentrations of drug diluted into heat-inactivated control plasma or serum.
Fifty microliters of heat-inactivated control plasma or serum was added to row H
for parasitized and nonparasitized erythrocyte controls. A suspension of 175 �l
of malaria parasite-infected erythrocytes (W2 clone; 0.5% parasitemia with
�80% young rings at a 1.7% hematocrit) was added to all wells for rows A to G
and eight wells for row H. A similar suspension of uninfected erythrocytes was
added to the remaining four wells of row H for nonparasitized controls. The
microtiter plates were placed into a gas-tight Plexiglas chamber; flushed with a
mixture of gas consisting of 90% CO2, 5% O2, and 5% N2; and placed into an
incubator (37°C). Following 24 h of incubation, the microtiter plates were re-
moved from the chamber and pulsed with [3H]hypoxanthine (specific activity, 1
Ci/mmol) by addition of 25 �l (0.5 �Ci) of isotope solution to each well. The
microtiter plates were returned to the chamber and incubated for 18 to 20 h. The
contents of the plates were then harvested with a Mach II harvester (TOMTEC,
Orange, Conn.), in which the particulate material of the water-lysed cell suspen-
sion was filtered through glass-fiber filter paper. The filter paper was dried in an
oven and placed in a plastic bag, and 10 ml of scintillation fluid was added before
the plastic bag was sealed. The level of incorporation of [3H]hypoxanthine by the
malaria parasites in each well was determined by counting in a liquid scintillation
counter (1205 Betaplate; Pharmacia, Wallac Oy, Finland).

Dose-response curve. A dose-response curve for each plasma sample was
obtained by plotting on the y axis the percent parasite growth calculated from the
level of [3H]hypoxanthine uptake (in counts per minute) as a measure of parasite
nucleic acid synthesis against the corresponding dilution factor on the x axis (Fig.
1). After logarithmic transformation of the dilution factors, a nonlinear regres-
sion analysis was performed by use of a four-parameter logistic regression equa-
tion (logistic dose-response transition equation in Table Curve Automated
Curve Fitting software; Jandel Scientific, San Rafael, Calif.). The function used
was y � (a � b)/[1 � (x/c)d], where y is the level of incorporation of [3H]hypox-
anthine (in counts per minute), x is the dilution factor, a is the lower asymptote
of the function (or the mean for the nonparasitized erythrocyte controls), b is the
difference between the upper asymptote (mean level of incorporation of [3H]hy-

poxanthine by control parasitized erythrocytes) and the lower asymptote, c is the
dilution factor of DHA that inhibits incorporation of the isotope by 50% (DF50),
and d is the slope of the linear portion of the dose-response curve. DF50 was
determined for each plasma sample.

Standard curve and calculation. A linear standard curve was constructed by
plotting the log DF50 on the y axis versus the log DHA concentration on the x axis
(Fig. 2). The antimalarial activity of the unknown plasma sample was then read
from the plot by using the DF50 (obtained from the dose-response curve de-
scribed above) and was expressed as DHA concentration equivalents. Thus, the

FIG. 1. Dose-response curves for plasma spiked with standard
DHA showing the dilution factor values at various known concentra-
tions: E, 50.0 ng/ml and DF50 of 100.77; ■ , 12.50 ng/ml and DF50 of
21.62; ‚, 5.00 ng/ml and DF50 of 7.74.

FIG. 2. Relationship between observed DF50 and DHA concentra-
tion: comparison of plasma and serum spiked with DHA. ■ , plasma
(log y � 0.9705 log x � 0.1222; r2 � 0.9919); ‚, serum (log y � 0.9121
log x � 0.1979; r2 � 0.9884).
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antimalarial activity of the unknown plasma sample was reported as the corre-
sponding DHA concentration that produced the same activity on the standard
curve.

Preparation of hemolysate. Fresh whole blood was collected and placed in
heparinized tubes, and the plasma and buffy coat were removed. The erythro-
cytes were lysed and serially diluted (2- to 64-fold) with sterile water. Aliquots
(50 �l) of these hemolysates were diluted in plasma or medium (250 �l) spiked
with DHA to give a final concentration of 50 ng/ml and a range of hemoglobin
concentrations from 1.5 to 0.05 g%. The effect of hemolysate in both plasma and
culture medium (RPMI 1640 medium with 15% heat-inactivated human serum)
was then examined to determine if the hemolysate inhibited the detection of
DHA activity by the bioassay. For the bioassay format, the final concentration of
plasma in each well was 30%, whereas for serum it was 15%, which is similar to
that used in the normal drug susceptibility testing format.

In addition to the testing of hemolysates of normal erythrocytes, plasma
samples collected from two patients with severe falciparum malaria were spiked
with 50 ng of DHA per ml and subjected to the same bioassay. The plasma
samples were obtained from both patients prior to treatment with any antima-
larial drugs.

RESULTS

Effect of heat inactivation on DHA activity. Plasma or serum
from healthy humans can cause lysis of P. falciparum-infected
erythrocytes in vitro via complement-mediated lysis of cells
bound with immunoglobulin. In standard in vitro drug suscep-
tibility testing, plasma or serum is heat inactivated to destroy
complement, thus reducing the growth-inhibitory activity of
normal plasma. Since the serum or plasma used in the bioassay
would contain various drug concentrations, the effect of heat
inactivation on DHA activity was evaluated. To assess this
effect, the following solutions were heated at 56°C for 30 min:
DHA in RPMI 1640 medium with no plasma, DHA in medium
with 20% plasma, and plasma to which no DHA was added
(until after heat inactivation). The 50% inhibitory concentra-
tion (IC50) of heat-inactivated DHA in RPMI 1640 medium
was 0.36 ng/ml, whereas the IC50 of DHA spiked into medium
after heat inactivation was 0.31 ng/ml. In contrast, the IC50 of
DHA treated with heat in the presence of 20% plasma was 1.17
ng/ml, a fourfold decrease in activity. The results suggest that
DHA activity is relatively stable after heat treatment, but only
in the absence of excess protein.

Effect of Affigel protein A on parasite growth. Since heat
inactivation cannot be used to reduce the growth-inhibitory
activity of plasma or serum from healthy individuals, removal
of IgG from plasma and serum by incubation with Affigel
protein A was evaluated. The effect of protein A treatment of
serum was compared with that of heat inactivation by measur-
ing the level of parasite growth inhibition by the [3H]hypoxan-
thine method. When heat-inactivated serum was used as the
control (control growth, 100% � 12.5%; mean � standard
deviation [SD]), serum from healthy individuals inhibited
growth by 25% (growth, 75% � 3.9%). In contrast, serum
treated with protein A produced growth which was similar to
that of the control (97% � 12.2%).

The effect of protein A treatment on the activity of DHA-
spiked serum was evaluated by comparing standard curves
prepared with serum prior to and after protein A treatment.
The standard curve of DF50 versus concentration obtained
with DHA-spiked serum treated with Affigel protein A gave a
slope close to unity (�0.944), whereas the slope for untreated
spiked serum was �0.347. Thus, Affigel protein A-treated se-
rum gave the optimum standard curve for determination of

unknown concentrations of DHA in serum and removed most
of the growth-inhibitory activity from normal serum.

Intra-assay and interassay variations and accuracy. To val-
idate the accuracy of the P. falciparum-based bioassay, a series
of standard curves were compared (Table 1). The coefficient of
variation (CV) was �10.9% for assays conducted on the same
day; in addition, the interassay variation was remarkably low
(CV, �8.5%) for DHA concentrations �12.5 ng/ml. The assay
proved to be more variable with lower concentrations in the
interassay variation analysis.

To confirm the accuracy of the bioassay, solutions of DHA
were prepared by a technician not involved in the study and a
blinded analysis was performed. The concentrations of DHA
in unknowns were determined from standard curves prepared
at the same time (Table 2). The between-day CV was �11.5%,
while the within-day CVs were �10% for both concentrations
of drug tested (12.5 and 25 ng/ml).

Comparison of bioassay with HPLC-ECD method. The
method preferred at present for specific measurement of the
concentrations of artemisinin derivatives is reductive HPLC-
ECD; therefore, plasma samples spiked with artesunate were
analyzed by both methods in an open comparison, and the
results were compared by the limit-of-agreement test (7). The
HPLC-ECD method was conducted as described previously
(17, 20). As shown in Fig. 3, the correlation and the agreement
of results obtained by the two methods for the measurement of
artesunate concentrations were good. After log transforma-
tion, the mean difference in the artesunate concentration was
0.008, with the limits of agreement being between �0.22 and
0.24.

Effect of hemolysate on DHA activity. Hemolysate from nor-
mal erythrocytes was used to spike plasma or serum samples

TABLE 1. Validation data for standard curves for DHA spiked in
plasma used in the bioassay

Actual
concn

(ng/ml)

Intra-assay (n � 5) Interassay (n � 6)

Concn found
(mean � SD)

%
CVa % Error Concn found

(mean � SD)
%

CV
%

Error

1.25 1.50 � 0.04 2.46 20.19 NDb

2.50 2.19 � 0.24 10.86 (12.56)c ND
5.00 5.12 � 0.32 6.26 2.50 4.89 � 0.81 16.47 (2.18)

12.50 12.46 � 0.87 6.96 (0.35) 12.20 � 1.10 8.29 (2.44)
25.00 25.13 � 2.20 8.76 0.52 24.08 � 2.03 8.45 (3.69)
50.00 50.23 � 5.19 10.34 0.46 53.02 � 3.70 6.97 6.04

100.00 111.30 � 4.36 3.92 11.30 ND

a CV is a measure of relative variation which expresses the SD as a percentage
of the mean.

b ND, not determined.
c Negative values are in parentheses.

TABLE 2. Validation data for DHA spiked in plasma treated as
unknowns in the bioassay

Actual
concn

(ng/ml)

Intra-assay (n � 5) Interassay (n � 6)

Concn found
(mean � SD)

%
CV

%
Error

Concn found
(mean � SD)

%
CV

%
Error

12.50 12.42 � 0.87 6.97 (0.64)a 12.08 � 1.39 11.50 (3.35)
25.00 25.13 � 2.20 8.76 0.52 23.72 � 2.69 11.34 (5.11)

a Negative values are in parentheses.
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containing 50 ng of DHA per ml (Fig. 4). The bioassay results
demonstrated that hemolysate does not significantly affect the
antimalarial activity of DHA in protein A-treated plasma or
serum if the final concentration of plasma or serum is 30% in
each well. In contrast, high concentrations of hemolysate sig-
nificantly decreased the activity of DHA in serum if the final

concentration of serum was 15% in each well and protein A
was not added.

Plasma samples from two patients with severe falciparum
malaria with visible hemolysis in each sample were spiked with
50 ng of DHA per ml, and the DHA activity equivalents were
measured by the bioassay. The DHA activity equivalents ob-
tained by the bioassay in samples from both patients were
greater than or equal to 45 ng of DHA per ml.

DISCUSSION

A bioassay method was developed for measurement of the
antimalarial activities of artemisinin (qinghaosu) and deriva-
tives in either the sera or plasma of patients. Antimalarial
activity in plasma in vitro was expressed in terms of the equiv-
alent activity of DHA, the common bioactive metabolite for
many of the artemisinin derivatives. The method is simple,
reproducible, and sensitive compared with the other analytical
methods available. Either serum or plasma samples can be
used since the standard dose-response curves for DHA spiked
into serum and plasma were similar, with a correlation coeffi-
cient �0.99. An added advantage is that small sample volumes
are required. Only 250 �l of sample is sufficient for duplicate
measurements in the bioassay, whereas 1 to 2 ml of plasma is
needed for HPLC. Since numerous laboratories worldwide
already conduct in vitro antimalarial drug susceptibility testing,
this method could easily be adapted by other research centers
(14, 39).

A critical component of this bioassay method is the stan-
dardized approach used to construct the dose-response curves
necessary to derive DHA equivalents. To obtain an accurate

FIG. 3. Comparison of results for plasma samples spiked with various concentrations (n � 6) of artesunate determined by the bioassay and
HPLC-ECD. The results of the two methods showed excellent correlations and agreement. (a) Scatterplot of bioassay versus HPLC-ECD (r2 �
0.992); (b) Bland-Altman plot of the difference (Diff) in log values determined by bioassay (BA) and HPLC-ECD versus the mean values (mean
difference � 0.008; limits of the agreement � �0.221 and 0.236, respectively).

FIG. 4. Effect of hemolysate on the activity of DHA in culture
medium containing 30% serum (E) or plasma (F) in the bioassay
format and culture medium containing 15% serum in the drug suscep-
tibility test format (�).
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estimate of the DF50s for unknown samples, the DHA concen-
tration range must span the full sigmoidal dose-response curve
and cover both the upper and the lower asymptotes of the
function. In this study the optimal concentration was found to
be 12.5 ng/ml with a working concentration range of 2.5 to
100.0 ng/ml. When the concentration is too low to give a full
sigmoidal curve (activity equivalent to �5 ng of DHA per ml),
accurate estimation of DF50 for the sample is not possible with
a four-parameter fit. In this situation, the level of incorporation
of hypoxanthine by control nonparasitized erythrocytes can be
used as a weighted lower asymptote of the function. This
method is applicable as long as at least one concentration of
unknown drug in plasma along the linear portion of the curve
provides inhibition. When the concentration of drug in plasma
is too high (�50 ng/ml), the level of hypoxanthine incorpora-
tion of the parasitized erythrocyte controls may be used to
weight the upper asymptote. For these samples the plasma
must be diluted with heat-inactivated plasma before incubation
with protein A, and the assay is then repeated.

Serum or plasma containing DHA could not be heat inacti-
vated to remove any growth-inhibitory activity encountered in
plasma from healthy individuals because this also reduced an-
timalarial activity. Since heat treatment had no effect on DHA
in medium without protein, heat treatment may have increased
the protein binding sites for the drug, thus reducing the free
concentration and diminishing the inhibitory effects on the
parasite. Most of the inhibitory activity of serum from healthy
individuals could be eliminated by preincubation of samples
with a protein A-gel matrix. Presumably, this treatment re-
duces the nonspecific binding of IgG to infected erythrocytes,
which can then activate complement-mediated lysis. It remains
to be determined if such treatment will be sufficient to reduce
any growth-inhibitory activity seen in serum or plasma from
semi-immune individuals. Even though plasma or serum sam-
ples containing drug from patients cannot be heat treated,

plasma collected prior to the start of drug treatment could be
used as an internal control for activity in the bioassay.

As has been shown for the microculture technique (16, 18,
29, 44), this P. falciparum-based bioassay should be applicable
to other antimalarial drugs. The sensitivity of the bioassay is
directly related to the inherent activity of the drug against the
parasites to be tested. Drugs with in vitro activities in the low
nanogram-per-milliliter range (e.g., artemisinin) are ideal for
this type of assay, whereas measurement of the activities of less
active antimalarial drugs (e.g., tetracycline) is not practical. At
present we are using similar methods to measure the levels of
halofantrine and metabolites in plasma samples from phase I
and II clinical trials (D. E. Kyle et al., unpublished data).

Part of the pathology associated with malaria is the lysis of
erythrocytes, with the resultant hemolysate being present in
the plasma of patients. A previous report (21) indicated that
ferriprotoporphyrin inactivates artemisinin and may reduce its
antimalarial activity. In this study we demonstrated that hemo-
lysate from lysed red cells (in vitro) or from patients with
severe malaria did not significantly inhibit the activity of DHA
in 30% plasma or serum in the bioassay format. However, a
significant loss of DHA activity was seen in medium containing
only 15% serum (without protein A treatment) plus hemoglo-
bin concentrations �0.1 g/dl in the in vitro drug susceptibility
format. The reason for the different results with 30% serum
and 15% serum is unknown but may be related to the protein
binding of DHA. Regardless of the mechanism, the ability to
accurately measure drug activity in hemolysates in serum or
plasma obtained either from patients with severe malaria or by
the in vitro lysis of erythrocytes demonstrates that hemolysis
should not affect the use of the bioassay for clinical studies.

Shortcomings of the bioassay include the inability to distin-
guish between activity due to parent drug and that due to
metabolites and the inherent difficulties in measuring activity
in patients who have received more than one antimalarial drug.

FIG. 5. Parent drugs, their metabolites, and total antimalarial activity in plasma after oral administration to healthy volunteers. (a) Artemether
(AM) at 5 mg/kg (n � 8); (b) artesunate (AS) at 100 mg (n � 6); (c) intravenous artesunate (IV AS) administered at a dose of 8 mg/kg to healthy
rhesus monkeys (n � 10). Conc., concentration; DHA equiv., DHA concentration equivalents. Panels a and b are reprinted with permission (see
references 34 and 35, respectively).
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Despite this lack of specificity, the bioassay has much to offer
for the assessment of a critical pharmacodynamic component:
activity against the parasite. Application of this bioassay
method can be found in clinical studies of artesunate, DHA,
and artemether with patients with uncomplicated and compli-
cated falciparum malaria (5, 24, 25, 32, 34, 35). Although the
kinetics of discrete drug are important, the added pharmaco-
dynamic data derived from the bioassay can be equally valu-
able for devising new dosage regimens for artemisinin deriva-
tives. Ideally, the bioassay and HPLC-ECD methods could be
used simultaneously to obtain both kinetic and dynamic pa-
rameters. This approach has recently been used to assess the
comparative bioavailabilities of artemether in healthy adult
volunteers (Fig. 5a) and the pharmacokinetics of artesunate in
adults (Fig. 5b) with falciparum malaria (34, 35). This bioassay
method has been modified to measure bioactivity in rhesus
monkey plasma and has been used for the study of intravenous
artemisinin derivatives administered to rhesus monkeys (Fig.
5c) in a severe malaria model.
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