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a  b  s  t  r  a  c  t

The  identification  of novel  scaffolds  for  the  development  of  effective  and  safe  treatments  to  fight  malaria
is urgently  needed.  One  of  the  main  opportunities  is  the  discovery  of  new  molecules  from  natural  origin.
A simple,  robust  and  cost-effective  colorimetric  assay  based  on  the inhibition  of  �-hematin  has  been
adapted  to routinely  screen  plant  extracts  with  the  ultimate  goal  to  identify  novel  antimalarial  ingre-
dients.  The  development  of  this  assay  has  included  a  careful  optimization  of all  critical  experimental
parameters.  The  �-hematin  assay  can  be completed  in  less  than  one  working  day,  requiring  a  96-well
UV–vis  plate  reader  and  low-cost  commercially  available  reagents  using  a standard  operating  protocol.  It
creening
lant extracts
argeted isolation
alaria

can be  used  on  its  own  or in  combination  with  the  well-known  Plasmodium  growth  inhibition  assay  and
has  the  obvious  merit  to be  informative  at the  early  stage  of  drug  discovery  regarding  the  mechanism
of  action  of  the  actives.  A total  of  40 diverse  natural  products  and  219  plants  extracts  were  tested.  Good
correlations  in  respect  with  specificity  (pure  compounds  85%,  extracts  93%)  and  positive  predictive  value
(pure compounds  72%,  extracts  50%)  were  obtained  in  comparison  with  Plasmodium  growth  inhibition
assay  that  was  used  as  the  reference  assay.
. Introduction

Malaria is a life-threatening disease caused by protozoa of the
lasmodium genus that are transmitted to humans through Anophe-
es mosquito bites. There were 243 million cases of malaria in
008 that have resulted in an estimate 863,000 deaths, mostly
mong African children [1].  The burden of this major health
ssue in endemic countries was fuelled in the past years by
he emergence of parasite resistance to chloroquine, mefloquine
nd sulfadoxine-pyrimethamine that looks likely to extend to
rtemisinin combined therapies in the future [2–4]. First reports of
esistance to artemisinin-containing drugs (artesunate) have been
eported along the Thai-Cambodian border and shown to be due
o a significant reduction of in vivo susceptibility to artesunate
5]. Artesunate resistance was indeed characterized by a markedly
rolonged time for parasite clearance that could not be explained
y pharmacokinetic or other host factors [5].  Resistance has cer-

ainly rapidly emerged as a consequence of the widespread use of
rtemisinin monotherapy in the region [6].

∗ Corresponding author. Tel.: +41 22 379 33 87; fax: +41 22 379 33 99.
E-mail address: karine.ndjoko@unige.ch (K. Ndjoko Ioset).
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From a biological standpoint, the intraerythrocytic stage
appears to be a vital part of the Plasmodium life cycle in the
human body. It involves digestion of hemoglobin which provides
amino acids and energy both essential for the development and the
proliferation of the parasite [7].  Among the possible routes seques-
tration, via biocrystallization of heme into hemozoin appears to
be an important mechanism of the heme detoxification [8,9]. The
hemozoin formation pathway has been widely studied from both
chemical and mechanistic points of view [10–14].  From a drug
target perspective this pathway has been validated for several
antimalarial molecules including the 4-aminoquinolines (quinine,
mefloquine, amodiaquine and chloroquine) and is therefore consid-
ered a suitable target for drug discovery programs [15–17].  Several
assays targeting the inhibition of the hemozoin (or �-hematin) for-
mation have been developed that have led to the development
of screening tools based on different spectrometric methods such
as radioisotopic [18], FT-IR [19] and UV–vis techniques [20–26].
Some of these assays using incorporation of 14C-hemin [27] or
spectrophotometric quantification of �-hematin [28] were sub-
sequently adapted to the high throughput screening of selected

libraries leading to the discovery of several molecules inhibiting
the hemozoin (�-hematin) formation. The screening of more than
100,000 non-quinoline compounds by Kurosawa et al. in collab-
oration with Roche led to the identification of 8 new classes of

dx.doi.org/10.1016/j.jpba.2011.06.026
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:karine.ndjoko@unige.ch
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al and

�
b
t
n
P
t
t
e
a
t
o
r
f
t
f
d
d
o
o
a
e
e
i
p
c
i
c
t
f
p
R
a
r
f
a
E
p
p
f
n

2

2

a
S
9
i
H
T
m
3
f

2

w
d
l
2
m
o

S. Vargas et al. / Journal of Pharmaceutic

-hematin inhibitors [27]. The use of radiolabelled chemicals has
een limited and has not become part of routine testing due to
he cost and length of time required to carry out the assay. Alter-
ative screening assays requiring specific material isolated from
lasmodium sp. such as specific fractions or lysates that simulate
he in vitro formation of hemozoin [21,22] also have their limita-
ions as they require specific and complicated technical skills and
quipment to handle Plasmodium parasites. As part of the early
ssay development endeavors, Egan et al. demonstrated in vitro
he synthesis of �-hematin to occur spontaneously in the presence
f an acetate solution under optimized experimental conditions
elated to temperature and pH [24]. This biosynthetic pathway used
or the hemozoin (�-hematin) formation was previously shown
o be inhibited by antimalarial drugs from the 4-aminoquinoline
amily [19,29,31,32].  These observations have since been used to
evelop a simple and rapid colorimetric (Phi-b assay) based on
ifferential solubilisation and coordination of Fe(III)PPIX by aque-
us pyridine (Py–Fe(III)PPIX) [30]. The output of this assay is based
n the colorimetric detection at a defined wavelength that can be
chieved with a standard UV/vis spectrophotometer. In the pres-
nce of an inhibitor, the synthesis of �-hematin slows down or
ven stops [29] and the addition of a buffered pyridine solution
n HEPES allows for the selective distinguishing of the synthetic
roduct from hematin. The complex Py–Fe(III)PPIX displays a red
oloration and is detectable by spectroscopy UV–vis with a max-
mum of absorption of 404 nm.  The affinity of pyridine to form a
omplex with the central iron of a porphyrine forms the basis of
his technique, which used for the quantification of heme [30]. So
ar this user-friendly assay has only been utilized for the screening
ure compounds, notably the 4-aminoquinolines. More recently,
ush et al. have adapted the Phi-� assay to a 384-well plate format
nd screened 16,000 small molecules [33]. Carter et al. incorpo-
ated lipophilic mediated assays to discover �-hematin inhibitors
rom natural product extracts [34]. The aim of our work is to adapt
nd evaluate the potential of the assay developed by Ncokazi and
gan to screen natural products from plant families including com-
lex mixtures such as extracts and fractions. Such an assay would
rovide a simple, cost-effective, rapid and reliable screening tool
or laboratories active in the discovery of antimalarial products of
atural origin.

. Materials and methods

.1. ˇ-Hematin assay

Hemin from bovine, quinine sulfate, chloroquine diphosphate,
nd tetrahydrofuran (THF) were purchased from Sigma–Aldrich.
odium acetate (NaOAc) and HEPES were from Fluka. Pyridine
9%, glacial acetic acid glacial (CH3COOH) and dimethylsulfox-

de (DMSO; 99.7% purity), were obtained from Acros Organics.
ydrochloric acid (HCl) 1 M and sodium hydroxide (NaOH) 0.1 M
itrisol® quality were from Merck. Methanol (MeOH) from Chro-
anorm was analytical grade. Flat-bottomed 96-well plates of

00 �l and round-bottomed 96-well plates of 2 ml  were obtained
rom Life Technologies-NUNC.

.2. Sample preparation

The routine preparation of plant extracts used in testing
as performed at room temperature with maceration with
ichloromethane (CH2Cl2, 3 consecutive extractions over 24 h) fol-
owed by extraction using MeOH (3 consecutive extractions over
4 h). The use of CH2Cl2 was preliminarily used in order to remove
ore lipophilic compounds, which may  hinder the solubilisation

f the samples to be tested in MeOH. During the initial work it
 Biomedical Analysis 56 (2011) 880– 886 881

was  shown that a direct extraction in MeOH posed solubilisation
issues and it was thus decided to switch to a more rapid extraction
protocol requiring only 15 min  sonication (L. Haldi Fils) of plant
material in MeOH. A total of 12 plants were processed using this
second extraction method. The solvent was removed using evapo-
ration under partial vacuum conditions (Büchi Rotavapor) at 40 ◦C.
In both procedures 15 g of powdered plant material were dissolved
in 150 ml  of solvent.

2.3. SPE purification of plant extracts

A purification method using solid phase extraction (SPE) car-
tridge filled with 1000 mg  of polyamide phase (Macherey-Nagel)
was  used to remove any interfering material. A total of 150 mg
of dry extract were deposited on the cartridge preliminarily con-
ditioned with 6 ml  of MeOH and 6 ml  of MeOH/H2O 5:95. A first
elution (I) with 6 ml  of MeOH/H2O (5:95) was  followed by a second
one with 12 ml  of MeOH/H2O 90:10 (II) before a final wash with
6 ml  of pure THF (III).

2.4. Optimized protocol of the ˇ-hematin assay

A variety of solutions were prepared for the assay: 1 M HCl;
0.1 M NaOH; 20 mM HEPES; 15% pyridine in HEPES 20 mM  (pH
7.5). A saturated acetate solution pH 5.0 was obtained with 18 g
of NaOAc, 24 ml  of CH3COOH and 10 ml  of water. Fresh hematin
(Fe(III)PPIX) solution (1.05 mM)  was  prepared daily with 6.8 mg of
bovine hemin adjusted to 10.00 ml  with NaOH 0.1 M.  Stock solu-
tions of pure compounds, extracts and fractions were dissolved in
HCl 0.1 M/MeOH/DMSO (5:3:2). Natural compounds tested as pure
compounds had an average purity between 85 and 99%. They were
specially purchased for the present study from various chemical
suppliers. The qualitative determination of the �-hematin syn-
thesis inhibition was  tested at one concentration only; a 50 mM
solution was used for pure compounds, whilst plant extracts and
fractions were tested at 25 mg/ml  and 15 mg/ml, respectively. The
quantitative determination of the �-hematin synthesis inhibition
was  performed by testing pure compounds from 0 to 50 mM and
IC50 was calculated by analyzing the dose-response data using
GraphPad Prism® (4.0).

Assays were carried out in U-shaped 96-well plates (2 ml)
under the following defined procedure: 10 �l of pure compound
or alternatively of the extract was  mixed with 100 �l of hematin
solution and 10 �l of HCl 1 M in triplicate. Plates were shaken at
900 rpm for 10 min, 60 �l of saturated acetate solution pre-warmed
at 60 ◦C, was  added to the wells. Final tested concentrations in
wells were 2.7 mM for pure compounds, 1.38 mg/ml for fractions
and 0.83 mg/ml  for extracts, respectively. After incubation at 60 ◦C
during 90 min  (Salvis Thermocenter), 750 �l of pyridine solution
was  mixed. Plates were then shaken again at 900 rpm for 10 min
and allowed to settle for 15 min. An aliquot of 100 �l was trans-
ferred to a non-sterilized flat-bottomed 96 well-plate (300 �l).
The absorbance was read at � = 405 nm (AAnalysis) with an EL-808
microplate reader (Bio-Tek Instruments, Inc.).

2.5. Determination of the inhibition of ˇ-hematin

The inhibition of the �-hematin synthesis was  determined
according to the process described below. For each sample there
was  a control analysis (AAnalysis;Blank), which differed from the sam-
ple submitted to the analysis (AAnalysis) by the addition of 750 �l
of HEPES 20 mM instead of pyridine, after incubation and was  pre-

pared in triplicate. Absorbance of the complex due to the remaining
hematin in wells was calculated using the following formula:

�AAnalysis = AAnalysis − AAnalysis;Blank
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Fig. 1. Determination of the optimum wavelength at the highest peak of absorbance
of  the complex hematin–pyridine monitored at different concentrations. Graph 1:
visible spectrum of 0.15 mM hemin in NaOH 0.1 M at 25 ◦C before the addition of
pyridine 5% in the buffer. Graph 2: the same visible spectrum after the addition of
pyridine.

the selective hemochrome complex (Py–Fe(III)PPIX) was  an effec-
tive indicator to follow the progress of �-hematin (Fig. 3). From
these results, it was realized that the synthesis is complete after
75 min  therefore the incubation time was set at 90 min  to ensure
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or each tested sample, a blank control (ACLT;Blank) as well as its
lank (ACLTBlank;Blank) were prepared in triplicate under the same
onditions as described above, but in the absence of hematin. A
olume of 750 �l HEPES 20 mM (instead of pyridine) was  added to
CLTBlank;Blank.

The residual absorbance of the sample independent from the
nhibition of the �-hematin complex was calculated using the fol-
owing formula:

ACLT;Blank = ACLTBlank − ACLTBlank;Blank

he resulting inhibition of the �-hematin synthesis induced by the
nalyzed sample was calculated accordingly:

Analysis = �AAnalysis − �ACLT;Blank

f IAnalysis has a positive value, the assay is considered as posi-
ive (active sample) whereas a negative value indicated a negative
esult.

In order to remove of borderline results and therefore identify
rue inhibitors of the reaction in the case of the measurement of
ure compounds, a chloroquine control and its blank were tested
t 25 mM.  The threshold absorbance value (IThreshold;pure) was arbi-
rarily defined as the absorbance causing a 25% inhibition of the
-hematin synthesis by chloroquine.

ICLT;Chloroquine = �ACLT;Chloroquine − �ACLTblk

IThreshold;pure = 0.25xICLT;Chloroquine

 pure compound was ultimately considered as inhibiting the �-
ematin synthesis if associated with a positive value according to
he following rule:

Analysis − IThreshold;pure > 0

.6. In vitro parasite Plasmodium falciparum growth inhibition
ssays

The compounds and plant extracts dissolved in DMSO were
ested against the intra-erythrocytic form of P. falciparum (NF54
train) with the method based on the [3H]-hypoxanthine incorpo-
ation assay [35]. The cytotoxicity was also assessed against host
ells (rat skeletal myoblast L-6 cells). The methods were previously
escribed by Ganapaty et al. [36].

. Results and discussion

.1. Synthesis of the complex Py–Fe(III)PPIX

The pyridine–hemochrome complex (Py–Fe(III)PPIX) synthesis
as monitored spectrophotometrically at a range of concentra-

ions from 280 to 500 nm to determine the optimal wavelength that
an be used for the colorimetric readout of the assay (Fig. 1). The
oret band of hematin shifted from 389 to 402 nm upon addition
f pyridine 5% buffered at pH 7.5 with 20 mM HEPES. The optimal
avelength used for the colorimetric readout of the assay was set at

05 nm that is the nearest wavelength available on the multiplate
eader. As the addition of different portions of pyridine may  influ-
nce the formation of the complex, it was important to verify this
ffect by checking the linearity of a score plot where the Lambert-
eer law is valid (Fig. 2). A mixture containing 100 �l of hematin
olution, 100 �M in NaOH 1 M,  10 �l HCl 1 M,  60 �l acetate solution
ollowed by 750 �l of solutions with an increasing concentration
f pyridine buffered at 7.5 pH together with HEPES 200 mM,  was
repared. The red-colored complex Py–Fe(III)PPIX formed between
ematin and pyridine was analyzed by spectrophotometry. The

oret band shift visible from 389 to 402 nm,  indicated the formation
f the complex when pyridine is added to a solution of hematin.
Fig. 2. Absorption at 405 nm of the Py–Fe(III)PPIX complex. Addition of different
portions of pyridine.

3.2. ˇ-Hematin synthesis

The protocol for the synthesis of �-hematin was modified
from published work by Ncokazi and Egan [30] to adapt it to the
screening of plant extracts. Essentially the reaction time and the
incubation temperature were identified as the critical parameters
and had to be maintained homogeneously across the plates during
the transfer of the assay into 96-well plates. A pyridine solution
(10%) was added over a period of 0 to 120 min  and placed in an
oven heated at 60 ◦C. The time period needed for the formation of
Fig. 3. Optimization of the incubation time for the synthesis of �-hematin.
IAnalysis = �AAnalysis − �ACLT;Blank .
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number of true positives + number of false positives

The assay specificity of the �-hematin assay is defined by the neg-
atives results, which are correctly identified in respect with the
Fig. 4. Selectivity of pyridine towards hematin and �-hematin.

he reaction is followed to completion. The final synthesized prod-
ct was checked by FT-IR. The two bands relating to the presence
f carboxylate groups coordinated to the iron center of a ferripor-
hyrin were recorded at 1663 cm−1 and 1209 cm−1, certifying the
tructure of �-hematin [37].

The selectivity of pyridine for hematin versus �-hematin was
ontrolled by keeping the pH under 7.5 which is reported to give
he best selectivity for hematin [8].  Based on these observations,
arious concentrations of pyridine in the HEPES buffer solution
ere tested. Hematin and �-hematin solutions were, respectively,
ixed with solutions of pyridine diluted in varying portions with

he buffer (HEPES 20 mM).  The generation of the complex with
e(III)PPIX was achieved when an absorbance was  detected at

 = 405 nm.  The greatest difference in absorbance (�max) indicating
he best selectivity towards hematin, was obtained with a percent-
ge of pyridine 15%. This concentration of pyridine was therefore
elected to run the �-hematin assay (Fig. 4).

.3. Quantitative ˇ-hematin assay on pure reference drugs

Chloroquine and quinine are known to act as inhibitors of the
eme crystallization pathway. They were quantitatively tested on
he �-hematin assay at concentrations from 0 to 25 mM.  IAnalysis
alues versus their concentration were plotted and resulted in a
igmoid curve, specific to the inhibition of �-hematin synthesis
Figs. 5 and 6). The IC50 were determined by fitting the data to

 sigmoid dose response curve using GraphPad Prism®. Statisti-
al treatment gave satisfactory results with r2 ≥ 0.99 and IC50 of
.6 mM for quinine and 12.8 mM for chloroquine. They were com-
arable to the IC50 values obtained by Egan et al. [39].

.4. Screening of pure compounds
A set of 40 pure compounds representing the most frequently
ncountered chemical classes of secondary metabolites in plants
ere qualitatively tested in the assay at a fixed concentration.

ig. 5. Quantitative test (0–25 mM)  of quinine on the �-hematin assay.
Analysis = �AAnalysis − �ACLT;Blank .
Fig. 6. Quantitative test (0–25 mM)  of chloroquine in the �-hematin assay.
IAnalysis = �AAnalysis − �ACLT;Blank .

After addition of the reagents, the final concentration was 2.7 mM.
The �-hematin assay is a chemical assay reproducing in a test
tube the crystallization of heme into �-hematin. The inhibition
of this reaction obeys stoichiometric laws and therefore requires
sufficient amounts of reagents (by weight) to lead to quantitative
and reproducible results. The use of controls allowed to get rid of
the residual interfering absorbance caused by the non-converted
hematin as well as by the matrix of the sample. The resulting
absorbance was hence exclusively caused by products specifi-
cally inhibited the formation of �-hematin under the experimental
conditions. To remove borderline results and therefore identified
only true inhibitors of the reaction, an additional filter (threshold
absorbance value = IThreshold) was used. The threshold absorbance
value (IThreshold;pure) was  arbitrarily defined as the absorbance
inducing 25% inhibition of the �-hematin synthesis by chloroquine
(Fig. 7).

The results (Fig. 8) collected in the �-hematin assay were com-
pared with those obtained on NF54 strains of P. falciparum (Table 1).
In this later assay, compounds inhibiting less than 50% of the Plas-
modium growth inhibition at 10 �g/ml were considered as inactive.
The �-hematin assay performance was evaluated by calculating
the positive predictive value (PPV) in respect with the Plasmodium
growth inhibition assay used as a gold standard. More specifically,
the PPV reflects the probability of the �-hematin assay to pre-
dict the positive results obtained using the gold standard assay as
described in the following equation:

PPV = number of true positives
-1.000 

-0.500 

0.000

0.500

1.000

1.500

2.000

2.500

I A
na

ly
sis

 –
 I T

hr
es

ho
ld

;  
pu

re

Pure 
compounds

 

C
hl

or
oq

ui
ne

 
co

nt
ro

l 

Fig. 7. Example of the screening of pure compounds with chloroquine as control
(3  equivalent = 25 mM).  Application of the data processing: hits are shown as com-
pounds having a resulting absorbance above the x-axis (IAnalysis − IThreshold;pure > 0).
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Table 1
Pure compounds tested in the �-hematin assay and compared with P. falciparum whole growth inhibition assay.

Chemical class Compound trivial name �-Hematin assay [2.7 mM],
IAnalysis − IThreshold;pure > 0

In vitro P. falciparum assay
(NF54), IC50 [�g/ml]

Cardenolides Digoxin − >10
Coumarins Umbelliferone − >10
Flavanols Catechine + >10

Epicatechine (−) + >10
Flavones Apigenin + 5.37

Luteolin + 2.45
Flavone glycosides Diosmin − >10

Vitexin 2′′-O-rhamnoside − >10
Apigenin 7-glucoside − 2.40

Flavonols Isorhamnetin − 5.92
Quercetin − 2.91
Morin + >10

Flavonol glycosides Isoquercitrin + 7.16
Myricitrin + 6.59
Rutin − >10

Iridoids Aucubin − >10
Isoquinoline alkaloids Emetine − 0.15
Monosaccharides and Galactose − >10
Oligosaccharides Glucose − >10

Saccharose − >10
Monoterpenoids Thymol − >10
Naphtoquinones Juglon − 4.87

Lapachol − 8.11
Plumbagin − 0.417

Organic acids Malic acid − >10
Phenols Ellagic acid − 0.17

Chlorogenic acid − >10
Arbutin − >10

Phenylpropanoids Curcumin − 1.53
Phytosterols Sitosterol − 7.72
Quinoline alkaloids Cinchonidine + 0.0063

Quinidine sulfate + 0.0047
Quinine + 0.0010

Quinones Anthrone − 0.546
Rhein − >10
Emodin − >10

Tannins Hamamelitannin + 0.63

r
fi

S

T
a
P

F
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Tannic acid 

Tropane alkaloids Atropine 

Scopolamine 

esults of the Plasmodium growth inhibition assay. The assay speci-
city is calculated as:

pecificity = number of true negatives
number of true negatives + number of false positives
he results summarized in Table 2 showed that the �-hematin
ssay correlated with the P. falciparum growth inhibition assay with
PV of 72% and a specificity of 85%.

ig. 8. Screening of samples using the �-hematin assay including example of hits.
 quinine control is visible in orange on the plate.
− 0.411
− >10
− >10

3.5. Screening on plant extracts

A total of 219 plant extracts from our collection, representing
64 botanical families were screened during the investigation at a
final concentration of 1.38 mg/ml. The selection of this material
was  based on different criteria, plants belonging to botanical fam-
ilies/genera known to be used traditionally to treat malaria or/and
having been reported for antiplasmodial activities as captured by
our lab internal database. A set of 88 plant extracts exhibited a
significant inhibition (IAnalysis > 0) on the synthesis of �-hematin.
The activities were compared with activities determined in P. fal-
ciparum growth inhibition assay. Table 3 presents the correlation
between the two  assays.

In Table 3, the calculated PPV and specificity were 38% and 89%,

respectively. To reduce the number of false positives, a preliminary
SPE purification step was evaluated on the same sets of samples.
The 88 extracts were filtered on SPE polyamide cartridges and the

Table 2
Pure compounds: correlation between the �-hematin and the in vitro Plasmodium
falciparum growth inhibition assays.

In vitro P. falciparum (NF 54 strain)

Positive (IC50 < 10 �g/ml) Negative (IC50 > 10 �g/ml)

�-Test
Positive 8 (20%) true positives 3 (8%) false positives
Negative 13 (31%) false negatives 17 (41%) true negatives
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Table 3
Plant extracts: correlation between the �-hematin and the in vitro P. falciparum
growth inhibition assays.

In vitro P. falciparum on NF 54

Positive(IC50 < 10 �g/ml) Negative (IC50 > 10 �g/ml)

�-Test
Positive 5 (6%) true positives 8 (9%) false positives
Negative 6 (7%) false negatives 69 (78%) true negatives

Table 4
IC50 correlation values of �-test after SPE step with the in vitro antiplasmodial assay.

In vitro P. falciparum (NF 54 strain)

Positive (IC50 < 10 �g/ml) Negative (IC50 > 10 �g/ml)

�-Test
Positive (confirmed 5 (6%) true positives 5 (6%) false positives
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by SPE)
Negative 6 (7%) false negatives 72 (81%) true negatives

ollected fractions were tested in the assays. Table 4 presents a
omparison of the results obtained after the clean-up procedure.
PV and specificity reached higher values with 50% and 93%, respec-
ively. The use of a preliminary cleaning step removed a large part
f the interfering compounds/frequent hitters encounter in nat-
ral mixtures such as tannins; three hits were decidedly ruled
ut of the hit list based on this technique. From the results pre-
ented in Table 4, the PPV was significantly increased as indicated
y the deprioritisation of these three false positive samples. The
PE purification has therefore led to a significant improvement
f the correlation between the �-hematin assay and the P. falci-
arum growth inhibition assay justifying the cost and labor related
o this additional purification step. Relatively higher concentra-
ions of hematin and of tested material (millimolar range) were
sed to run the �-test in comparison with previous experimental
tudies performed in the micromolar range by Dorn and cowork-
rs [15,27].  Such high amounts of compounds could potentially
ead to some false positive results caused by lack of solubility or
recipitation of the tested solutions. Specificities related to the

n vitro intra-erythrocytic Plasmodium testing system such as the
resence of biological membranes that may  prevent potential �-
ematin inhibitors from interacting with the hemozoin pathway
nd a possible activation and/or accumulation of metabolites in the
ood vacuole may  alternatively explain diverging results between
he 2 assays. In the case of true positives, the �-hematin assay has
he merit to be informative; the mechanism of action responsible
or their antiplasmodial activity can be assessed. A particular exam-
le is illustrated by the 4-aminoquinolines. Since those inhibitors
f the hemozoin formation pathway do not act on a target, but
ather interfere with a physiochemical process, they are unlikely to
ace drug cross resistance issues related to 4-aminoquinolines, par-
icularly chloroquine. The heme crystallization pathway remains
naltered in resistant parasites as resistance occurs through a
embrane transport protein that leads to a significant decrease of

he concentration of chloroquine in the food vacuole. Conducting a
creening survey based only on the �-hematin assay could however
e seen as a limitation for compounds acting through alterna-
ive mechanisms that will not be detectable in the �-hematin
est. False negative compounds may  therefore exert their antiplas-

odial activity via others mode of action or may  only give positive
esponses in the chemical assay when higher concentration are

sed. Physical artifacts due to the relatively poor solubility of the
ctive compound in the aqueous media at such higher concentra-
ions or the precipitation of the hematin protein may  also hinder
he reaction. Some polyphenolic products such as flavonoids and
 Biomedical Analysis 56 (2011) 880– 886 885

tannins also responded positively in the �-hematin assay. These
compounds have however been reported for their antiplasmodial
properties and are known to act through rather unspecific mecha-
nisms of action [38].

This modified version of the �-hematin assay demonstrated
to work well in the case of the detection of pure compounds
yielding results similar to the ones previously reported for chloro-
quine and quinine used as reference drugs [30,39].  The activity of
plant extracts was  also evaluated. A total of 219 plant extracts (64
botanical families) were screened. The results were successfully
compared with those obtained in the P. falciparum growth inhibi-
tion assay used by several laboratories as the golden standard in
the antimalarial drug screening field. PPV values of 72% (pure com-
pounds), 38% (extracts without SPE) and 50% (extracts with SPE)
and specificity of 85% (pure compounds), 89% (extracts without
SPE) and 93% (extracts with SPE) pointed out the good perfor-
mance of the test in respect to the P. falciparum whole cell reference
assay. The colorimetric test was  able to detect a large portion of
samples with potentially interesting antiplasmodial activities. The
predictability measured in terms of PPV seems higher when work-
ing with pure compounds than extracts or fractions. Although this
observation was  not unexpected when working with mixtures, it
may  not be appropriate to draw an early conclusion at this stage
between results obtained on pure compounds and extracts due
to the a possible bias of selection of the studied material and the
limited number of samples tested in those assays.

Overall, the results of the �-hematin assay correlated well with
those obtained using the standard in vitro antiplasmodial activities
based on the inhibition of growth of P. falciparum (P. falciparum)
measured with the 3[H]-hypoxanthine assay [35,36].  The selection
of several known inhibitors on the hemozoin formation pathway
from the 4-aminoquinoline class and of additional compounds
(flavonoids and tannins) that may  have exerted activity via less
specific types of inhibition—has probably largely contributed to the
large proportion of hits detected in the �-hematin assay that have
reconfirmed in the whole cell Plasmodium growth inhibition assay
leading to a possible misbalance of the percentage of hits active in
both assays in regard to the results that could be expected from the
screening of a less biased library of compounds. It is more difficult
to comment on the extract side as the composition of the investi-
gated material is less known and more complex. Considering the
limited number of screened samples and the way those have been
selected (several families been overrepresented compared to oth-
ers) we cannot exclude a bias leading to a higher common hit rate
(extracts showing activity in both assays) in comparison to a larger
and randomized library of extracts.

The �-hematin assay has the advantage of identifying inhibitors
of a well-established and drug validated pathway of the Plasmod-
ium parasite, namely the hemozoin formation pathway. Another
clear advantage of the �-hematin assay adapted to the screening
of natural origin is its simple and rapid protocol. The assay can
easily be performed within one working day, avoiding handling
of Plasmodium cultures and only requiring rather basic laboratory
equipment. This assay can therefore be quite smoothly imple-
mented in natural product laboratories, including those located in
endemic areas as a suitable tool for antimalarial drug discovery.
The �-hematin assay can be used together with an analytical de-
replication technique such as LC/UV/MS coupled to a MS  database of
well-known/ubiquitous compounds that could dramatically speed
up the hit triage decision process and allow focus on quality
material of high potential for subsequent research activities. As
the hemozoin formation pathway is also present in Schistosoma,
the assay can be used for drug discovery against schistosomiasis
though the inhibition of this pathway is not has thoroughly vali-

dated in terms of drug discovery as it is in the case of Plasmodium
[40,41].
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