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Abstract

Background: Multiplex assays are currently used to facilitate
the evaluation of antibody (Ab) responses to multiple
Plasmodium falciparum antigens from large field-based
epidemiological studies. The present study aimed at (i)
optimizing parameters of a novel cost-effective, compact and
reliable magnetic bead-based multiplex immunoassay (MBA)
carried out with the MAGPIX®-Luminex system and (ii)
comparing the results with those obtained using standard
ELISA technology.

Methods: Several MBA parameters including antigen amount
for coupling, plasma dilution, type of plates, buffers, washing
procedure to minimize bead loss, and bead quantity for testing
were optimized. Antibody responses to two recombinant and
two peptidic P. falciparum antigens, one Anopheles gambiae
salivary gland peptide gSG6 and Bovine Serum Albumin as
negative control were tested by MBA and ELISA using sera
from 14 villagers from an hyper-endemic Senegalese village.

Results: The MBA procedures were developed to reflect
responses observed in the standard ELISA protocols used in
previous studies. Using the finalized MBA protocol, a strong
significant positive correlation (P<10-3) was observed between
ELISA and multiplex-MFI (median fluorescence intensity)
antibody readouts (PfMSP1p19, PF13-DBL1α1 recombinant
proteins, rho= .77 and .82, respectively; LSA141, CSP and
gSG6, synthetic peptides; rho = .86, .61 and .73, respectively).
Backgrounds with the negative control BSA or non-immune
sera were minimal. There was a good reproducibility of MFI
values measured with amounts of 1,500 beads/antigen/well.

Conclusion: The MBA protocol offers important advantages
over ELISA for measuring antibody responses to multiple
Plasmodium antigens, especially in large field studies.
Reducing significantly consumables' costs and being more
rapid than ELISA, the MBA protocols developed here
represents a basis for standardizing assays of humoral
responses and enable valid comparisons of results from

different laboratories in seroepidemiological surveys or analysis
of immunogenicity of vaccine candidates.

Keywords: Multiplex assay, Magnetic beads, MAGPIX® technology,
Malaria, Plasmodium, Antibodies detection, ELISA

Introduction
Malaria remains one of the most prevalent endemic vector-borne

diseases in tropical areas worldwide. Although Plasmodium
falciparum malaria is the major cause of childhood mortality and
morbidity in sub-Saharan countries, four other Plasmodium species
also contribute to the global burden of human malaria. The life cycle of
the microscopic Plasmodium spp. pathogen causing malaria has
multiple successive, antigenically distinct stages, which elicit a highly
complex immune response. Antibody responses play a crucial role in
protection against blood stages, but also in blocking transmission from
and to the mosquito vector [1,2]. A protective immunity to the parasite
develops in humans with increasing exposure and its acquisition is
influenced by transmission intensity [3]. Protection progressively
raised during childhood is maintained in adults who consequently
experience asymptomatic low-density blood stage infections [4,5].

In the recent years, the large-scale deployment of combined
interventions strategies including insecticide impregnated bed nets,
rapid diagnostic tests and efficient combination therapies, led to a
remarkable decrease of malaria burden in several sub-Saharan African
areas. Implementation capacity for monitoring the decrease in malaria
transmission could be facilitated by measuring antibody (Ab)
responses against a set of biomarkers to evaluate exposure and/or
protection to malaria in populations living in endemic areas [6,7].

The breadth of antigenic make up from each malaria species
parasites is such that serological correlates of exposure and protection
are still uncertain. To determine antibody levels in populations living
in areas where malaria is endemic, a panel of antigens (Ag) needs to be
explored. As small quantities of blood are usually available, this is not
feasible with the enzyme-linked immunosorbent assay (ELISA), the
gold standard technique where each antigen is tested separately. A
multiplexing approach is needed. Since several years, processes for
simultaneous detection of antibodies to multiple antigens have been
developed: multiplex assays in the format of protein microarrays
[8-12] or the bead-based Luminex system [13-17] that allowed high
throughput measures of multiple antibody specificities in a single
assay.

One of the processes of multiplex antibody detection is based on the
LuminexTM xMAP fluorescent-coded beads technology. Every single
Ag can be covalently linked to a defined color-coded microsphere so
that the reading device can classify each bead set separately. Prior
studies using multiple malaria Ag targets have reported results with the
Luminex100/200 instrumentation based on flow cytometry and laser
detection technology. A recently available device (MAGPIX®, Luminex
Corporation) works with fluorescent magnetic microspheres, held in a
monolayer with a magnet, illuminated by LED instead of laser system,
and imaged using CCD camera, reducing cost for access to multiplex
platform. To date, only few published studies provide technical
information on assay optimization conditions with malaria Ags [18]
and one with the use of the new MAGPIX® instrument [19].
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The present study was a pilot evaluation using a set of immune sera
from individuals living in endemic areas of P. falciparum transmission
to setup some technical constraints for a magnetic bead-based
multiplex immunoassay (MBA) using the MAGPIX® technology
compared to standard ELISA monitoring response to each individual
antigen. We firstly optimized the antigen concentration for coupling to
magnetic beads using a recombinant P. falciparum Ag PfEMP1-PF13-
DBL1α1 (PF13), an adhesion protein implicated in rosetting and
derived from the surface of P. falciparum infected erythrocyte. In a
second step, we tested a hexaplex combination using two recombinant
antigens (PF13 and MSP1p19), three Bovine Serum Albumin (BSA)-
coupled synthetic peptides (CSP, LSA141 and gSG6) and BSA as
control.

We report here analysis of technical parameters that influence
performance of the MBA assay and considerations for further
development of this powerful technique.

Material and Methods

Plasma samples
A set of 14 serum samples from individuals living in a malaria

endemic area were from adults or children living in a Senegalese village
with perennial continuous transmission (Dielmo) where a long-term
longitudinal survey was conducted to study acquisition and
maintenance of natural immunity for more than 20 years [5,20,21]. A
pool of purified Malaria Immune IgG immunoglobulin (MIG)
obtained from immune African adults (a kind gift of Marcel Hommel)
and a pool of plasma from adult donors living in Dielmo, Senegal
(Dielmo-HIS) (distinct from the individual samples indicated above)
were used as positive controls. Negative control plasmas were obtained
from 25 healthy Europeans adults who had not been exposed to
malaria (Blood bank, EFS-Rungis, France) and were used as a negative
control pool (NIS).

Antigens
Two recombinants proteins, three BSA conjugated peptides and

BSA for control was used. The PF13 Ag, derived from the P. falciparum
erythrocyte membrane protein 1 (PfEMP1-NTS-DBL1α1 domain of
exon 1 with a C-terminal hexa-His tag) was expressed in Escherichia
coli. The coding sequence was cloned in pET21a (Novagen), and
transformed into E. coli Rosetta-gami TM2 (DE3) (Novagen). Protein
expression and purification have been described previously [22].

The soluble recombinant protein corresponding to P. falciparum
merozoite surface Ag MSP1p19 corresponds to the C-terminal double
EGF domain of the protein. The GPI-modification signal sequence is
replaced with a hexa-histidine tag. The protein was produced in the
baculovirus/High Five (Invitrogen) insect cell expression systems and
purified by metalloaffinity chromatography as described previously
[23].

Two P. falciparum peptide Ags and the gSG6 peptide derived from
an A. gambiae salivary gland Ag [24] were used.

Two major antigens from pre-erythrocyte stages were used: LSA141
and a repeated sequence of the circumsporozoite protein (CSP).
Peptides sequences were as follows:

LSA141:
LAKEKLQEQQSDLEQERLAKEKLQEQQSDLEQERLAKEKEKLQC-
BSA;

CSP:
NANPNANPNANPNANPNANPNANPNANPNANPNANPNVDPN
VDPC-BSA;

gSG6: EKVWVDRDNVYCGHLDCTRVATFC-BSA.

Peptides were synthesized with an added N-terminal cysteine
residue with purity >85% and covalently coupled with BSA (bovine
serum albumin) by the manufacturer (Gen Script HK Inc., Hong Kong,
China), as peptides with molecular weight smaller than 3000 g/mol
couple poorly to beads and require conjugation to BSA [13].

Covalent coupling of Ag to magnetic beads
Carboxylated Luminex magnetic beads with different fluorescence

signatures (regions 12,13,14,15,18,19) (Luminex corp, Austin, USA)
were covalently coupled with recombinant proteins, peptide-BSA
complexes or BSA using the ready-to-use xMAP® Antibody Coupling
Kit (ref 40-50016, Luminex corp, Austin, USA). This one-time for use
Kit contains all the reagents and suitable consumables needed to link
covalently antibody or any protein to Luminex microsphere by the
carbodiimide reaction. Coupling was done following manufacturers’
instructions. Briefly 1.5 x 106 to 5 x 106 beads were re-suspended after
sonication and rotative mixing in micro centrifuge “reaction” vials and
washed twice before adding the activation buffer. The working volume
was 500µL; all washing steps or buffer changes were done after 1-2 min
of centrifugation at 8000 x g and 1 min of magnetic pelleting, followed
by 30s vortexing and sonicated 30s in water-bath sonicator to
optimally disperse the beads and avoid beads loss. Then, 10µL
carbodiimide hypochloride (EDC) were added and incubated 20 min
with an intermediate vortexing step after 10 min. After three washes,
Ag was added in the activation buffer for a final volume of 500µL and
kept under rotation mixing (15-30 rpm) in the dark for 2 hours. After
three steps of pelleting and washing, the supernatant was removed and
replaced by 1 mL washing buffer and kept in the dark at 2-8oC after
another vortexing and sonication step to disperse the microspheres.
Final count of remaining beads was done using cell counter, the
coupled microspheres were kept in the washing/storage buffer at 4oC
in the dark until further use.

Monoclonal antibodies
To confirm the bead coupling specificity and efficiency of PF13 and

PfMSP1-p19 soluble recombinant proteins, mouse monoclonal
antibodies (mAb) directed against PF13 (mAbs J3.21), or PfMSP1-p19
(mAb G17.12, kind gift from Dr Shirley Longacre). These mAb were
used instead of sera at different dilutions.

Multiplex magnetic bead-based immunoassay (MBA)
The procedure was performed in a dimly lit room. After counting

Ag-coated bead, an equal number of beads for each fluorescent bead
region was mixed and distributed in a 96-well white polystyrene round
bottom micro titer plate (Corning, Ref 3789, Fisher Scientific) to reach
a final concentration of 1500 beads/region/Ag in each well. The plate
was subsequently placed on a Luminex Magnetic Plate Separator
(Luminex, ref CN-0269-01) to remove the supernatant and 100μL
plasma/serum at the appropriate dilution were added in duplicate
wells. Plasma or serum dilutions were done in PBS 1x supplemented
with 0.05 % Tween 20 and 1% of BSA (PTB buffer). Plates, protected
from light, were incubated at room temperature (18-22oC) for 45 min
under constant shaking (350 rpm). Following this incubation step,
plates were washed three times in PTB buffer and 100μL secondary
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antibody (R-phycoerythrin conjugated goat F (ab’) 2 anti-humans IgG,
Molecular Probes/Life Technologies, H10104) diluted at 1/500 in PTB
buffer was added in each well. After 45 min incubation in the dark at
room temperature (18-22oC) under constant shaking (350 rpm), plates
were carefully washed twice with PTB buffer. Beads were finally re-
suspended in 120μL PTB and plates were analyzed using the MAGPIX®

Luminex system (Millipore, USA) and the xPONENT 4.1 software for
acquisition and assay design. The reader was set to read a minimum of
50 beads per spectral address and the output measured as Median
Fluorescence Intensity (MFI) as stated by manufacturer’s instruction of
use. The level of antibody responses was expressed in MFI, positive
responders were individuals with MFI signal over the mean MFI level
of naive controls + 2SD.

Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA assays were performed using plasma samples diluted 1:200.

The procedure used to measure seroprevalence and levels of antibodies
against PF13, PfMSP1p19 and peptides has been reported [19,25,26].
Recombinant antigens and BSA-peptides were coated on Immulon-4
plates (Dynatech) at 1µg.mL-1 and BSA (provided from peptide
manufacturer) was coated at 0.5µg/mL-1. Each plate included positive
controls, namely MIG and HIS and a negative naive control (Pool of
non-Immune European sera). For reliable inter-assay comparisons,
results were expressed as OD-ratios corresponding to OD-sample/OD-
naive. Positive responders were individuals with an OD-ratio over 2,
corresponding to the mean OD of naïve controls + 2SD.

Statistical Analysis
The antibody responses were not normally distributed (Shapiro test)

and hence, non-parametric tests were used for analyses. Continuous
variables OD ratios and MFI were compared using the Spearman rank

for analysis of correlation. Correlation was considered significant for P
values <0.05. Statistical analyses were performed with Stat view 5.0®

software.

Results

Optimization of Ag coupling conditions
The covalent coupling of Ag to color-coded magnetic beads was

initially realized following manufacturers’ instructions. However, as
shown in Table 1, bead recovery was variable and ranged from 62% to
100%. Bead loss was unrelated to the Ag (recombinant protein or
peptide-BSA) used and was observed even if 2.5 x 106 magnetic beads
were used. To avoid excessive loss of magnetic beads during the
coupling procedure, a centrifugation step was added before magnetic
bead separation to ensure efficient pelleting (see Materials and
Methods section).

To determine the optimal Ag amount to be used for bead coupling,
three concentrations of PF13 recombinant protein (1, 10 and 20µg per
106 beads) were tested using a single vial of “low” concentration region
of beads i.e. 2.5 x 106 beads/3 = 0.83 x 106 beads per assay. When 10 or
20µg protein per 106 beads was used, a large amount of uncoupled Ag
was revealed in the post-conjugation supernatant as detected by ELISA
using mAb J3.21 (Figure 1). To check that the presence of unbound
protein in the supernatant was not due to ineffective coupling, PF13-
coupled beads were tested in monoplex MBA using the positive control
pools (MIG and HIS), the negative control pool (NIS) and serial
dilutions of an anti-PF13 mouse polyclonal serum. As illustrated in 
Figure 2, similar levels of MFI were observed between the 3
concentrations of PF13 protein tested when human (left panel) or
mouse antibodies (right panel) were used.

Antigen Magnetic Beads

Identification Quantity Region ID Initial Recovery %

PF13 1μg/106 13 0.83 106 0.73 106 88

PF13 10μg/106 13 0.83 106 0.64 106 77

PF13 20μg/106 13 0.83 106 0.79 106 95

MSP1p19 5μg/106 12 2.5 106 2.40 106 96

PF13 5μg/106 13 2.5 106 2.50 106 100

CSP 5μg/106 14 2.5 106 1.55 106 62

LSA141 5μg/106 15 2.5 106 1.95 106 78

gSG6 5μg/106 18 2.5 106 2.30 106 92

BSA 5μg/106 19 2.5 106 2.40 106 96

Table 1: Summary of the final magnetic beads recovery after the coupling procedures for the different antigen tested
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Figure 1: Detection of PF13 Ag in supernatants after coupling
procedure using different concentration of the protein Increasing
dilutions of supernatants after the first coupling procedure for PF13
were coated overnight at 4°C on Imulon IV ELISA plates. The
presence of PF13 was revealed by a polyclonal anti-PF13 mouse
antibody diluted 1:5000 and plotted as OD values on Y axis,
showing a detectable excess of unbound Ag over 1μg per 106 beads.

Figure 2: MFI values of human and mouse control sera IgG
antibody levels against PF13 coupled at different concentrations to
the fluorescent magnetic beads MFI values measured using the
different Ag-coupled beads are shown for: (i) the immune HIS pool,
(ii) the NIS negative pool, (iii) the immune MIG pool, (iv) mouse
anti-PF13 polyclonal serum diluted 1:1,000, 1:5,000, 1:10,000 (from
left to right) and (v) mouse pre-immune control diluted 1:1,000,
1:5,000, 1:10,000 (from left to right). Beads coupled with 1, 10 and
20μg per 106 beads are shown in pale grey, dark grey and black,
respectively. A dose-effect output was evidenced with the mouse
sera.

Specificity of the MBA test
The monoplex with PF13-beads coupled with the three protein

concentrations used above (Figure 2) showed an excellent specificity of
the technique, with a good dynamic range with the positive control
pools and negligible signals with negative control NIS pool. The
positive signal was high whatever the initial concentration of Ag used
for cross-linking. The excellent background to noise ratio was
confirmed using the specific mouse anti-PF13 serum. The semi-
quantitation performed with the mouse anti-PF13 serum showed
higher signals at dilution 1:5,000 with the beads coupled with 10 or 20
µg. More than two steps of washing or longer incubation steps (1 hour)
did not change background and positive signals. These results led us
choose an intermediate concentration of 5µg recombinant protein or
peptide-BSA per 106 beads for the subsequent couplings, use for 45
min-long incubation steps and perform two steps of washing.

Concordance between MBA and ELISA
Optical density (OD) values measured by ELISA and MFI values

obtained MBA were compared for 14 plasma samples from Dielmo, a
rural Senegalese village where malaria transmission was intense and
perennial at the time of the sampling. As shown in Table 2, correlation
between the two techniques, calculated by Spearman rank test, was
strong (rho from 0.50 to 0.86) and highly significant (P<0.01) for all
antigens, including BSA (P=0.03). These Ag were differently
recognized by individuals, Figure 3 details individual results expressed
as a 3-level stratified antibody responses namely negative vs.
intermediate vs. strong (i.e. larger than mean values) showing inter-
individual variation and concordance between the two methods.

Figure 3: Comparison of ELISA vs. MBA output for individual sera
Antibody responses against the 5 antigens are detailed for
individual sera and controls. It has been expressed as a 3-level
stratified responses namely negative vs. positive (OD ratio [OD] or
MFI>naïve background+2SD) vs. strong (i.e. OD ratio or MFI >
mean value of the set of sera tested). Inter-individual variations and
general concordance between the two methods are underlined.
HIS=Human Immune Serum; MIG=Malaria Immune Globulins are
the positive controls
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BSA CSP Ag LSA141 Ag gSG6Ag MSP1p19 PF13 Ag

OD values* 0.16 [0.02-0.85] 0.27 [0.00-0.73] 0.37 [0.01-2.09] 0.07
[0.00-0.57]

1.01 [0.04-2.70] 1.39 [0.04-2.28]

Odratio* 3.7 [1-17.1] 6.3 [1-14.4] 6.7 [1-20.3] 1.0 [1-2.6] 13.6 [1-43.1] 18.8 [1-36.4]

MFI values* 35 [12-170] 107 [14-733] 865 [16-4487] 138
[16-930]

306 [21-1283] 1052 [27-3373]

correlation** 0.50 0.61 0.86 0.73 0.77 0.82

95% CI° 0.03-0.79 0.18-0.84 0.65-0.95 0.39-0.89 0.46-0.91 0.56-0.93

P° 0.03 0.007 <10-4 <10-3 <10-3 <10-4

Table 2: Summary of the levels of responses and correlation coefficients between ELISA and MBA assays for the different antigen tested

Evaluation of serial plasma dilution, bead count and
reproducibility over time
The degree of association between MFI and OD values was tested

with a serial dilution of the two positive HIS MIG controls diluted
1:100 to 1:10,000. Results are plotted on Figure 4, showing high titers
of antibodies to PF13, MSP1p19 and LSA141, slightly lower titers to
CSP (around 1:2,000) and very low levels of antibody to the A. gambiae
salivary peptide antigen.

Figure 4: OD values and MFI values from serial dilutions of positive
controls i.e. pool of immune sera (HIS) and immune IgG (MIG)
OD values and MFI values of IgG responses to the 5 different Ag-
coupled beads are plotted for serial dilutions of the positive
controls: HIS and MIG. MFI values were plotted as log10
transformed signal. The use of the two methods led to similar
profiles for antibody level evaluation.

We found similar results and profiles of antibody titration by the
two methods and the background signal against BSA was negligible.
However, there was a slight difference between OD and MFI measures
regarding anti-LSA141 antibody content with a higher level of MFI
signal then OD values, when compared to PF13 and MSP1p19.

The validation of multiplex antibody detection MFI measures
requires an optimal number of beads. In the MAGPIX® system with

xPonent software, the minimum manufacture’s requirement is 50 beads
per region for statistical validation of MFI calculation (indicated as a
green toggle in each well on the screen output).

When the number of events was increased (100 or 150 beads per
region), the MFI results in the same assay did not significantly change.
Thus, the recommended minimum setting of 50 beads count per
region per well allows to run a second set of counts, if necessary for
further checking, with the same plate on the next day after keeping the
plates at 5-8oC in the dark. Results obtained did not significantly differ
from the first measure (<5% variation).

Regarding bead stability over time, the same hexaplex mix kept
during 4 months at 4°C has been tested; it included the two positive
reference controls and the set of 14 sera. We found similar results in
MFI with some variations in the individual MFI data (from 8% to
150%). The correlation between results of the two sets of measures was
highly significant (Rho=0.93, P<10-3). Variations of large amplitude
were from negative or very low responders; individual plasma with
high initial MFI levels showed <15% of variation after 4-month
conservation.

Discussion
The multiplex fluorescent bead assay is a powerful technique usually

used with instrumentation based on flow cytometry and laser
detection technology. Several custom approaches have been published,
and numerous commercial kits are available based on Ag capture-
related assay by monoclonal antibodies. An increasing number of kits
are now available prepared with magnetic beads coupled to specific
immune reagents or Ags. Multiplex assays have a large panel of
applications such as determination of cytokines, viral markers,
bacterial markers for water or food testing, multi-antigen detection for
transplantation, cancer immunology etc. [27-30]

In the case of malaria parasites, custom-ELISA multiplex analyses of
selected Ags have been recently published. The antibody responses are
monitored using of a variety of protocols [13,16,24,32]. Some
investigations provide information on assay optimization conditions
with the Luminex100 system [18].

In this work, we wanted to explore the antibody response to
antigens that have been explored in previous studies using ELISA
[19,26] and shown to have a high seroprevalence in this Senegalese
setting. The final aim is to perform a longitudinal analysis of the
antibody response of the villagers during the last decade and use for
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future studies a multiplexing technological approach allowing
meaningful comparisons with previous serological surveys. In the
work reported here, we set several technical points that should be
taken into account for further development with additional antigens.

A first obstacle was an excessive loss of beads during the coupling
procedure and when managing the MBA test. For the coupling
procedure itself, the use of a commercial kit was a comfortable solution
providing adapted “non-sticky” plastic materials. We introduced a
double pelleting of the beads at each step, both by centrifugation and
use of the magnet. The second parameter is the production of the
multiplex reagent; it is a major step for mounting the custom multiplex
assay requiring attention. The quality of the recombinant proteins or
BSA-peptide conjugates and the buffer in which they are presented to
the beads for carbodiimide crosslinking are important factors. The
commercial kit allowed preparing a multiplex test with more than 10
antigens at the same time, with a minimum loss of beads. When
performing the tests with plasma, a substantial loss of beads was
sometimes observed, this precluded MFI measurement. This problem
was solved by using round bottom micro titer plates and by limiting
the number and the duration of washing steps. Two washing steps were
sufficient (contrary to ELISA), as evidenced by the negligible
background MFI signal for the negative controls.

We also explored the amount of Ag and beads to be used in MBA.
Coupling of 5ug of antigen per 106 beads (recombinant protein or
BSA-coupled peptide) was sufficient to saturate the beads. In published
reports, concentrations of antigen evaluated ranged from 0.5 to 100ug
per 106 beads, depending upon the antigen used. An amount of 1 to
5ug per 106 beads was usually found optimal [15,16,32,33], except for
bacterial crude extract requiring a higher amount of protein [28]. We
finally selected 5ug of Ag for coupling: it was an intermediate value
between the two amount of PF13 tested here (1µg and 10µg), and
seems over sufficient for coupling with minimum loss of Ag.

In order to measure of antibody levels, 3000-5000 beads per antigen
per well is the usually recommended range. In the MAGPIX® system,
the capacity measurement is overloaded when introducing 60,000
beads per well (manufacturer’s information) i.e. a maximum of 12 Ags
(5000 beads per Ag per well, 0% loss during the procedure). To set up
an assay with a higher number of Ags (which is our final goal),
optimization of the test using the lowest amount possible of antigen-
coupled beads was required. We used here the usual load of 3000 beads
per Ag per well. In addition, combining careful pelleting with a
minimum number of washing steps allowed us to lower the input to
1500-2000 beads, leading to 100% of wells with multiplexed MFI data
in each plate. And indeed, subsequent assays using 16 different
peptides or recombinant antigens resulted in easily interpretable
individual data, with no cross reactivity and an excellent signal to noise
ratio (data not shown).

An important point is the presentation of the antigen itself using
this technique. The beads in the assay anchor the antigen by covalent
linking of a carbodiimide linker to Lysine residues of the protein, as
opposed to ELISA where the coating of surfaces of the wells by the
antigen results from non-specific hydrophobic interactions with the
plastic plate. As a consequence, it is likely that surface epitopes are not
presented in exactly the same configuration and binding efficiency and
fine specificity of antibody, therefore measures may differ when using
these two techniques. Thus it is important to compare the performance
of both assays and cross validate results. Prior studies using multiplex
assay for antibody determination to P. falciparum antigens checked for
concordance with ELISA monoplex [13,15]. In agreement with the

observations reported here, there was a high degree of correlation
between both methodologies [15,33,34]. We observed such a high
correlation in a recently published study [19] that used the optimized
MBA protocol reported here. However, some variations can be
observed at the individual level.

The dynamic range of MFI values (up to 200-fold over background
levels) is larger than the OD range of the ELISA (30-60-fold the
background signal). This may account for the different shape of
titration curves obtained with the two techniques on Figure 3, which
contrast with an early report with a P. falciparum bead assay [15].
Alternatively, as indicated above, this may reflect the partial overlap of
the set of epitopes presented for antibody binding in the two
methodologies.

Another major advantage of multiplex assays is their versatility:
biomarkers from different Plasmodium species can be investigated to
detect P. falciparum as well as P. vivax or P malariae or P. knowlesi in
areas where these species are endemic. Moreover, multiplexing allows
screening a large panel of antigens to be used as biomarkers and
generate antigen combinations with the best value as biomarkers of
infection.

Conclusion
The aim of the present study was to setup and share some technical

basis for a MAGPIX®-based approach compared to ELISA. We
developed MBA so as to use a procedure similar to the ELISA usual
procedure, using the same diluents and serum dilutions and sharing
the same standards. We optimized the assay to minimize loss of beads
at the successive steps from Ag coupling to incubation and washings of
the plates. The method described here provides a platform to further
develop the MBA methodology, using additional peptides or
recombinant antigens and reference reagents.

We think that this affordable multiplex methodology (approx. 0.5
USD per individual per antigen) is amenable to widespread use in
endemic settings and offers interesting opportunities to evaluate and
validate panels of Ag as biomarkers in seroepidemiology studies.
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