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B
y definition, enzymes convert sub-
stratemolecules into distinct products
without themselves being consumed

in the process. Consequently, highly sen-
sitive detection of biomolecules can be
achieved by enzymatic signal enhance-
ment. In line with this, polymerase-driven
PCR amplification of nucleotide sequences

presently provides the most sensitive way
to detect biomarkers. For some applications
such as detection of disease-causing patho-
gens, where time-to-readout is a major
concern, a drawback of PCR is the need for
thermal cycling. This hampers quantifica-
tion and requires specialized equipment
unavailable to most physicians, which in
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ABSTRACT We present an attractive new system for the specific

and sensitive detection of the malaria-causing Plasmodium para-

sites. The system relies on isothermal conversion of single DNA

cleavage�ligation events catalyzed specifically by the Plasmodium

enzyme topoisomerase I to micrometer-sized products detectable at

the single-molecule level. Combined with a droplet microfluidics lab-

on-a-chip platform, this design allowed for sensitive, specific, and

quantitative detection of all human-malaria-causing Plasmodium

species in single drops of unprocessed blood with a detection limit of

less than one parasite/μL. Moreover, the setup allowed for detection

of Plasmodium parasites in noninvasive saliva samples from infected

patients. During recent years malaria transmission has declined worldwide, and with this the number of patients with low-parasite density has increased.

Consequently, the need for accurate detection of even a few parasites is becoming increasingly important for the continued combat against the disease. We

believe that the presented droplet microfluidics platform, which has a high potential for adaptation to point-of-care setups suitable for low-resource

settings, may contribute significantly to meet this demand. Moreover, potential future adaptation of the presented setup for the detection of other

microorganisms may form the basis for the development of a more generic platform for diagnosis, fresh water or food quality control, or other purposes

within applied or basic science.
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turn considerably delays onset of treatment.1�3 There-
fore, detection of pathogens by isothermal nucleotide
amplification, which poses little requirement for equip-
ment and follows linear reaction kinetics, is an attrac-
tive solution.3,4 One such technique is rolling-circle
amplification (RCA), by which a circular DNA template
is converted to a ∼103 tandem repeat rolling-circle pro-
duct (RCP) that can easily be visualized at the single-
molecule level.5,6 RCA has successfully been employed
to detect nucleic acid sequences,7,8 proteins,9,10 or
small molecules.11 However, the disadvantage of most
published methods is the requirement of extensive
sample preparation and the formation of only one or
few RCPs per target molecule.
Here we present the specific circularization of a RCA

substrate by the essential DNA-cleaving enzyme topo-
isomerase I (pTopI) from the human-malaria-causing
Plasmodium parasites. This allows specific, quantita-
tive, and highly sensitive detection of the malaria-
causing genus, Plasmodium, in small volumes of
unprocessed and crude clinical samples using the
rolling-circle enhanced enzyme activity detection
(REEAD) system in combination with a droplet micro-
fluidics lab-on-a-chip platform.14 This is to our
knowledge the first example of a diagnostic test
based directly on detection of endogenous enzyme
activity. Moreover, it is the first report of a REEAD
setup capable of distinguishing between typeIB
topoisomerases in a genus-specific manner for a
diagnostic purpose. In contrast to other detec-
tion strategies the presented Plasmodium-specific
REEAD-on-a-chip system enjoys a “double-amplification”
advantage since each target enzyme (pTopI) gener-
ates numerous DNA circles for signal enhancement
by RCA in addition to the uniform mixing and fast
reaction kinetics imposed by droplet microfluidics,
making the setup highly sensitive and yet quantita-
tive in nature.

RESULTS AND DISCUSSION

Like human topoisomerase I (hTopI), pTopI belongs
to the type IB topoisomerase family,15 which introduces
transient single-strand breaks in double-strandedDNA.
Cleavage results in a covalent enzyme�DNA inter-
mediate allowing religation of the generated nick.15

To investigate if different DNA recognition by pTopI
and hTopI would allow the design of a pTopI-specific
REEAD substrate, the cleavage patterns of Plasmodium

falciparum topoisomerase I (used as a model for pTopI
for the REEAD substrate design) and hTopI were com-
pared using standard assays.16 This analysis demon-
strated that pTopI can cleave DNA close to a 30-end and
ligate a protruding 50-end of the nonscissile DNA strand,
which hTopI cannot17 (Supplementary Figure S1). On
this basis, we designed five different REEAD substrates,
which each fold into a hairpin structure contain-
ing a probe and primer annealing sequence in the

single-stranded loop region and a potential cleavage�
ligation site for pTopI in the double-stranded stem
region. These substrates were tested for reactivity with
pTopI and cross-reactivity with hTopI using the basic
REEAD setup.12 All tested substrates were converted to
closed circles by pTopI to serve as templates for solid
support RCA and visual readout by hybridization of red
fluorescent probes as described in ref 12. The reaction is
schematically illustrated in Figure 1a, and the results are
shown in Figure 1b and in Supplementary Figure S2.
None of the substrates reacted with hTopI (data not
shown and Figure 1b). Of the substrates tested, S1
(shown in Figure 1a) was the most efficient sub-
strate for pTopI and chosen for further experiments
(see Supplementary Figure S2).
The specificity of S1 in crude biological samples was

addressed using nuclear extract from human HEK293T
cells with or without spike-in purified pTopI enzyme.
Besides S1, the S(TopI) substrate, previously demon-
strated to detect hTopI in cell extracts,12 was added to
the reaction mixtures as a positive control for the
experimental procedure (Figure 1c). In all examined
microscopic views red signals corresponding to single
RCPs matching circularized S1 were observed only
upon addition of pTopI spike-in. Green signals originat-
ing from circularized S(TopI) were observed in both
samples (Figure 1d). This demonstrated the specificity
of S1 for pTopI in a background of the human cell-
nucleus content.
To address the performance of pTopI-specific REEAD

in detecting Plasmodium in clinically relevant samples,
S1 and S(TopI) were reacted with extracts from blood
samples fromuninfectedpatients or froma P. falciparum-
infected patient (patient #1, Supplementary Table S3),
where the latter was dilutedwith uninfected blood to a
parasite density of 1000 parasites/μL. The need for
extensive sample preparation poses an obstacle for
many diagnostic tests.3 We therefore aimed for a
simple protocol without extensive sample preparation
and suitable for analyses of small volumes (e50 μL) of
blood. We tested two procedures. In one procedure,
named “REEAD-bulk”, extracts were prepared by mix-
ing blood with a low-salt lysis buffer before addition of
substrates. In the other procedure, named “REEAD-on-
a-chip”, REEAD was combined with a droplet micro-
fluidics lab-on-a-chip platform18 to allow confinement
of blood, substrates, and the low-salt lysis buffer in pL
droplets in which the reaction took place (Figure 2a
and b). Subsequently, droplets were retained in a drop-
trap device and exsiccated onto a primer-coated glass
slide to allow RCA12,14 (Figure 2a, lower panel). Exam-
ples of the microscopic views obtained by this proce-
dure are shown in Figure 2c. Green hTopI-generated
signals were observed after analyses of either infected-
or uninfected blood, confirming successful reaction
procedures. Red pTopI-specific signals were observed
only after analyses of blood from patient #1.
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To compare the performance of the REEAD-bulk and
REEAD-on-a-chip procedures, 10 replicates of the anal-
ysis of the P. falciparum-infected blood sample de-
scribed above and a reference panel of 10 blood
samples from different uninfected patients (#6�#15,
Supplementary Table S3) were analyzed using each of
the two procedures. Subsequently, all the pTopI-spe-
cific signals generated on the microscopic slides were
counted. As indicated in the boxplot shown in Figure 2d,
the median of the counts obtained for the positive
replicates differed significantly from the median of the
counts obtained for the uninfected samples when using
the REEAD-on-a-chip setup (p-value = 8.39 � 10�5,

Wilcoxon test). In contrast, only marginally significant
differences between positive and negative replicates
were observed when using the REEAD-bulk protocol
(p-value = 0.01227, n = 20). Figure 2e shows the results
of contrasting each replicate of the infected blood
determination with the replicates of the uninfected
blood (pooled). As evident from the plot, only 2 out of
10 replicates were detected positive using REEAD-bulk
(p-values 0.0309 and 0.0196), while all 10 replicates of
the infected sample were detected positive using the
REEAD-on-a-chip setup (p-values ranging from3.85� 10�4

to 1.51� 10�5). Finally, the data from the REEAD-bulk
setup present signs of overdispersion (variance/mean

Figure 1. Development of REEAD for detection of pTopI. (a) REEAD setup exemplified by the pTopI reaction with S1. pTopI-
mediated cleavage�ligation converts S1 to a single-stranded DNA circle, which templates RCA initiated from a glass slide-
coupled primer hybridizing to “p” of S1. Unreacted S1 cannot template RCA. The generated RCPs are visualized
microscopically upon hybridization of fluorescent probes annealing to “i-regions” of RCPs. An arrow indicates the cleavage
site for pTopI. Gray ellipses labeled “pT” or “pol” denote pTopI or Phi29 polymerase, respectively. (b) Example of the
microscopic views obtained upon incubation of S1 with pTopI (top panel) or hTopI (bottom panel) followed by REEAD. RCPs
originating from circularized S1 and spike-in control circles were visualized by rhodamine (red)- and FITC (green)-labeled
probes, respectively. (c) S1 and S(TopI) used in the experiments shown in (d). (d) Typical microscopic view showing the result
of REEAD analyses of nuclear extracts from HEK293T cells without (top panel) or with pTopI spike-in (bottom panel). RCPs
originating from circularized S1 or S(TopI) were visualized by rhodamine (red)- or FITC (green)-labeled probes.
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Figure 2. Optimization of REEAD for detection of Plasmodium in blood samples from infectedpatients. (a)Microfluidic lab-on-
a-chip device used for REEAD-on-a-chip. Top panel, schematic illustration of the microfluidic channel device. Sample to be
analyzed, lysis buffer, and S1 and S(TopI) were loaded into the system in three different channels (marked I, II, and III). By
competition with oil (fed by channel IV) the three different components were confined in pL droplets, lead via a channel
system to the outlet (V), and subsequently confined in the drop-trap device. The serpentine channel, ensuring mixing of
droplet content, is indicated in the figure. Lower panel shows the drop-trap device. Droplets were confined in cavities at the
intersections in the drop-trap (right panel) and exsiccated onto a primer-coated glass slide (left andmiddle panel) to support
RCA. (b) Light-microscopic view of the microfluidic platform. In this example blood, substrates, and lysis buffer were loaded
into the three different channels and confined in oil-surrounded pL droplets. (c) Four representative segments from typical
microscopic views obtained from analyzing blood from uninfected or P. faliciparum-infected (1000 parasites/μL) patients
using the REEAD-on-a-chip setup. RCPs originating from circularized S1 or S(TopI) were visualized by rhodamine (red)- or FITC
(green)-labeled probes. (d) Boxplot representing the results of the experiment comparing the REEAD-bulk and the REEAD-on-
a-chip setups. The left panel displays the number of pTopI signals/slide obtained with the REEAD-bulk setup (yellow for the
uninfected blood samples and orange for the infected replicates). The right panel represents the results for the REEAD-on-a-
chip setup (blue for uninfected blood samples and red for the infected replicates). (e) FDR-adjusted p-values for testing each
replicate of the infected blood against the reference uninfected samples (in a log10 scale) for the REEAD-on-a-chip (in red) and
the REEAD-bulk (in blue) setups. The replicates are sorted in a decreasing order of p-values. The dashed horizontal line
represents a threshold for malaria detection at a significance level of 10%. The p-values for the replicates obtained by the
REEAD-on-a-chip setup vary in the range from 3.85� 10�4 to 1.51� 10�5, and the three smaller p-values for the replicates of
the REEAD-bulk setup are 0.2963, 0.0309, and 0.0196.
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ratios equal to 2.79 and 6.69 for uninfected samples
and the infected replicates, respectively, and false-
discovery-rate (FDR)-adjusted p-values equal to 0.00594
and 0.000 04 for the uninfected samples and the
infected replicates, respectively, using parametric con-
ditional resampling test for overdispersion of counts).
No evidence of overdispersion was found in the data
obtained with the REEAD-on-a-chip setup (adjusted
p-values given by 0.942 85 and 0.297 573 for the un-
infected samples and infected replicates, respectively).
Microfluidics is characterized by many intrinsic ad-

vantages, such as low sample consumption and short
processing time. However, the superior performance of
the microfluidic setup observed in this study most
probably results from a confined reaction in the pL
droplets, where each droplet represents an individual
microreactor. This offers an efficientmixing of reagents
resulting in improved extraction and faster reac-
tion kinetics.18 This is consistent with the absence of
detectable overdispersion in the repeated assays using
REEAD-on-a-chip in contrast to the overdispersion
found when using REEAD-bulk. Overdispersion is asso-
ciated with the presence of additional variation
sources,19,20 and only extraction and circularization
differed between the two setups. On the basis of the
observations described above we continued our in-
vestigations using the “REEAD-on-a-chip” setup.
The performance of REEAD-on-a-chip on field sam-

ples was tested in a trial including 20 blood samples
from patients infected in West Africa or India with a
parasite density varying from<50 to 275000parasites/μL
of P. falciparum (#17�#26, #29, #30, #32�#36), P. vivax
(#27, #28), or P. ovale (#21, #31) and 11 blood samples

from uninfected patients (#6�#16) (Supplementary
Table S4). Only sporadic signals were observed in the
11 uninfected samples (mean = 4 signals/slide, SE = 1.3),
and no significant differences between the expected
numbers of signals of those samples were detected (p-
value 0.9045, n = 31, Supplementary Table S4). There-
fore, in this trial an infected sample was reported
positive when the total number of pTopI signals de-
tected was statistically significantly larger than the
expected number of signals for the uninfected refer-
ence samples (for R < 1.9 � 10�5, which is equivalent
to g17 signals per slide, Supplementary Table S4).
According to this criterion the test identified all the
Plasmodium positive samples, regardless of parasite
species and density.
In addition to P. falciparum, P. vivax, and P. ovale,

which were detected in the test described above, the
REEAD system was able to detect infections with
P. knowlesi and P. malariae (Supplementary Table S5).
This is consistent with the fact that the biomarker,
pTopI, is an essential enzyme that is conserved among
Plasmodium species and suggests that REEAD-on-a-
chip may be developed into a highly sensitive and
specific pan-malaria test. Moreover, the essential
functions of the TopI cleavage�ligation15 reaction
argues against the occurrence of Plasmodium

strains undetectable by REEAD-on-a-chip. This is
the case for many of the common commercially
available rapid diagnostic tests (RDTs) specific for
biomarkers such as HRP2, which detect P. falciparum
only and are further hampered in regions where the
hrp2 genes are deleted from large proportions of the
parasites.2

Figure 3. REEAD-on-a-chip analyses of Plasmodium-infected blood or saliva samples. (a) Graphic representation of a
quantitative analyses of blood samples from patient #1 (P. falciparum) or #5 (P. vivax) diluted by uninfected blood to a
parasite density of 10 000, 100, 10, or 1 parasite/μL. The total numbers of pTopI-specific signals on the individual slides are
plotted as a function of log10 to numbers of parasites/μL in the individual samples. Red and blue dots show the results of two
repeated analyses of the P. falciparum and P. vivax samples, respectively. As a reference, a panel of blood samples from 11
uninfected patients (#6�#16) were analyzed and used to determine an approximate threshold for detection with a
significance level of R = 10�3 (dotted line). (b) Samples of saliva from three P. falciparum (red dots), one P. vivax (blue dot),
and eight uninfected (gray dots) individuals were analyzed using the REEAD-on-a-chip setup. The total numbers of pTopI-
specific signals observed on each slide are plotted as a function of parasite density observed in the blood from the infected
patients. The dotted line shows an approximate threshold for detection with a significance level of R = 10�3.
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To address if REEAD-on-a-chip is suitable for quanti-
tative determination of parasites and to calculate the
detection limit, serial dilutions of blood samples with a
known parasite density (Supplementary Table S3) from
individuals infected with P. falciparum (#1) or P. vivax
(#5) were analyzed, and the results compared to those
obtained using a reference panel of blood samples
from 11 uninfected patients (#6�#16). Themicrofluidic
setup could detect both Plasmodium species in the
studied range of 1�10 000 parasites/μL. Note that this
does not indicate an upper limit for detection (see
Supplementary Table S4). The expected number of
signals increased linearly with the logarithm of the
number of parasites at a rate of 9.3 units per 10-fold
increase in the number of parasites/μL (Figure 3a). This
regression yields an estimated detection limit of the
current REEAD-on-a-chip protocol of 0.06 parasites/μL
(zM level) (see Methods). Note that the best PCR
protocol demonstrates a detection limit of 0.01�1
parasites/μL. However, such sensitivity is achieved only
after extensive sample preparation and/or concentra-
tion procedures, which often requires larger sample
volume and involves several centrifugation steps.21

This is redundant for the REEAD-on-a-chip procedure.
Plasmodium parasites have been reported present in

saliva from infected patients.22 Since diagnosis based
on noninvasive samples such as saliva poses obvious
advantages, we therefore analyzed saliva samples
obtained from eight uninfected (#9�#16) and four
P. falciparum or P. vivax (#2�#5) infected individual(s)
(Supplementary Table S3). All infected samples tested
positive (Figure 3b), suggesting that REEAD-on-a-chip
will allow for parasite-based diagnosis of malaria using
noninvasive saliva samples. Clearly, thiswould impact the
possibilities of disease surveillance worldwide especially
when it comes to identifying asymptomatic carriers, which
is of particular importance in elimination programs.1

CONCLUSION

In conclusion the presented REEAD-on-a-chip setup
allowed highly sensitive detection of Plasmodium in-
fection in small volumes of blood or saliva samples. In
terms of detection limit (less than one parasite/μL) the
assay outcompetes state-of-the-art light microscopy
(detection limit; 10�200 parasites/μL1,2) and RDTs
(require parasitaemia g200 parasite/μL). Compared
to PCR, which is the only method with a sensitivity
matching that of REEAD-on-a-chip, the latter assay

presents the advantages of being directly quantitative
in nature and requiring no sample preparation. Indeed,
to obtain a detection limit comparable to REEAD-on-a-
chip, PCR requires extensive sample preparation21 and
is under typical use not substantially more sensitive
than light microscopy.2 Moreover, the REEAD-on-a-
chip setup is easy to operate and requires no thermal
cycling,making it adaptable to point-of-care testing even
at low-resource settings. This of course requires an un-
ambiguous and automated read-out format as an alter-
native to the presentedmicroscopic readout. This can be
obtained, for example, by transforming the biological
events toelectrical signals,whichhasbeendemonstrated
feasible for vast numbers of electrochemical DNA sensors
and requires only low power.23 Moreover, the pump
system used for droplet microfluidics can be simplified
by a pumpless syringe-based inlet system,24 which is
currently being designed. Even in the current proof-of-
concept setup time-to-readout (∼2.5 h) and prize (∼2
USDper sample) of the REEAD-on-a-chip is acceptable for
routine use and is expected considerably reduced once a
point-of-care test is fully developed.
We believe REEAD-on-a-chip may provide the basis

for a highly valuable pan-malaria test, which can
complement state-of-the-art methods for detection
of low-parasitaemia cases. Such a test is needed as
malaria transmission declines. With this, diagnosis of
low-parasitaemia cases becomes increasingly more
important for individual case management as well as
for disease surveillance and for eradication programs
in semi-immune populations, where identification and
treatment of all (including asymptomatic) infected
individuals are important determinants of success.1

Even in its present form, REEAD-on-a-chip requires
no specialized skills and may be of direct use at
community hospitals in nonendemic regions where
lack of experience among technicians currently re-
sults in misdiagnoses and reporting delays.2 Also,
since the candidate enzyme, pTopI, is a potential
new drug target in the combat against multidrug-
resistant malaria,25,26 the presented REEAD-on-a-
chip would be an attractive setup for high-throughput
drug screening. Finally, with the potential future devel-
opment of REEAD substrates specific to other relevant
enzyme activities the presented REEAD-on-a-chip set-
up may form the basis for a more generic platform for
nanomedicine or other purposes within applied or
basic science.

METHODS
REEAD Substrates, Primers, and Probes. All oligonucleotides were

purchased from DNA Technology A/S. The sequences of the
oligonucleotides are shown in the Supporting Information.

Enzyme Expression and Purification. The P. falciparum TopI gene
(PlasmoDB accession number PFE0520c)27 was codon optimized

(by GeneArt) for expression in Saccharomyces cerevisiae. The
optimized genewas PCR amplified and cloned into the pYES2.1/
V5-His-TOPO vector (Invitrogen). A positive clone was identified
by sequencing, and the generated plasmid pPT100 was trans-
formed into the yeast S. cerevisiae top1Δ strain RS190 (a kind
gift from R. Sternglanz, State University of New York, USA)
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according to standard procedures. pTopI was expressed and
purified as previously described for hTopI.28 hTopI was
expressed and purified as previously described.28 The protein
concentrations were estimated from Coomassie blue-stained
SDS-polyacrylamide gels by comparison to serial dilutions
of BSA.

Cell Culture and Nuclear Extract Preparation. Human embryonic
kidney HEK293T cells were cultured in Dulbecco's modified
Eagle medium (Gibco) supplemented with 10% fetal bovine
serum (FBS) (Gibco), 100 units/mL penicillin, and 100 mg/mL
streptomycin (Invitrogen). Cells were incubated in a humidi-
fied incubator (5% CO2/95% air atmosphere at 37 �C). Cells
were harvested with 0.5% Trypsin-EDTA (Gibco). Media was
discarded and the cells were washed in phosphate-buffered
saline (1� PBS) prior to nuclear extraction performed as pre-
viously described.13 The cell extracts were used for REEAD
directly or spiked with purified pTopI prior to REEAD.

Bulk Preparation of Extracts from Blood Samples. A 40 μL amount
of ice-cold lysis buffer (10 mM Tris-HCL pH 7.5, 0.5 mM EDTA,
1mMDTT, 1mMPMSF, 0.2% Tween 20)was added and carefully
mixed (by vortexing) with 8 μL of 37 �C blood (uninfected or
Plasmodium infected) and incubated on ice for 15 min.

REEAD Analyses of Bulk Extracted Blood (REEAD-Bulk). Circulariza-
tion reactions were carried out in 40 μL reaction volumes
containing a divalent cation depleted buffer (10 mM Tris-HCl,
pH 7.5, 0.5 mM EDTA, 250 mM NaCl, 1 mM DTT, 1 mM PMSF)
supplemented with REEAD substrate(s) as stated in the text.
Standard concentrations: S(TopI), 67 nM; S1, 167 nM. Reactions
were initiated by the addition of the purified enzymes (hTopI or
pTopI), cell extracts, or 10 μL of bulk blood extraction. Incuba-
tion was carried out for 30 min at 37 �C.

REEAD-on-a-Chip Analyses of Blood or Saliva Samples. The micro-
fluidic setup consists of two devices: a flow-focusing droplet
generator and a drop-trap. Both devices were fabricated by
conventional soft lithography techniques,29 casting, and curing
the PDMS prepolymer on a SU-8 3025 (MicroChem)master with
a channel height of around 25 μm. PDMS prepolymer (Sylgard
184) was prepared in a 10:1 (base:curing agent) ratio and cured
at 65 �C for 1 h. Prior to the experiments, the channels were
wetted with oil/surfactant (PFPE-based surfactant made essen-
tially as described in ref 30) for at least 15 min. Two syringe
pumps (Harvard Apparatus) were used to control the flow rates
of oil/surfactant and reagents independently, forming mono-
disperse water-in-oil droplets at a frequency of 0.8�1.5 kHz. The
droplet volume and generation frequency were controlled by
the flow rate ratio, determined by the competition between
continuous phase (carrier fluid (HFE-7500 fluorocarbon oil (3M):
the oil/surfactant, flow rate 15 μL/min) and disperse phase
(aqueous reagents: blood/saliva, lysis buffer, and REEAD sub-
strates, flow rate 2.5 μL/min.). Blood or saliva, lysis buffer (10mM
Tris-HCL pH 7.5, 0.5 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.2%
Tween 20), and REEAD substrates (final concentration in the
droplets: S(TopI), 67 nM; S1, 167 nM)were loaded in each of their
channels in the microfluidic device, and droplet generation was
initiated. The generated droplets were harvested in Eppendorf
tubes. A 5 μL amount of the droplets was placed on a primer-
printed glass slide prepared as described below. The PDMS
drop-trap was gently placed on top of the glass slide containing
droplets. The geometry of the drop-trap was designed accord-
ing to the size of generated droplets. The droplets were left to
exsiccate, and the REEAD substrates hybridized to the primers
(see REEAD: Microscopic Readout), before the drop-trap was
removed.

REEAD: Microscopic Readout. A50-amine-conjugated primerwas
coupled to CodeLink Activated slides (SurModics) according
to the manufacturer's description. A 5 μL circularization
reaction sample was hybridized to the immobilized primers
for 30 min at RT (22�25 �C). Washing, RCA, hybridization of
probes, and microscopic visualization were performed as
previously described.12 The quantification of pTopI-specific
signals was performed by counting all red signals on the
microscopic slides.

Statistical Analyses. The performances of the REEAD-on-a-chip
and the REEAD-bulk protocols were compared in an experiment
where 10 replicates of the analyses of a P. falciparum-infected

blood sample containing 1000 parasites/μL and a panel of
10 blood samples of different uninfected patients were ana-
lyzed using each of the two protocols. The total numbers of
pTopI signals observed on the entire surface of a microscopic
slide containing RCPs resulting from 5 μL of circularization-
mixture/droplets were determined for each of these assays. The
following statistical procedures were applied for the data
generated with each protocol. First, a one-sided Wilcoxon test
was used to compare the median of the observations from the
infected blood with the median of the observations of the
uninfected blood. The overdispersion of each group of repli-
cates (infected and uninfected with each protocol) was tested
using a parametric conditional resampling test for overdisper-
sion of counts (see ref 19, p 142). A sequence of generalized
linear models for Poisson overdispersed counts19 was used to
analyze this experiment, since the replicates obtained with the
REEAD-bulk protocol showed significant overdispersion. Next,
we tested whether the uninfected replicates could be pooled
(defining suitable nestedmodels and using F tests with p-values
obtained by nonparametric bootstrap19 with 10 000 bootstrap
repetitions, to avoid use of asymptotic inference), obtaining the
p-values 0.545 and 0.512 for the REEAD-on-a-chip and the
REEAD-bulk protocols, respectively. We then inspected each
replicate of the infected blood sample by contrasting it with
the pooled observations of the uninfected blood samples
(Wald test). After applying a false discovery rate correction
for multiple testing, we obtained the p-values reported in
Figure 2e.

The possibility of using the REEAD-on-a-chip protocol for
quantitative determinations of the density of parasites was
addressed by mounting an experiment involving four dilutions
of blood samples with a known parasite density (densities of 1,
10, 100, and 10 000 parasites/μL) from individuals infected with
P. falciparum (#1) or P. vivax (#5) and two replicates, yielding
2 � 4 � 2 = 16 observations. A sequence of generalized linear
model defined with the Poisson distribution and the identity
link was used to study the results of this experiment.20 We
showed that a model assuming that the expected number of
pTopI-signals/slide, say E(S), is linearly related to the logarithm
of the number of parasites/μL, log10(P), more precisely,

E(S) ¼ Rþβ log10(P) or; equivalently, P ¼ 10fE(S) � R=βg (1)

where R and β are parameters to be estimated. Comparing a
succession of nested models by the likelihood ratio tests we
found that there is no statistical evidence of inhomogeneity
(p-value = 0.4138, n = 16), lack of adjustment of the linear
relationship described in eq 1 (one response curve per species,
p-value = 0.9196, n = 16), and differences between the response
curve of each of the two species (p-value = 0.3513, n = 16). The
estimated value of the parameters of themodel defined by eq 1
are = 22.1 (SE = 1.9) and = 9.3 (SE = 1.0); moreover β differs
significantly from zero (p-value = 2� 10�16). That is, the number
of pTopI-signals/slide increases significantly with the number of
parasites, and there is no evidence in our experiment of
differences in this increase pattern between P. falciparum and
P. vivax. The detection limit was estimated by predicting with
the regression (eq 1) the number of parasites P such that the
number of signals S attained a threshold for detection obtained
with the panel of uninfected reference samples. Using a sig-
nificance level of R = 10�3 the threshold for detection is 11
signals/slide, yielding an estimate of the detection limit of
10(11�22.1)/9.3 = 0.064.

The samples of saliva were analyzed with the REEAD-on-a-
chip protocol combined with fluorescent-microscope counting
of the total number of pTopI-signals/slide. Using suitably de-
fined Poisson generalizer linear models,20 no evidence of
differences between the expected numbers of pTopI-signals/
slide among the uninfected control samples were found
(bootstrap p-value 0.139). The total number of pTopI-signals/
slide from samples of saliva from infected patients were then
compared to the distribution of the number of pTopI-signals/
slide of the control uninfected samples following a procedure
similar to the described above.
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