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A field-deployable mobile molecular diagnostic system for malaria
at the point of need

Field-deployable, standalone, sample-in-answer-out molecular
diagnostic system (AnyMDx) to enable real-time molecular analysis
of blood-born malaria at the point of need. The AnyMDx seamlessly
integrates all nucleic acid testing steps from sample preparation to
real-time amplification and detection. The turnaround time from raw
sample to answer is less than 40 minutes.
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In response to the urgent need of a field-deployable and highly sensitive malaria diagnosis, we developed a
standalone, “sample-in-answer-out” molecular diagnostic system (AnyMDx) to enable quantitative molecu-
lar analysis of blood-borne malaria in low resource areas. The system consists of a durable battery-
powered analyzer and a disposable microfluidic compact disc loaded with reagents ready for use. A low
power thermal module and a novel fluorescence-sensing module are integrated into the analyzer for real-
time monitoring of loop-mediated isothermal nucleic acid amplification (LAMP) of target parasite DNA.
With 10 pL of raw blood sample, the AnyMDx system automates the nucleic acid sample preparation and
subsequent LAMP and real-time detection. Under laboratory conditions with whole-blood samples spiked
with cultured Plasmodium falciparum, we achieved a detection limit of ~0.6 parasite per uL, much lower
than those for the conventional microscopy and rapid diagnostic tests (~50-100 parasites per ul). The
turnaround time from sample to answer is less than 40 minutes. The AnyMDx is user-friendly requiring
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minimal technological training. The analyzer and the disposable reagent compact discs are cost-effective,
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1 Introduction

Malaria, a mosquito-borne parasitic disease, has been one of
the oldest fatal infectious diseases in human history."™ De-
spite extensive malaria control efforts, it still infects ~250
million people in the world per year with the remaining half
of the world's population at risk.>* For malaria control, rapid,
accurate and highly sensitive diagnosis is essential for deliver-
ing effective chemotherapies. Currently, malaria diagnosis un-
der field settings relies exclusively on traditional microscopy
and rapid diagnostic tests (RDTs) with a detection limit of
50-100 parasites per pL.>"® Such a detection limit would inevi-
tably miss malaria cases with much lower parasitemias, which
are especially common in asymptomatic parasite carriers.’?
Thus, malaria diagnostic tools with significantly improved
sensitivity are urgently needed for endemic settings, especially
for regions planning for malaria elimination.

Modern nucleic acid testing (NAT) methods of malaria de-
tection enable much higher sensitivity with a detection limit
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of approximately 1 parasite per uL,*'> which is highly desir-

able for identifying asymptomatic infections.>*%'>'* Sensi-
tive detections of malaria parasites in these subpopulations,
which are considered as important reservoirs of transmis-
sion, are particularly important for malaria elimination.>'?
Among various molecular amplification assays, loop-
mediated isothermal DNA amplification (LAMP) has emerged
as a promising technology for field use due to its simplicity,
rapidness, sensitivity and specificity.>®'**® The major ad-
vantages of using LAMP include its high specificity, robust-
ness against inhibitors, and fast amplification."”™° Unfortu-
nately, most LAMP-based diagnosis still involves bulky and
costly peripheral equipment, and skilled technicians are of-
ten required for manually operating the instrument® and
performing multiple steps of sample preparation.>*”** More-
over, basic infrastructures such as electricity for powering in-
struments are often limited in remote malaria clinical
settings.”*2° Therefore, there is a strong desire to develop a
molecular diagnostic system that can be more easily deployed
to remote malaria endemic areas. Although extensive efforts
have been undertaken towards this goal,>”*® a true “sample-
in-answer-out” NAT system with real-time quantitative capa-
bility has yet to be developed.

A field-deployable molecular malaria diagnostic platform
should possess the following attributes: i) standalone and
portable for field applications, ii) true sample-in-answer-out
without much user intervention, iii) seamlessly integrated
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and automated DNA sample preparation, iv) real-time quanti-
tative fluorescence detection, v) rapid and suitable for diag-
nosis in clinical settings, and vi) much higher sensitivity
allowing detection at low parasitemias. Here, we report the
design of a molecular diagnostic system for malaria, named
AnyMDXx, which consists of a small-footprint analyzer and dis-
posable microfluidic compact discs that are preloaded with
molecular reagents for the LAMP assay. With minimal man-
ual work, the AnyMDx could deliver sensitive molecular diag-
nostic results directly from a small volume of blood samples
within 40 minutes without any requirement of laboratory in-
frastructures. The standalone and user-friendly AnyMDx in-
strument is highly promising for sensitive malaria diagnosis
in field settings.

2 Materials and methods
2.1 Culture of malaria-infected blood

P. falciparum 3D7 was maintained in complete RPMI 1640
medium with type O+ human red blood cells (RBCs) as de-
scribed previously.>®*° The parasite culture was synchronized
by treatment of ring-stage parasites with 5% p-sorbitol.>* The
fresh complete medium was replaced on a daily basis, and
parasitemia was assessed by Giemsa-stained blood smears. In
order to mimic the whole blood sample obtained from patients,
the parasite culture at the ring stage of various parasitemias
was adjusted to around 45% hematocrit for AnyMDx analysis.

2.2 AnyMDx instrumentation

The assembled and exploded views of the AnyMDx system are
shown in Fig. 1. The instrument was designed in SolidWorks
and can be quickly prototyped in-house with a 3D printer.
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The whole system is of a small footprint (12 x 13 x 13 cm). It
is powered by a rechargeable lithium-ion battery allowing for
14 hours of continuous operation before recharging. The
functional modules inside the AnyMDx system are illustrated
in the block diagram (Fig. 2).

Real-time optical subsystem. On the excitation side, the
LED light source (4 = 488 nm, C503B-BCN-CV0Z0461, Newark)
was guided towards the reaction chamber through a polymer
optical fiber (#02-538, Edmund). The optical fiber and LED
were self-aligned by a customized adapter to achieve optimal
light coupling efficiency. On the detection side, the emission
light from the LAMP reaction chamber was coupled to the op-
tical sensor (TCS34725, Digi-Key) by the optical fiber. The in-
cidence of the excitation LED light is perpendicular to the op-
tical sensor to minimize the diffracted excitation light into
the optical sensor and thus increasing the signal-to-noise
ratio.

Thermal subsystem. For the feedback thermal control sys-
tem, a Peltier heater was bonded to the backside of the alu-
minum heating plate by thermal paste. A micro-thermistor
was embedded inside the aluminum heating plate for real-
time temperature monitoring. The desired reaction tempera-
ture was maintained by the feedback control during the DNA
amplification process.

Mechanical and interfacing subsystems. An embedded
microcontroller unit (MCU) operates the whole system to per-
form all required isothermal assay steps including automated
sample preparation, nucleic acid amplification, and real-time
detection. An LCD provides a user-friendly interface for in-
strument status and data display. In addition, a low power
Bluetooth incorporated for easy data
connectivity.

module was
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Fig. 1 Overview of the standalone and mobile nucleic acid testing system (AnyMDx). (A) Schematic diagram of the assembled AnyMDx with the
reagent compact disc. The whole platform is of a small footprint (12 x 13 x 13 cm). The reagent compact disc was secured on the rotatable spindle

platter. (B) Schematic diagram of functional parts in an exploded view.
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Fig. 2 Block diagram of the AnyMDx modules. The platform consists of four main functional modules: mechanical modules (servo motor/spindle
platter/compact disc), optical modules (LED/optical sensor), thermal modules (Peltier heater/thermal sensor), and data connectivity modules
(Bluetooth). Each module was controlled by a microprocessor on a customized PCB board. The diagnostic results can be optionally reported to a

smartphone user interface.

2.3 Microfluidic reagent compact disc design and fabrication

The microfluidic compact disc consists of top (0.8 mm thick),
spacer (1.6 mm thick), and bottom (0.8 mm thick)
poly(methyl methacrylate) (PMMA) layers laminated with ad-
hesive solvent (Fig. 3A). Each layer was designed in AutoCAD
(diameter of 9.6 cm) and patterned by a CO, laser cutter (Epi-
log Helix 24 Laser System). Each assembled disc accommo-
dates three independent testing units. Each unit consists of
five chambers: a DNA binding chamber (with an inlet for
sample input), a washing chamber, a reaction chamber, and
two valving chambers (Fig. 3B). The valving chambers were
filled with FC-40 oil or air. The FC-40 oil, which seals the
LAMP reaction chamber, helped prevent master mix evapora-
tion during the thermal process. The air-filled valve was sur-
face treated with water-oil repellent to create a barrier for the
amphiphilic lysis buffer. The inlets for sample input were
sealed by pressure-sensitive adhesive (PSA) tapes (3M Scotch
3650).

2.4 Integrated nucleic acid sample preparation on the
compact disc

We used a commercially available DNA purification kit
(Invitrogen ChargeSwitch® forensic DNA purification kit) for
isolating P. falciparum DNA from whole blood lysates. The ly-
sis buffer, binding buffer, and washing buffer were used as
received. The LAMP master mix was prepared before running
the experiments. All reagents were in liquid phase when
loaded onto the disc. The reagent-loaded disc were stored in
the fridge at 4 °C. The reagents were stable for at least 3 days
under these storage conditions. 10 pL of human whole blood
samples spiked with cultured P. falciparum were collected

This journal is © The Royal Society of Chemistry 2016

into a 1.5 mL microcentrifuge tube containing 1000 pL of ly-
sis buffer and 10 pL of proteinase K. After incubating at room
temperature for 2 min, 180 pL of lysates were introduced into
the binding chamber through the inlet hole. There are three
independent testing units on the compact disc. Each testing
unit on the compact disc consists of (1) 30 pL of binding
buffer and 10 pL of magnetic beads in the binding chamber,
(2) 150 pL of washing buffer in the washing chamber, and (3)
25 uL of LAMP master mix in the reaction chamber (Fig. 3B).
Since the surface charge polarity of the magnetic beads is pH
dependent and the surface charge polarity of DNA is negative
for a wide range of pH values,> the magnetic beads can at-
tract or repel the nucleic acids by the different pH values of
the preloaded buffer solution (Fig. 3C). The magnetic beads
were actuated by rotating the compact disc against a station-
ary magnet. In a control sequence, the DNA-carrying beads
were directed into the different chambers until the target
DNA was eluted in the reaction chamber (Fig. 3C). The opti-
mal rotation speed is experimentally determined by monitor-
ing the magnetic bead motion. Although a faster rotation is
preferred to reduce the whole processing time, the DNA-
carrying magnetic beads might be lost from chamber to
chamber if the rotation speed is too high. There is a tradeoff
between the sample preparation efficiency and the whole pro-
cess time. The whole process can automatically prepare high-
quality DNA samples from the human whole blood in less
than 10 minutes.

2.5 Loop-mediated isothermal DNA amplification

The LAMP reaction mix consists of isothermal buffer (20 mM
Tris-HCl, 10 mM (NH,),SO,, 50 mM KCI, 2 mM MgSO0,, 0.1%
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Fig. 3 Illustration of reagent compact disc and integrated sample preparation on the compact disc. (A) Exploded view of the reagent compact
disc showing three patterned PMMA layers. (B) Assembled view of the reagent compact disc showing three independent testing units. Each test
unit consists of five chambers: a DNA binding chamber (binding buffer, pH 5.0), a washing chamber (washing buffer, pH 7.0), a LAMP reaction
chamber (master mix, pH 8.8), and two valving chambers. All reagents are preloaded on the compact disc in a ready-to-use format. The lysate was
prepared by collecting 10 pL of malaria-infected blood into 1 mL of lysis buffer in a microcentrifuge tube. (C) Illustration of integrated sample
preparation and amplification steps on the compact disc. By rotating the compact disc against a stationary magnet in a specifically designed con-
trol sequence (steps 1-4), the pH charge switchable magnetic beads were directed from chamber to chamber, which allows for seamlessly inte-
grated DNA binding, purification, elution and amplification on the compact disc.

Tween 20, pH 8.8), P. falciparum-specific primer set (5 pmol
of F3 and B3, 40 pmol of FIP and BIP, 20 pmol of LF and LB,
Table S1t), MgSO,, calcein, MnCl,, deoxyribonucleotide tri-
phosphates (ANTPs), Bst 2.0 DNA polymerase, DNA template,
and PCR grade H,O (Table 1). The LAMP assay was
performed at a constant temperature (65 °C maintained by
the analyzer) (Fig. S1t). Six target-specific primers targeting
the mitochondrial gene were synthesized (Integrated DNA
Technologies) to specifically amplify the 213 bp region of the
P. falciparum DNA (Fig. 4 and Table S17). The primer set we
used in this study is the same as those reported previously."

2.6 Data analysis

During the amplification process, the fluorescence readings
were acquired every 2.5 seconds. The first 5 min of the signal
was averaged to obtain the background noise level, which
was then subtracted from the raw fluorescence readings to

Table 1 Reagent setup of the LAMP master mix

Component Concentration Volume
PCR grade water 1x 7.25 ul
Primer sets — 6.50 ul
Isothermal buffer 1x 2.50 ul
MgSO, 7.00 mM 1.75 Wl
Calcein 25.00 uM 0.63 pl
MnCl, 0.75 mM 1.88 ul
dNTP mix 1.40 mM 3.50 ul
Bst DNA polymerase 0.32 unit per pl 1.00 pl

4344 | Lab Chip, 2016, 16, 4341-4349

form a processed signal. The processed signal was further
smoothed by averaging a fixed number of consecutive data
points. We defined threshold time (7;) as the time when the
slope of the measured RFU (dRFU/d¢) reached the peak (Fig.
S2t1). The threshold RFU value was experimentally deter-
mined at 400 for positive/negative decision.

3 Results and discussion
3.1 AnyMDx operation

Fig. 5 shows the operation of the AnyMDx system from the
whole blood sample to the molecular diagnostic results. The
nucleic acid testing procedure includes the following seam-
lessly integrated steps: (1) collecting malaria-infected blood
into a 1.5 mL microcentrifuge tube containing 1000 pL of ly-
sis buffer and 10 pL of proteinase K, mixing the content thor-
oughly, and incubating at room temperature for 2 minutes;
(2) transferring 180 pL of the lysate into the compact disc
through a loading inlet which was sealed after loading; and
(3) inserting the compact disc into the AnyMDx instrument.
The AnyMDx automatically performs all steps including DNA
purification, elution, amplification, and real-time detection.
The diagnostic result is shown on an LCD screen or (option-
ally) on a smartphone through Bluetooth connectivity. Video
S1t shows the exemplary sequence of operating the AnyMDx
instrument. The turnaround time from sample to answer is
less than 40 minutes. Although we could also incorporate the
lysis process on the compact disc, an off-chip lysis was

This journal is © The Royal Society of Chemistry 2016
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LOCUS: AJ276844 3 F2
1582 TATACTATTGGCACCTCCATGTCGTCTCATCG CAGCCTTGCAATAAATAA
LF

1633 TATCTAGCGTGTATTGTTGCCTTGTACACACCGCTCGTCACGCAATATCA
Fic Bic LB
1682 ATATACTGGGTATAGAACTCCAGGCGTTAACCTGTAGAGTTGAGATGGA

B2
1732 AACAGCCGBAAAGGTAATTTTACECCCTTAACGTAAAGATCATT TATGAA

B3
1781 ATAGATTAGCATGGGACTAAAAAATGTTATGTTGTTGGTTTAAGCCCTAT

Fig. 4 Location of the LAMP target sequence and priming sites of
Plasmodium falciparum (Pf: Genbank accession no. AJ276844). The
core priming sites of inner/outer primers (F3/B3, F2/B2, and Flc/Blc)
with additional priming sites of loop primers (LF/LB) are marked on the
sequence.

adopted to ensure the system's compatibility with other sam-
ple types (e.g. swab samples).

3.2 Passive valve on the microfluidic compact disc

One major challenge in applying microfluidics towards point-
of-care testing is the need for peripheral tubing and pumping
systems to drive the liquid movement.>*** One exception is
the centrifugal type microfluidic platform, where the reagent
can be preloaded and driven by centrifugal forces.>® The
preloaded reagents rely on passive valves to prevent
mixing.***” However, fluid control and separation in the cen-
trifugal platform were challenging because an identical cen-

| | B0, versdero § *
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trifugal force field is applied to all of the liquids on the disc
within which a different flow rate is needed.>**® In addition,
centrifugal force is non-linear in nature and needs rotational
frequencies in the range of several thousand revolutions per
minute (RPM).>* The electrical power needed to drive this
motion is tremendous.

The microfluidic reagent disc used in the AnyMDx system
does not rely on the centrifugal force to move the liquid. In-
stead, we actuate the DNA-carrying magnetic beads against
the stationary reagent droplets. The reagents were preloaded
and separated on the microfluidic reagent disc by teeth-
shaped passive valves (Fig. 3). The structural pinning ef-
fect*>*® and modified surface tension are the underlying
principles that enable the teeth-shaped valves to securely
hold the liquid in each chamber. The pinning effect refers to
the fact that a sharp bending angle (&) of the teeth structure
radically increases the liquid/vapor interface area and raises
the activation energy, which prevents the fluid from overcom-
ing the barrier (Fig. S3A7).*° The enhanced surface tension is
another important aspect of our passive valve structure. The
valve surface was treated with a water-oil repellent to in-
crease the activation barrier by introducing a higher surface
tension,*® which also helps circumvent cross-contamination
during sample preparation.

4 fnaluzing Done |
Take Sane Ot

Fig. 5 Steps for operating the AnyMDx system from sample to answer. 10 uL of the whole blood sample was collected into 1 mL of lysis buffer by
using a capillary tube, and the lysate was ready to be loaded into the compact disc after incubation at room temperature for 2 minutes (steps 1-3).
180 pL of lysate was introduced to the compact disc through the loading inlet which was then sealed by pressure-sensitive adhesive tape (step 4).
The sealed compact disc was inserted into the AnyMDx instrument, and the system can be optionally connected to a smartphone user interface
(step 5 and 6). When closing the lid, the AnyMDx system automatically performs all assay steps including nucleic acid purification, elution, amplifi-
cation and real-time detection (step 7). The diagnostic result can be reported within 40 min on an LCD screen or optionally on the smartphone
user interface (step 8). Video S1i shows the detailed sequence of operating the AnyMDx system.

This journal is © The Royal Society of Chemistry 2016
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To demonstrate the robustness of the passive valve for
preventing the reagents from mixing under the harsh me-
chanical vibration, we performed a drop test on the micro-
fluidic compact disc. Three different colors of food dyes were
preloaded into each reagent chamber for visualization of any
liquid movement. Each reagent-loading hole was sealed with
pressure-sensitive adhesive (PSA) to prevent leakage. The disc
was dropped from a height of 20 cm along a guiding rod to-
wards a rigid surface for 25 times. The disc was inspected ev-
ery five drops with the naked eye to confirm the functionality
of the valve. The result showed that the teeth-shaped valve
endured 25 consecutive drops without reagents mixing (Fig.
S3t). In addition, the robustness of the passive valve was also
validated through hand agitation to the microfluidic disc
(video S27).

3.3 Assay validation on the compact disc

To validate the designed LAMP assay and the module level
function (fluidic, thermal, mechanical, optical) of the
AnyMDx instrument, the LAMP assay in the microfluidic
compact disc on the AnyMDx system was compared side by
side with a real-time PCR using a purified P. falciparum geno-
mic DNA sample. To this end, purified P. falciparum genomic
DNA (gDNA) was 10-fold serially diluted with Tris-EDTA
buffer. LAMP master mix without P. falciparum gDNA was
used as a no template control (NTC). As shown in Fig. 6A, the
assay was firstly validated by a benchtop real-time PCR ma-
chine (M] Research DNA Engine Opticon). A sharp increase
in RFU values was observed from three diluted DNA samples,
while the negative control showed no increase in RFU values
(Fig. 6A). The real-time performance of AnyMDx on the same
sample sets is shown in Fig. 6B, which clearly demonstrated
a distinguishable fluorescence threshold between positive
and negative samples within 30 minutes. In addition, the re-
sult of the AnyMDx system was quantitative although the
standard deviations are higher for low concentration sam-
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ples. An inversely proportional relationship between the
threshold time and the DNA concentrations (R> = 0.9998) was
observed (Fig. 6B, inset). Note that AnyMDx has a linear re-
gion from 0.01x to 1x, while the real-time PCR machine satu-
rates at 1x concentration. This discrepancy might be due to
the dynamic range differences in the optical detectors and
the thermal coupling efficiency in these two systems.

To further evaluate if the amplicons were specifically from
the designed targets, we performed gel electrophoresis analy-
sis of the amplicons in 2% agarose gel. As shown in Fig. 6C,
the LAMP amplicons showed a clear ladder-like pattern with
multiple bands of different molecular sizes due to its
inverted-repeat structures.*’ More specifically, the length of
the observed bands corresponds to the integral times of the
target sequence (213 bp), indicating that the amplified prod-
ucts were specific for the target sequence. In addition, strong
green emission (implying positive reactions) can be easily rec-
ognized by the naked eye in the PCR tube under blue LED il-
lumination in the dark environment (Fig. 6D). From these re-
sults, we successfully verified the LAMP assay against P.
falciparum genomic DNA and the modular function of the
AnyMDXx system.

3.4 Integrated sample preparation on the compact disc

High-quality nucleic acid sample preparation is the bottle-
neck for most “sample-in-answer-out” molecular analysis."
Before we prepared the sample on the reagent compact disc,
the pH-switchable magnetic bead-based method for DNA iso-
lation was validated first in test tubes from the blood sample
using the same reagents as on the reagent compact disc. Suc-
cessful amplification of the tube-extracted DNA samples con-
firmed the effectiveness of the magnetic bead-based method
(Fig. S47). Afterward, we evaluated sample preparation in the
reagent compact disc and the compatibility of the purified
DNA with the subsequent LAMP assay. To test the DNA ex-
traction efficiency on the reagent compact disc, we examined
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Real-Time LAMP < * AnyMDx
26
= £
f 1500 _5’24 \i\ /
=
4 2 \ /\;{\
1000 2 00 o =
= 16 E B " Dilution Factor//
z o e ——001x 1
2| ——0.01x 45 e
—0.1x E 500 | T
1 '—:\lxc " " " _Z “1x_0.1x_0.01x NTC
0.01x.  0.1x 1x A
0+ Dilution Factor 0F <<
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (min)

Time (min)

Fig. 6 Validation of the LAMP assay and the AnyMDx instrument with laboratory purified DNA samples. (A) Benchmarking amplification curves
obtained from the real-time PCR machine. 1x, 0.1x, and 0.01x denote the dilution factors of the P. falciparum DNA samples (NTC: no template
controls, Ty threshold time). (B) The amplification profiles acquired from the AnyMDx instrument. (C) Gel-electrophoresis analysis on a 2% agarose
gel. The amplicons show a clear ladder-like pattern, the length of which verifies the LAMP assay's specificity against P. falciparum. (D) Emission vi-
sualized under the blue LED (1 = 488 nm) illumination for various positive and negative samples.
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P. falciparum infected blood samples of different para-
sitemias (0.2%, 0.02%, and 0.002%, prepared by dilution
with healthy blood at 45% hematocrit). The infected blood
samples were directly lysed in the collection tubes before
loading into the reagent compact disc (Fig. 3B). The following
DNA binding, purification, elution, and the amplification
were automatically carried out by the AnyMDx system
(Fig. 3C). As shown in Fig. 7, the real-time amplification data
for various parasitemias showed a clear quantitative trend, as
compared to the lack of amplification signals in the negative
control. Although quantitative analysis is not always required
for point-of-care applications, it is valuable in many situa-
tions, for example, in determining the effectiveness of anti-
malarial therapy for malaria patients.*> These results fully
verified that the AnyMDx system could work in a “sample-in-
answer-out” fashion by seamlessly integrating high-quality
DNA preparation and real-time amplification into a single re-
agent compact disc.

3.5 Assay sensitivity

To evaluate the diagnostic sensitivity** of the AnyMDx system
for analyzing the whole blood samples, various parasitemias
of P. falciparum-infected blood (from 2% to 0.00002%, and
2% parasitemia corresponds to ~60000 parasites per pL)
were prepared by diluting with fresh human RBCs at 45% he-
matocrit. In addition, the master mix (Table 1) without target
DNA as well as the healthy RBCs (hBRC) were used as nega-
tive controls. To evaluate the test-to-test variations, each
whole blood sample was examined independently three
times. As shown in Fig. 8, the amplification curves of the
infected RBC samples show clear exponential increases in
fluorescence, while those of the negative controls (master
mix and hRBC) show no amplification. The amplification
threshold time was inversely proportional to the parasitemia

1400 “Blood Sample-In-Answer-out” Test
1200 |
1000
> 800 |- 0.2%
i —0.02%
@ 600 ——0.002%
——NTC
400 ——hRBC - T
200 2 002% 002%  02%
Parasitemia
0t 1 1 1 1. I

0 25 30 35 40 45 50 55 60
Time (min)

0 5 10 15 2

Fig. 7 Validation of the AnyMDx system from the whole blood sample
to the amplification result with integrated sample preparation on the
compact disc. The % value represents the parasitemia of the infected
RBCs (hRBC: healthy RBCs, NTC: no template controls, T;: threshold
time).
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Fig. 8 AnyMDx sensitivity for detecting P. falciparum infected blood
samples. Amplification curves for various infected blood samples of
different parasitemias. The inversely proportional relationship between
the amplification threshold time and the parasitemia confirms the
quantitative ability of the AnyMDx system. A detection limit of ~0.6
parasite per uL (i.e. 0.00002% parasitemia) against P. falciparum was
successfully achieved.

(inset of Fig. 8). We observed high standard deviation values
in the inset of Fig. 8. This is because conversion from para-
sitemia to DNA copy numbers is not exactly linear when a
sample preparation process is involved, a known challenge
even with the commercial real-time PCR.

Parasite DNA in the blood sample at 0.00002% para-
sitemia could be successfully detected and quantified, which
corresponded to a detection limit of ~0.6 parasite per pL.
Since we only used 180 uL out of a total of 1020 uL of lysate
as the input to the reagent compact disc (Fig. 3), a lower de-
tection limit (~0.1 parasite per pL) could be achieved if
all lysate volumes were used (requiring a disc redesign).
The detection limit of ~0.6 parasite per uL of the
AnyMDx is comparable to the benchtop real-time PCR test
(~0.7 parasite per uL*’) and to the benchtop LAMP test
(~2 parasites per pL’). This level of sensitivity is necessary
for detecting the early-stage asymptomatic parasite carriers
of low parasite densities,”*® which are often missed by ei-
ther the immunoassay based rapid diagnostic tests (RDTs,
~100 parasites per uL’) or microscopy (~30-50 parasites
per uL”'"). Thus, the AnyMDx system is able to deliver
ultrasensitive and quantitative molecular answers for ma-
laria infections in remote settings without supporting
infrastructures.

3.6 Cost analysis

The greatest advantage of the molecular test is their ability to
detect extremely low-level malaria infections, which are often
challenging for microscopy and RDTs. Nevertheless, the
greatest hurdle for deploying a molecular test in resource-
limited areas is its relatively high cost and the infrastructure
investment. The AnyMDx system aimed to address this issue
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by delivering a sensitive malaria molecular test in a cost-
effective way. The prototype AnyMDXx instrument presented in
this work could be built for a total amount of ~$176 (see Ta-
ble S27 for cost breakdown). The disposable reagent compact
disc (including the sample preparation and the amplification
reagents) costs ~$1.14 per each test (Table S3}). Note that
this cost analysis is only carried out to provide a ballpark fig-
ure to the interested researchers who want to replicate the
system. Reduced cost for scaled manufacturing, increased
cost for medical device regulation, and licensing cost is not
included in this analysis since this is beyond the scope of
this study. The low cost of this sensitive molecular test pro-
vides a great opportunity for the field applications of this mo-
bile molecular diagnostic system. Moreover, the manufactur-
ing of the AnyMDx instrument is highly scalable in a cost-
effective way. The AnyMDx system could be easily reproduced
within a day in ordinary lab settings. The instrument-to-
instrument variation was small enough to deliver the same
quality of quantitative molecular analysis (Fig. S5T). As a re-
sult, we envision that the AnyMDx would enable cost-effective
malaria molecular diagnosis in resource-limited regions by
decreasing the cost, increasing the ease of use, and
maintaining high sensitivity.

4 Conclusions

We developed a field-deployable mobile molecular diagnostic
system for rapid and accurate diagnosis of malaria infection
in resource-limited areas at the point of need. The AnyMDx
system seamlessly integrated all nucleic acid testing steps
from sample preparation to real-time amplification and de-
tection. The standalone and user-friendly system works in an
“insert-and-test” fashion and could specifically detect P.
falciparum species in 40 minutes from a whole blood sample.
The sensitivity against P. falciparum was ~0.6 parasite per
pL, which is important for identifying asymptomatic parasite
carriers who will otherwise be missed by microscopy or
RDT.”'>*"” The cost-effective system allows for the deploy-
ment of benchtop-quality malaria nucleic acid testing into
the remote areas for malaria elimination. Moreover, the mod-
ular design of a separate reagent compact disc and a durable
analyzer makes the system versatile. As a platform technol-
ogy, the AnyMDx design should create a new paradigm of
molecular diagnosis towards a variety of infectious diseases
at the point of care.
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