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Abstract 

Rapid, early, and accurate diagnosis of malaria is essential for effective disease management 

and surveillance, and can reduce morbidity and mortality associated with the disease. Although 

significant advances have been achieved for the diagnosis of malaria, these technologies are still 

far from ideal, being time consuming, complex and poorly sensitive as well as requiring separate 

assays for sample processing and detection. Therefore, the development of a fast and sensitive 

method that can integrate sample processing with detection of malarial infection is desirable. 

Here, we report a two-stage sample-to-answer system based on nucleic acid amplification 

approach for detection of malaria parasites. It combines the Dimethyl adipimidate (DMA)/Thin 

film Sample processing (DTS) technique as a first stage and the Mach-Zehnder Interferometer-

Isothermal solid-phase DNA Amplification (MZI-IDA) sensing technique as a second stage. The 

system can extract DNA from malarial parasites using DTS technique in a closed system, not 

only reducing sample loss and contamination, but also facilitating the multiplexed malarial DNA 

detection using the fast and accurate MZI-IDA technique. Here, we demonstrated that this 

system can deliver results within 60 min (including sample processing, amplification and 

detection) with high sensitivity (< 1 parasite μL
-1

) in a label-free and real-time manner. The 

developed system would be of great potential for better diagnosis of malaria in low-resource 

settings.  
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1. Introduction 

Malaria is a mosquito-borne infectious disease with high mortality caused primarily by 

several Plasmodium (P.) species, such as P. falciparum, P. vivax, P. malariae, P. ovale, and P. 

knowlesi, in tropical and subtropical regions (White et al., 2014; WHO, 2014). Malaria continues 

to be a major global health problem as over 40% of the world’s population is at risk of malarial 

infection, and it frequently occurs in children below 5 years old with high risk of leading to death 

(Tangpukdee et al., 2009; WHO, 2014). In particular, humans are mostly infected by P. 

falciparum via the Anopheles mosquitoes. P. falciparum infection can be life threatening 

because it causes morphological changes in red blood cells, thereby disrupting microcirculation 

and subsequently leading to organ failure within 48 hours (Peng et al., 2014; Maier et al., 2009). 

Nevertheless, malaria is treatable if detected early and before the infection disrupts other normal 

cells. However, early diagnosis remains a challenge owing to the difficulty in detecting low-

abundance parasites from blood at an early stage of infection. Therefore, early and accurate 

diagnosis is essential for effective management and surveillance of malaria. 

Current gold standard assays for malaria diagnosis are the routine optical microscopy of 

Giemsa-stained thick and thin blood films and quantitative buffy coat (QBC), which have been 

used as the main method of detection for decades in many countries (Bailey et al., 2013; Hopkins 

et al., 2013; Newman et al., 2008; Tangpukdee et al., 2009; WHO, 2014). However, microscope-

based diagnostic assays require well-trained technicians and well-equipped facilities and entail 

complicated steps such as multiple incubation, staining, and drying. Moreover, it is labor-

intensive, often unfeasible in remote rural settings, and has poor sensitivity at low parasitemia 

(Bailey et al., 2013; Hopkins et al., 2013; Tangpukdee et al., 2009; WHO, 2014). There is an 

increasing unmet need for the development of a fast, accurate, and cost-effective diagnostic 

method for the detection of malaria parasites that can overcome the limitations of microscopy, as 

recommended by the World Health Organization (WHO) (WHO, 2014). Recently, WHO has 

supported a rapid antigen/antibody test, which can detect an antigen from the malaria parasites in 

blood within 15-60 min depending on the concentration of the parasites, as a rapid diagnostic test 

(RDT) (Hopkins et al., 2013; WHO, 2012). Most of RDTs are based on hybridization assay 

between antigen and antibody that have been implemented in many diagnostic studies (Chou et 

al., 2012; Drakeley and Reyburn, 2009; Kim et al., 2015; Ndao, 2009). Therefore, RDTs are 
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rapid (15 min) and easy to use as compared with the gold standard microscopic assay method. 

Although the reading time of RDT is within 15 min for high concentration of malaria parasites 

(sensitivity of 60-94.2% at levels of > 500 parasites L
-1

), it still required much longer time (60 

min) to detect malaria in low concentration of malaria parasites (sensitivity of 37-89.7% at levels 

of 200-500 parasites L
-1

) (Chou et al., 2012; Ndao, 2009). Moreover, RDTs do not allow 

specific, quantitative, and sensitive detection of malaria species in small volumes.  

Alternatively, malaria detection techniques based on nucleic acid amplification testing 

approaches (NAAT) can be considered for the initial diagnosis of malaria because of its 

comparable sensitivity. NAAT can not only detect malarial DNA at relatively low levels of 

parasitemia, but also identify it to the species level (Moody, 2002; Tangpukdee et al., 2009; 

Warkiani et al., 2015). However, NAAT based techniques require sophisticated infrastructure 

including large thermal cyclers for DNA amplification. Alternatively, loop-mediated isothermal 

amplification (LAMP) and nucleic acid sequence based amplification (NASBA) are emerging as 

isothermal DNA amplification techniques that amplify the malarial DNA by using relatively 

simple equipment and is less time-consuming (60–90 min) (Aonuma et al., 2008; Han et al., 

2007; Hopkins et al., 2013; Mens et al., 2006; Njiru, 2012; Omar et al., 2005; Paris et al., 2007; 

Poon et al., 2006; Schoone et al., 2000; Yamamura et al., 2009). Unfortunately, neither of these 

approaches is very sensitive (> 200 parasites L
-1

), rapid (> 1 h) and their accuracy can be 

affected by many factors such as non-specificity of primers and presence of PCR inhibitors 

(Aonuma et al., 2008; Cook et al., 2015; Han et al., 2007; Hopkins et al., 2013; Mens et al., 2006; 

Njiru, 2012; Omar et al., 2005; Paris et al., 2007; Poon et al., 2006; Schoone et al., 2000; 

Yamamura et al., 2009).  

Since existing malaria diagnostic methods remain problematic, many new malaria 

diagnostic techniques based on various biosensors are being developed for rapid and effective 

malaria diagnosis, alleviating suffering and decreasing community transmission (Sin et al., 2014; 

Jain et al., 2014; Moody, 2002). Biosensors are promising for the development of rapid detection 

devices that can be portable, label-free, real-time, multiplex, sensitive, and low-cost. Several 

studies have reported electrochemical immunosensors using antibodies against horseradish 

peroxidase (HRP) II, plasmodium vivax lactate dehydrogenase (PvLDH), and plasmodium 

falciparum lactate dehydrogenase (PfLDH). The detection limit of these sensors was 8 ng mL
-1

, 
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108.5 fM, and 120.1 fM, for HRP II, PvLDH, and PfLDH, respectively (Lee et al., 2012; Sharma 

et al., 2008). Other studies have also reported malarial detection using spectrophotometric 

immunosensors and magnetic resonance relaxometry with relatively low sensitivity (>50 

parasites μL
-1

, 88%) (Peng et al., 2014; Piper et al., 1999; Juul et al., 2012). Although most 

studies have used biosensors as detection tools, the sensitivity of these approaches is not optimal 

because of limitations of the immunoassay itself, such as false positives and low sensitivity due 

to inhibitors in human body fluids including blood.  

In addition, sample processing is increasingly recognized as the critical bottleneck for 

enhancing detection sensitivity in clinical application because it is directly involved in the 

enrichment of the target molecule, removal of inhibitors for specific detection, and reduction of 

sample volume (Boom et al., 1990; Breadmore et al., 2003; Ritzi-Lehnert, 2012; Sin et al., 2014). 

Despite the necessity of sample processing in clinical applications, conventional methods for 

sample processing are conducted on a filter/membrane with organic solvent. However, these 

methods lack standardization and reproducibility for DNA yield. They are also tedious, time-

consuming, labor-intensive and require complex instruments such as centrifuges and vortexers 

(Sambrook et al., 2006; Wright et al., 2009; Gauch et al., 1998; Tan et al., 2009; Cao et al., 2006; 

Kim et al., 2009). Therefore, an ideal sample processing method that would provide high quality 

DNA and be adaptable for subsequent downstream analysis to enhance detection sensitivity is 

needed. 

     Here, we report a two-stage sample-to-answer system for the detection of malaria. The system 

is simple, sensitive, rapid, and cost-effective. We first combined a dimethyl adipimidate 

(DMA)/thin film sample processing (DTS) technique as a sample-processing module with the 

portable Mach-Zehnder interferometer-isothermal solid-phase DNA amplification (MZI-IDA) 

platform as a detection module to create a sample-to-answer system for malaria detection. DTS 

without centrifuges, vortexers and complicated steps allows the extraction of high quality DNA 

with simplicity, rapidity, and low cost (Shin et al., 2015a). In addition, DTS is a closed system, 

in which lysis, washing and elution steps are completed in a single microfluidic chamber without 

any transfer, therefore reducing sample loss and contamination. The MZI-IDA consists of a 

portable MZI sensing platform and the isothermal recombinase polymerase amplification (RPA) 

technique that has emerged as an alternative to PCR in molecular diagnostics bypassing the use 
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of thermal cycling (Liu et al., 2015a). The MZI-IDA can detect epidermal growth factor receptor 

(EGFR)-DNA biomarkers in clinical samples of non-small cell lung cancer patients within 30 

min with high sensitivity (Liu et al., 2015a). Based on the combination of these two recently 

developed techniques, we demonstrate the malarial detection in spiked blood with this two-stage 

sample-to-answer system. It is verified that this system can not only deliver results within 60 min 

with high sensitivity of up to <1 parasite μL
-1

, but also enables multiple target detection at three 

different concentrations simultaneously.  

 

2. Experimental 

2.1. Malaria sample preparation using DTS system 

A DTS system is prepared for the DNA extraction from malaria parasites spiked in human 

whole blood following the procedures as reported recently (Shin et al., 2015a). Briefly, the 

microfluidic chamber for DNA extraction in the DTS system was simply fabricated by a laser 

cutting machine (Universal Laser Systems, Scottsdale, USA). The extraction chamber design 

[8.4 cm  3.7 cm] was cut into a 300-μm thick film formed by sandwiching a 100 μm thick 

polyester film between two 100-μm thick double-sided tapes. The extraction chamber design 

consisted of 36 slot-type micro-wells connected to each other with a flow path as shown in Fig. 

1A and its total volume was 300 μL. To create amine group on the surface of cover and bottom 

thin films, a solution of 2 % 3-aminopropyltriethoxysilane (APTES, Sigma-Aldrich) in H2O was 

flowed into the chamber and baked at 65 °C for 40 min, followed by thorough rinsing with DI 

(de-ionized) water. Finally, to extract malaria DNA from the parasites using the DTS system, a 

modified protocol and optimized assay solution were used as reported recently (Shin et al., 

2015a). For optimized assay solution, lysis buffer containing 100 mM Tris-HCl (pH 8.0), 10 mM 

EDTA, 1% SDS, and 10% Triton X-100 were mixed with DMA (100 mg mL
-1

). To start the 

assay, 100 μL of sample (parasites spiked in whole blood) were mixed with the 200 μL of the 

assay solution. The mixture was added into the DTS device and, it was then placed on a 

thermoelectric cooler (TEC) with controller (Alpha Omega Instruments) to keep at a constant 

temperature at 56 °C for 20 min in order to extract DNA from the blood and capture the DNA 

through DMA reagent on the surface. Following washing step with PBS to get rid of debris from 

the samples, the elution buffer (10mM sodium bicarbonate, pH 10.6) was used to collect the 
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extracted DNA. For comparison with conventional DNA extraction method, QIAmp DNA mini 

kit was also used for DNA extraction according to the manufacturer’s protocol (Qiagen, Hilden, 

Germany).  

 

2.2. MZI-IDA sensor fabrication, surface functionalization and system operation for Malaria 

detection 

      The MZI sensor consisted of a strip waveguide as the reference arm and a slot waveguide as 

the sensing arm. The entire device was covered with a cladding layer except the slot waveguide 

in the sensing arm which served as the sensing waveguide and was exposed to the solution to be 

measured. The interference of light traveling through two arms of the interferometer caused the 

intensity modulation at the waveguide output (Liu et al., 2013). The MZI sensor chips were 

fabricated by the standard complementary metal-oxide-semiconductor (CMOS) processes as 

described in our previous paper (Liu et al., 2013). The MZI sensors were patterned on 

commercially available 200 mm silicon wafer with 400 nm-thick Si3N4 layer and 3 m-thick 

oxide layer by 248 nm deep UV lithography and etched by reactive ion etching (RIE) process, 

followed by the plasma-enhanced chemical vapor deposition (PECVD) of 2 m SiO2 as a top 

cladding layer. In total, fifteen MZI sensors were fabricated on each chip.  

 The operation of the MZI-IDA sensor is briefly described below (Liu et al., 2015a and 

2015b). Collimated transverse electric (TE) polarized light at wavelength of 1560 nm (tunable 

laser: Santec, TSL-510, Komaki, Aichi, Japan) was launched into each sensor through a grating 

coupler on the chip. The light at the output of the sensor was coupled out through another grating 

coupler and its intensity was monitored with a compact IR InGaAs camera (Xenics, Bobcat-1.7-

320, Leuven, Belgium). The temperature of the chip was controlled at 37 C by a thermal heater 

placed under the chip connected with a temperature controller (Alpha Omega Instruments Corp., 

USA). During the exponential amplification process, the formation of DNA duplexes on the 

sensor surface induced phase difference between the two arms which changed the output 

intensity accordingly (see Intensitivity vs Time curves in Fig. 1A). This phase change can be 

directly extracted from the output intensity variation and therefore, the amplification process can 

be monitored in a real-time manner (Liu et al., 2013, 2015a and 2015b). The beam size of the 

collimated light is large enough to cover input grating couplers of three sensors and their output 
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gratings can be detected simultaneously with the IR camera. Therefore, the system is capable of 

multiplexed detection of three samples.    

The primer was immobilized on the sensor surface using previously described protocol (Liu 

et al., 2015a). Briefly, the sensor chips were treated with oxygen plasma and immersed in a 

solution of 2% APTES in a mixture of ethanol–H2O (95%: 5%, v/v) for 2 h, followed by 

thorough rinsing with ethanol and DI water. The sensor chips were dried under a nitrogen stream 

and cured at 120 C for 15 min. The sensors were then incubated with 2.5% glutaraldehyde 

(GAD) in DI water containing 5 mM sodium cyanoborohydride for 1 h, and rinsed with DI water. 

The chemical reagents including APTES, GAD solution (50% weight in water), and sodium 

cyanoborohydride solution (5.0 M in 1 M NaOH) were purchased from Sigma-Aldrich (St. Louis, 

MO). Primers used for the MZI-IDA and conventional assays for the malaria DNA amplification 

are shown in Table 1 and were custom-synthesized (Integrated DNA Technology, Coralville, 

Iowa). For the immobilization of the DNA primer (final concentration: 1 M), the sensor surface 

was prepared by incubation with the primer of malaria in PBS containing 5 mM sodium 

cyanoborohydride for 16 h at room temperature. After incubation, unbound DNA probes were 

washed away with MES (2-(N-morpholino) ethanesulfonic acid) buffer (pH=6.0) and the sensors 

were dried using nitrogen. An acrylic well [6 mm  1.5 mm  1 mm] was then pasted onto the 

chip to enclose the sensor area. At this time, the chips were considered ready for optical 

measurements. We then prepared the RPA solution (29.5 μL of rehydration buffer, 13.2 μL of 

nuclease-free water, 2.4 μL of primers, and one enzyme pellet) as a polymerase for the 

isothermal amplification and detection of the target DNA as described previously (Liu Q et al., 

2015a). To start the reactions, 2.5 μL of target human genomic DNA (negative control) or 

genomic DNA from malaria parasites (positive control) at a concentration of 10
7
 parasites L

-1 
to 

1 parasite L
-1 

were added to each 10 μL reaction aliquot. The MZI-IDA device was then placed 

on a TEC for amplification reaction at 37 C and the light phase shift was collected for up to 30 

min to monitor the amplification of target DNA in a label-free and real-time manner. 

 

2.3. Sample preparation and detection using conventional methods 

The P. falciparum 3D7 strain was used for this study. The parasites were cultured in vitro 

according to a conventional protocol described previously (Warkiani et al., 2015). Genomic DNA 
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was extracted from malaria parasites with proteinase K using a QIAmp DNA mini kit (Qiagen; 

Hilden, Germany) as a standard method for comparison with the utility of DTS system. The 

extracted DNA was stored at -20 °C until use. Conventional PCR and real-time (RT)-PCR were 

performed to compare with the malaria detection system. The forward and reverse primers for 

testing all methods were synthesized (Table 1). The conventional PCR process consisted of an 

initial denaturation step at 95 °C for 15 min; 35 cycles of 95 °C for 30s, 60 °C for 30s, and 72 °C 

for 30s; and a final elongation step at 72 °C for 7 min. The 5 μL of extracted DNA was amplified 

in a total volume of 25 μL containing 1X PCR buffer (Qiagen), 2.5 mM MgCl2, 0.25 mM 

deoxynucleotidetriphosphate, 25 pmol of each primer, and 1 unit of Taq DNA polymerase 

(Qiagen). Gel electrophoresis was used to analyze PCR products on a 2 % agarose gel containing 

ethidium bromide (EtBr). The gel was visualized using a Gel Doc System (Bio-Rad) (Shin et al., 

2013, 2014, 2015b). For RT-PCR process, the following procedure is modified from LightCycler 

2.0 Instrument protocol (Roche Diagnostics). DNA of 5–10 μL were amplified in a total volume 

of 20 μL containing 4 μL of LightCycler FastStart DNA Master mix, 25 pmol of each primer, 

and 2 μL of 1×PCR buffer (Qiagen), 2.5 mM MgCl2, 0.25 mM deoxynucleotide triphosphate, 25 

pmol of each primer, and DI water. An initial pre-incubation cycle of 95 °C for 10 min was 

followed by 50 cycles of 95 °C for 10 s, 60 °C for 30 s, and 72 °C for 10 s, and by cooling step 

of 40 °C for 30 s. The amplified products with SYBR Green signals were carried out on a 

LightCycler 2.0 (Roche Diagnostics) (Shin et al., 2013, 2014, 2015b). After the amplification 

reaction, melting-curve steps were performed as follows: from 60 to 95 °C at 0.1°C/s melt rates 

with a smooth curve setting averaging 1 point. Melting peaks were visualized by plotting the 

absolute value of the 1
st
 derivative against the temperature. The melting temperature (Tm) was 

defined as the peak of the curve, and if the highest point was a plateau, then the mid-point was 

identified as the Tm (Varga et al., 2006).   

 

3. Results and discussion 

3.1. Working principle of Malaria detection system 

The workflow of a sample-to-answer system for malaria parasite detection based on a 

combination of DTS (as a sample processing module in the 1
st
 stage) and MZI-IDA (as a 

detection module in the 2
nd

 stage) is illustrated in Figure 1. First, to extract DNA from malarial 
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parasites spiked in the human blood (1
st
 stage), a DTS assay based on a closed system was 

performed according to the modified protocol described previously (Shin et al., 2015a). Briefly, 

the DTS device was modified with APTES to form amine groups on the inner surface of the 

microchannel. Then, 300 μL of a mixture solution containing malaria sample (100 μL), lysis 

buffer (100 μL), and DMA (100 μL) was added into the device and incubated for 20 min at 56 °C 

to break the cell wall and allow cross-linking between the DNA and DMA, which was 

subsequently bound to the inner surface of the device. After incubation, washing and elution 

steps were performed to remove debris and to elute the purified DNA, respectively (Fig. 1 and 

Supple. Fig. 1). The DTS assay does not require instruments including centrifuges and vortexers, 

and solvents for the DNA extraction reaction (Fig. 1). The extracted DNA from the 1
st
 stage is 

transferred with pipette to the 2
nd

 stage for target amplification and detection. Next, for malarial 

detection (2
nd

 stage), primers of P. falciparum were synthesized (Table 1) and immobilized on 

the sensor chip surface for use in the MZI-IDA assay in a label-free and real-time manner. The 

MZI-IDA assay was functionalized according to the modified protocol described previously (Liu 

et al., 2015a). The surface of the sensor was first functionalized with APTES and GAD to 

immobilize primers onto the sensor chip surface (Supple. Fig. 1). Next, three plastic chambers 

were simultaneously attached onto the chip as sample loading wells for multiple target detection. 

Finally, a mixture of RPA solution, the floating primer, and DNA extracted from the parasites by 

using DTS assay was added to the MZI-IDA device (Fig. 1 and Supple. Fig. 1). The 

amplification process on the surface was initiated by the formation of complexes containing 

recombinase and both primers (immobilized primer and floating primer), which can bind to 

double-stranded DNA and facilitate strand exchange; DNA synthesis was initiated by the 

polymerase. Finally, the exponential DNA amplification on the chip surface was achieved after 

repeated process. During the reaction, the intensity variations of three sensors with different 

targets were real-time monitored at 37 °C for 30 min (Fig. 1).  

 

3.2. Characterization of DTS system for extraction of malarial DNA 

     Sample processing is an important step for the detection of pathogens in human infectious 

diseases as the interpretation of results depends on the quality of the sample. In addition, a closed 

system is required for the extraction of pathogen DNA as the pathogen is still infectious and may 
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be contaminated during sample processing in an open system (Breadmore et al., 2003; Cady et 

al., 2003; Christel et al., 1999; De Mello et al., 2003). DTS is a closed system that has been 

recently developed for nucleic acid extraction from various samples including bacterial and 

eukaryotic cells (Shin et al., 2015a). Therefore, we first examined whether the DTS system is 

useful for the extraction of malarial DNA from malaria parasites in blood (Fig. 2). The sample 

solution contained P. falciparum (10
7
 parasites μL

-1
) in a volume of 100 μL. As shown in Fig. 

2A, we performed conventional PCR for the amplification of the P. falciparum DNA to verify 

the removal of PCR inhibitors in DNA obtained using either a Qiagen kit or the DTS assay. We 

observed that the malarial DNA from the parasites was strongly amplified from DNA extracted 

by both assays (Fig. 2A). In addition, to quantify the amount of DNA extracted by both assays, 

we performed quantitative real-time (qRT)-PCR. We observed that the P. falciparum DNA was 

strongly amplified at an early Ct value for both the Qiagen (Ct: 16±0.08) and DTS (Ct: 16±0.05) 

assays (Fig. 2B). Melting curve analysis, which determines if non-specific products were 

amplified during the reaction, was performed for confirmation of the amplified product. The 

melting curve results revealed large product peaks in the template wells at a melting temperature 

of approximately 78 °C. On the other hand, there was no peak in the negative control well 

containing human genomic DNA (Fig. 2C). Experiment was repeated at least three times for both 

the Qiagen and DTS assay. These results demonstrate that the specific products were amplified 

without the formation of primer dimers. The results show that the DTS assay can be used to 

extract DNA from malaria parasites without a centrifuge and that the extracted DNA can be used 

in downstream analysis.  

 

3.3. Sensitivity of conventional methods using malarial DNA extracted with DTS assay 

     We next determined the relative detection limit of the conventional methods including end-

point PCR and qRT-PCR with serially diluted malarial DNA extracted (ranging from 10
7
 

parasites μL
-1

 to 1 parasite μL
-1

) using the DTS assay. In end-point PCR, amplicon bands (~460 

bp) were obtained from DNA samples diluted to almost 10
3
 parasites μL

-1 
(Fig. 3A). Notably, in 

qRT-PCR, the fluorescent SYBR Green signal was observed in DNA samples diluted to 10 

parasites μL
-1

 (Fig. 3B and Supple. Table. 1). Both of these methods do not show any non-

specific products in the human genomic DNA sample used as a negative control. These results 
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show that the detection limit of the conventional methods for the DNA obtained with the DTS 

assay was consistent with that obtained with the Qiagen kit in several studies (Shin et al., 2014 

and 2015a). Therefore, the quality and quantity of the DNA obtained with the DTS assay is 

satisfactory for the amplification of the specific target for use in downstream analysis (Fig. 3).  

 

3.4. Characterization of sample-to-answer system for malaria detection 

Finally, we used the MZI-IDA assay (<30 min) as a detection module by measuring the 

phase change responses of serially diluted malarial DNA (P. falciparum) obtained using the DTS 

assay (<30 min) as a sample processing module. The MZI-IDA assay was used to detect three 

serially diluted malarial DNA samples simultaneously for use of multiple detections. Figure 4A 

shows the real-time measured phase changes (dashed lines) for different concentrations (from 

10
6
 parasites μL

-1
 to 1 parasite μL

-1
) of target malarial DNA. The result of the negative control 

with a human genomic DNA template is also shown for comparison (Fig. 4A). Experiment was 

repeated three times for each concentration and only one curve for each concentration is shown. 

The solid lines in Figure 4A are curves obtained by fitting the measured phase changes with 

Boltzmann functions. The error of the measurement was calculated based on at least three 

independent experiments and the error bars represent standard deviation. The phase changes after 

30-min amplification for the 10
6
, 10

4
, 10

2
, and 1 parasite μL

-1
 (> 10 ) samples are shown in 

Figure 4B and Supple. Table 1. The result for the negative control with the human genomic DNA 

template was < 9 , which was mainly caused by non-specific binding or attachment of enzymes 

and other chemical compounds to the sensor surface (Liu et al., 2015b). The error of the 

measurement was calculated based on the three independent experiments and the error bars 

represent standard deviation. Figure 4B gives the dependence of the total phase change at 30 min 

on the concentration of the target DNA. It can be clearly seen from the figure that there is good 

linearity (R
2 

= 0.9918) between phase change response and concentration, which is useful for 

calibration purposes. According to the results shown in Figure 4C, the criterion for reporting the 

detection of malaria in a sample was a phase change over 10 π at 30 min. The phase change 

difference between the 1 parasite μL
-1

 diluted malarial DNA and human genomic DNA is clearly 

distinguishable. Furthermore, we directly compared the results from MZI-IDA assay and qRT-

PCR assay for standardization of the limit of detection in malarial parasite samples (Supple. 
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Table 1). The enhanced sensitivity was observed by using the MZI-IDA (at level of < 1 parasite 

μL
-1

) compared to qRT-PCR (at level of > 10 parasite μL
-1

) (Supple. Table 1). These results 

show that this MZI-IDA assay is fast and sensitive for malaria detection.  

 

4. Conclusions 

We have developed a two-stage sample-to-answer system based on nucleic acid 

amplification approach capable of detecting malaria as a proof of concept study. To the best of 

our knowledge, this is the first combination system based on DTS as a sample-processing 

module (1
st
 stage) and the MZI-IDA sensor as a multiplexed detection module for malarial DNA 

(2
nd

 stage). Compared with other existing methods, there are several advantages of our proposed 

system for malaria detection (Supple. Table 2). First, this system is rapid (< 60 min including 

sample processing and detection) and highly sensitive (< 1 parasite μL
-1

) for malaria detection. 

In contrast, existing methods usually need more time (1 h to several hours) or can only detect 

parasites of high concentration (> 1000 parasites μL
-1

) within a short time (such as RDTs based 

on immunoassay) (Supple. Table 2). Second, this sample-to-answer system includes sample 

processing (a closed system), which does not require the use of centrifuges and large instruments. 

In addition, compared to conventional sample processing methods using filter and membrane, the 

current processing system uses a low-cost disposable chip (US $1) thanks to less fabrication 

steps (Shin et al., 2015a). Third, the MZI-IDA assay can simultaneously detect multiple targets 

(three targets in this paper) which enables diagnosis of several parasitic infections at one time. 

Despite these advantages, fully integration of the sub-systems onto a single chip and develop it 

into an automation device is required for malaria detection in real-world settings. Furthermore, 

the spiked human blood samples were used in this proof-of concept study for malaria parasite 

detection system characterization. Therefore, further evaluation with clinical malarial samples is 

needed. Nevertheless, we envision that the development of a sample-to-answer system based on 

two stages with rapidity, good sensitivity, and cost-effectiveness will facilitate the management 

and surveillance of global malaria cases. 
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Figure caption 

 

Fig. 1. Schematic representation of the principle of a sample-to-answer system based on nucleic 

acid amplification approach for diagnosis of malaria. (A) Proposed method that combined DTS 

(close system) as a sample processing module (1
st
 stage) and MZI-IDA technique as a detection 

module (2
nd

 stage). Malaria DNA extracted from DTS assay with one-shot input of all mixture 

solutions, less-instrument, and less hand-on steps followed by MZI-IDA system for the detection 

of malaria. In addition, the MZI-IDA system can measure at least 3 targets simultaneously. (B) 

Conventional method that combined Qiagen kit (open system) as a sample processing module 

and one of the down-stream analysis method as a detection module. Malaria DNA extracted from 

Qiagen kit with multiple centrifuges and hand-on steps followed by either PCR, qRT-PCR or 

sequencing assay for detection of malaria. 
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Fig. 2. Characterization of DTS system for extraction of malaria DNA. (A) Gel electrophoresis 

analysis of conventional PCR products of DNAs extracted using Qiagen kit (1) and DTS assay 

(2); human genomic DNA is used as a negative control (N). (B) Fluorescence signal by qRT-

PCR for the amplified DNAs extracted from malaria parasites using both Qiagen kit and DTS 

assay (C) Melting-curve plots representing products from the amplification shown in B. Qiagen 

kit (black), DTS assay (red), and negative control (gray).   
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Fig. 3. Analysis of serially diluted samples obtained from DTS assay. (A) Gel electrophoresis of 

460 bp products by using conventional PCR. The bands represent the amplified products ranging 

from 10
7
 to 1 parasite L

-1
. The numbers denote different concentrations of the target: L (50bp 

ladder), 1 (10
7
 parasites L

-1
), 2 (10

6
 parasites L

-1
), 3 (10

5
 parasites L

-1
), 4 (10

4
 parasites L

-1
), 

5 (10
3
 parasites L

-1
), 6 (10

2
 parasites L

-1
), 7 (10

1
 parasites L

-1
), 8 (1 parasite L

-1
) and N 

(negative control). (B) Fluorescence signal by qRT-PCR. The colors denote different 

concentrations of the target: 1_black (10
7
 parasites L

-1
), 2_dark blue (10

6
 parasites L

-1
), 

3_blue (10
5
 parasites L

-1
), 4_dark green (10

4
 parasites L

-1
), 5_purple (10

3
 parasites L

-1
), 

6_pink (10
2
 parasites L

-1
), 7_light green (10

1
 parasites L

-1
), 8_gray (1 parasite L

-1
), and 

N_red (negative control). 
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Fig. 4. Characterization of the limit of detection of malaria diagnosis system. (A) Real-time 

measured phase changes using MZI-IDA system for different concentrations of malaria DNA 

obtained from DTS assay: black (10
6
 parasites μL

-1
), red (10

4
 parasites μL

-1
), green (10

2
 parasites 

μL
-1

), blue (1 parasite μL
-1

), N-orange (negative control). Experiment was repeated three times 

for each concentration and only one curve for each concentration is shown. The solid lines are 

curves obtained by fitting the measured phase changes (dashed lines) with Boltzmann functions. 

(B) Phase change at 30 min as a function of the concentration of malaria DNA. The solid line 

(red) is a linear fitting curve with R
2=

0.9918, showing good linear dependence. Error bars 

indicate standard deviation of the mean based on at least 3 independent experiments. (C) 

Corresponding phase change results at 30 min for each concentration and negative control. Red 

line is a criterion to distinguish between target and non-target. Black (10
6
 parasites μL

-1
), red 

(10
4
 parasites μL

-1
), green (10

2
 parasites μL

-1
), blue (1 parasite μL

-1
), orange-N (negative control). 
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Table 1. Primer sequences for malaria detection 

 
Type Sequence 

P. falciparum 

(460 bp) 

PCR 
P-Forward 5´-GGAATGTTATTGCTA ACAC-3´ 

P-Reverse 5´-AATGAAGAGCTGTGTATC-3´ 

ISAD 
I-Forward 5´-NH2-(CH2)12- GACCCAACATTTGCAGGAGATCCAATATTATA-3´ 

I-Reverse 5´-NH2-(CH2)12- GCTATACATCCCATAGCAAGTATCATAGATTG-3´ 

 


