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Abstract. A nanoparticle-based assay for detection and quantification of Plasmodium falciparum histidine-rich pro-
tein 2 (HRP2) in urine and serum is reported. The assay uses magnetic beads conjugated with anti-HRP2 antibody for
protein capture and concentration, and antibody-conjugated quantum dots for optical detection. Western blot analysis
demonstrated that magnetic beads allow the concentration of HRP2 protein in urine by 20-fold. The concentration
effect was achieved because large volume of urine can be incubated with beads, and magnetic separation can be easily
performed in minutes to isolate beads containing HRP2 protein. Magnetic beads and quantum dots conjugated to anti-
HRP2 antibodies allows the detection of low concentrations of HRP2 protein (0.5 ng/mL), and quantification in the
range of 33–2,000 ng/mL corresponding to the range associated with non-severe to severe malaria. This assay can be
easily adapted to a noninvasive point-of-care test for classification of severe malaria.

Diagnosis of severe malaria is particularly important in
highly endemic regions since most patients are positive for
parasitemia and treatment differs from non-severe malaria.
Diagnosis can be challenging due to the prevalence of diseases
with similar symptoms. Accurate diagnosis is increasingly
important to avoid overprescribing antimalarial drugs, mini-
mize drug resistance, and minimize costs.1,2

Methods for malaria diagnosis include direct microscope
measurement of the parasite burden in blood samples, anti-
gen detection, or nucleic acid detection.3,4 Microscopy anal-
ysis of circulating parasites in blood does not accurately
represent the real parasite burden because in cases of severe
malaria, the parasites are sequestered in venules and capil-
laries in various stages of development (e.g., trophozoites and
schizont stage).5 In addition, the complexity and logistic diffi-
culties limit the applicability of microscopy analysis in devel-
oping countries.4

Plasmodium falciparum histidine-rich protein 2 (HRP2)
is a 37 kDa water-soluble protein that can be measured in
serum, saliva, or urine.6 HRP2 is released from free and
sequestered parasites and hence is a potential biomarker
for the total parasite burden in the host.7,8 HRP2 levels
associated with severe malaria are typically greater than
100 ng mL−1.3,8,9 Rapid antigen detection tests (RDTs) based
on immunochromatography are used to detect HRP2 protein
in endemic areas. However, these tests are qualitative and suf-
fer of low analytical sensitivity (mean: 11.7 ng/mL, minimum:
0.62 ng/mL, maximum: 62.5 ng/mL).10 Detection of HRP2 by
enzyme-linked immunosorbent assay (ELISA) is only used
to quantify HRP2 levels for research proposes. Recently, an
immuno-polymerase chain reaction (PCR) assay has been
reported to detect low concentrations of HRP2 protein (down
to 0.2 ng/mL).11 However, both ELISA and immuno-PCR are
not practical for highly endemic areas.

Here we report on a magnetic bead-quantum dot (MB-
QD) assay for measurement of HRP2 antigen in serum and
urine. The antibody-based assay combines magnetic beads for
capture and concentration of the target protein, with quantum
dots for efficient quantitative detection.
Superparamagnetic beads (Dynabeads® M-270; Life Tech-

nologies, Carlsbad, CA), 2.7 μm in diameter and functional-
ized with surface epoxy groups, were covalently coupled to
primary amine and sulfhydryl groups of mouse IgG mono-
clonal anti-HRP2 antibodies (clone 3A4) at a concentration
of 2 μg antibodies/mg beads. The conjugation was performed
in 1.5 M ammonium sulfate overnight at 37°C, and then stored
at 4°C prior to use. From the density of beads (6.7 × 107

beads/mg) and assuming that all antibodies are conjugated to
the beads, approximately 6 × 105 antibodies are estimated to
be conjugated to each bead.
Evaluation of the ability of magnetic bead-antibody (MB-

Ab) conjugates to capture and concentrate recombinant
HRP2 protein11 was performed by Western blot. These exper-
iments were performed using urine to demonstrate antigen
capture in a physiologically relevant sample while avoiding
the nonspecific binding associated with serum samples. Collec-
tion of urine samples does not require trained personnel and
is more acceptable for patients. However, urine is not used
for detection of HRP2 because of the low concentration of
proteins in urine. Using MB-Ab conjugates, relatively large
volumes of urine can be used to concentrate the target pro-
tein, and the beads can be easily separated from the sample
solution by magnetic separation without the need of centrifu-
gation steps. Magnetic separation of beads from the super-
natants is fast (< 1 minute) making this test feasible to be
performed in endemic areas.
For Western blot analysis, MB-Ab conjugates were blocked

with 6% bovine serum albumin (BSA) in phosphate buffered
saline (PBS) for 1 hour at room temperature. One milliliter of
antigen in urine (at concentrations up to 500 ng/mL) was incu-
bated with 250 μg MB-Ab conjugates (1.7 × 107 MB-Abs) at
room temperature for 1 hour. After incubation and washing
steps, the magnetic beads were separated from solution using
a magnet (Magnetic Separator Stand; Promega, Fitchburg,
WI). The antigens were eluted from the beads using a
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reducing buffer (10 μL of 50 mM glycine, pH 2.5; 5 μL of
sodium dodecyl sulfate (SDS) sample buffer; 3 μL of sample
reducing agent), and incubated at 90°C for 15 minutes. The
beads were removed by magnetic separation and the elution
buffer containing the antigens was loaded onto 4–15% pre-
cast gels to perform SDS polyacrylamide gel electrophoresis
analysis and electrotransference to a polyvinylidene fluoride
membrane. After blocking steps, the membranes were incu-
bated with the same mouse monoclonal antibody (3A4) at a
dilution of 1/1,000. Goat anti-mouse horseradish peroxidase
conjugated antibodies (Bio-Rad, Hercules, CA) were added
at a dilution of 1/10,000. Visualization of the bands was per-
formed using an enhanced chemiluminescence system (Super-
signal West Pico; Thermo Fisher Scientific, Waltham, MA).
The Western blot shows detection of the captured protein

down to a concentration of 5 ng/mL. Without concentration,
the detection limit for free HRP2 in urine using Western blot
is about 100 ng/mL (Figure 1A). Comparison of the detec-
tion limits suggests a protein concentration of about 20-fold
(Figure 1B). These results demonstrate efficient capture and
concentration of HRP2 in urine samples by magnetic beads.

To verify that the HRP2 protein is captured by the anti-
bodies, magnetic beads with and without antibodies were incu-
bated with 0, 10, and 50 ng of HRP2 in 1 mL of urine. After
washing and resuspension in elution buffer, magnetic beads
without antibodies show no protein capture (Figure 1C). In
contrast, magnetic beads with antibodies show a concentration-
dependent band at 37 kDa, very similar to the bands for free
protein (Figure 1C).
In the MB-QD assay for HRP2 detection (Figure 2A and

B), the antibody to HRP2 is conjugated to magnetic beads for
capture and concentration of the target protein, and quantum
dots conjugated to the HRP2 antibody are used for optical
detection. HRP2 antibodies were conjugated to quantum dots
(Qdot 525; Life Technologies) using the SiteClick™ Antibody
Conjugation Kit (Life Technologies). The same mouse IgG
monoclonal antibody to HRP2 was used for capture and
detection since HRP2 has repetitive B-cell epitopes. The
final concentration of quantum dot–antibody (QD-Ab) con-
jugates was 2.6 μM.
To demonstrate the complete capture-detection sand-

wich assay, magnetic beads conjugated with antibody were

FIGURE 1. (A) Detection of 0–500 ng/mL of free Plasmodium falciparum histidine-rich protein 2 (HRP2) in urine using Western blot.
(B) Schematic illustration of HRP2 capture using magnetic beads. Western blots of eluted HRP2 show detection down to 2.5 ng/mL in urine.
(C) Western blot comparing capture on HRP2 using magnetic beads with and without antibodies. 0, 10, and 50 ng of HRP2 were incubated with
magnetic beads without antibodies and showed no capture (lanes 1–3), but were captured by magnetic beads conjugated with antibodies (lanes
4–6). Lanes 7 and 8: 10 and 50 ng of free HRP2 (control). Lane 9 is the same as lane 4 (magnetic bead-antibody [MB-Ab] conjugates incubated
with 50 ng HRP2), but blotted without primary antibody to HRP2 to confirm that the two bands at 25 and 50 kDa correspond to antibody
(heavy and light chain) fragments eluted from the MB-Ab conjugates.
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incubated in serum spiked with HRP2 to give protein con-
centrations from 33 to 2,000 ng/mL, corresponding to the
range associated with non-severe to severe malaria (non-severe
malaria: < 314 ng/mL, moderate severe malaria: 373 ng/mL,
and severe malaria: > 1,103 ng/mL).3,7–9 Similar analyses were
performed in urine.
Different quantities of HRP2 (0.01–60 ng) were added to

a vial containing 30 μL of normal human serum (or 1 mL of
urine). MB-Ab conjugates (2.5 mg) were blocked in 1 mL of
6% BSA and 10% fetal bovine serum (FBS) overnight at
room temperature. PBS (with 6% BSA and 1% FBS) and
250 μg of the blocked MB-Ab conjugates (1.7 × 107 MB-Abs)
were incubated with serum and urine samples for 2 hours.
After incubation, the MB-Ab conjugates were washed three
times with phosphate buffered saline with 0.05% Tween® 20
and twice with PBS. For detection, the stock solution of QD-
Ab conjugates (2.6 μM) was diluted 80-fold in PBS and 6%
BSA. After washing steps and magnetic separation, the QD-
Ab solution (10 pmoles, 6 × 1012 QD-Ab conjugates) was
added to the HRP2 solution and incubated for 2 hours. The
QD-Ab concentration corresponds to about 105 QDs per
magnetic bead. The MB-Ab conjugates with captured protein
and labeled with QD-Ab conjugates were suspended in 500
μL PBS for photoluminescence measurements (Figure 2C).
The photoluminescence intensity was read at 525 nm
(Spectramax M3 multi-mode microplate reader; Molecular
Devices, Sunnyvale, CA) and was subtracted from the back-
ground intensity.
Quantum dots have tunable size-dependent emission, a

broad excitation spectrum, high quantum yield, and do not
photobleach. The high quantum yield and resistance to photo-
bleaching allow quantitative analysis over a wide range of
exposure times, providing a significant advantage over organic
fluorophores. The limit of detection of the assay was 0.5 ng/
mL in serum and urine, which is comparable to the reported
for RDTs and ELISA (11 and 0.7 ng/mL, respectively). The
correlation between intensity and HRP2 concentration is linear
at higher concentrations (4–1,000 ng/mL) with a slope of 1.0.

This study demonstrates detection of HRP2 over the range
of concentration required for classification of severe malaria
from a serum and urine. The photoluminescence measure-
ments were performed on magnetic beads labeled with
QD-Ab conjugates to minimize the number of steps in the
protocol. Scattering from the magnetic beads increases the
background signal at shorter wavelengths and the signal for
0.5 ng/mL of HRP2 is 10% above the background. This tech-
nique has the potential to be developed as a biosensor for
semiquantitative analysis and can be used as a point-of-care
test in highly endemic areas in low-income countries where
there is a lack of infrastructure and professional and trained
workers. In summary, we have demonstrated an assay using
magnetic beads for capture and concentration of HRP2 anti-
gen, and quantum dots for detection, which provides an alter-
native for classification for the severity of malaria caused by
P. falciparum.
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