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Molecular diagnosis of malaria for the field: 

development of a novel, one-step Nucleic Acid Lateral 

Flow Immuno-Assay for the detection of all 4 human 

Plasmodium species and its evaluation in Mbita, Kenya 
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Summary 

Microscopy is frequently used for the diagnosis of malaria, but at low 

parasitaemia it becomes less sensitive and time consuming. Molecular tools 

allow for specific and sensitive diagnosis of malaria but current formats such as 

PCR combined with gel electrophoresis and real-time assays, are difficult to 

implement in resource-poor settings. This study describes the development of a 

simple, fast (results in 10 minutes), sensitive and specific detection system, 

Nucleic Acid Lateral Flow Immunoassay (NALFIA) for amplified PCR products of  

Pan-Plasmodiun, (i.e P. falciparum, P. vivax, P. ovale and P. malariae). The 

lower detection limit of NALFIA is 0.3 to 3 parasites/ul which is 10 fold more 

sensitive compared to gel-electrophoresis analysis. Further evaluation of the 

Pan-Plasmodium assay was performed under field conditions in rural Kenya, in 

which 650 clinical samples of clinically suspected malaria cases were analyzed 

with NALFIA, gel-electrophoresis and microscopy. Comparing microscopy with 

NALFIA the latter found more positive samples (agreement: 95%; k-value 0.85). 

However, when gel-electrophoresis was compared with NALFIA an excellent 

agreement (98.5%) was found and a k-value of 0.96 indicated an almost equal 

performance of the two assays. In conclusion this study shows that the 

developed NALFIA is more sensitive than microscopy and this technique can be 

a good alternative for the detection of PCR products while circumventing the use 

of electricity or expensive equipment therefore, making NALFIA the first step in 

opening the way to the use of molecular diagnosis in the field. 
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Introduction 

Malaria is the leading parasitic disease in the world. Annually 1 to 2 million 

people die because of to the disease, mostly children younger than 5 years from 

resource-poor countries [27]. Prompt and accurate diagnosis is essential for 

treatment of the patient. For decades microscopy has been the method of choice 

for the diagnosis of malaria, and it is, by most considered to be the gold standard 

[9, 14]. In recent years, molecular techniques such as PCR have been developed 

to replace microscopy [9,11,18,22]. PCR has evolved as one of the most specific 

and sensitive methods for the diagnosis of infectious diseases and many specific 

applications for detection of pathogenic micro-organisms have been reported 

[6,7,23,25]. However, molecular techniques are not routinely implemented in 

developing countries because of the complexity of these tests and the lack of 

resources to perform these adequately and on a routine basis. One of the major 

obstacles is the need for continuous sources of electricity and complex apparatus 

such as PCR machines [16,25,28]. The analysis of PCR results involves the 

handling of labour intensive readout systems, such as electrophoresis systems 

that use very toxic ethidium bromide-stained gels and hazardous UV light 

transilluminators. These systems are expensive and require well-organised 

laboratories [28]. The continuous search for simplified methods, which can be 

applied in resource-poor settings, has led to the development of several rapid 

diagnostic tests [9,14]. However, for malaria, these tests are based on antigen 

detection with a high detection limit (100 parasites/�l) and, because of the 

persistence of antigens after treatment, these tests are not suited for follow up 

after treatment [17,19]. Molecular tools do not have these drawbacks, but up till 

now easy read out systems were lacking. Nucleic Acid Lateral Flow Immuno 

Assay (NALFIA) is a simple readout system for nucleic acids and has been 

successfully applied for the detection of food-borne pathogens such as Bacillus 

cereus and Salmonella [3]. A NALFIA is a rapid immunochromatographic test to 

detect labeled amplicon products on a nitrocellulose stick coated with specific 

antibodies [1,5]. The amplicons are labeled via specific primers that contain a 

biotin molecule and a hapten. This complex is detected by direct interaction with 
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a colloidal, neutravidin labelled carbon particle. The detection test is a simple, 

straightforward, and safe one-step procedure in which the results are visible 

within 10-20 minutes. 

This article describes the development of a NALFIA for the detection of all four 

human Plasmodium species, that is a pan-Plasmodium NALFIA which in this 

format is, not able to discriminate between the different Plasmodium  species. 

The performance of the NALFIA is compared with conventional PCR combined 

with gel electrophoresis and microscopy. In addition, the article describes the 

evaluation of the developed pan-Plasmodium NALFIA conducted under field 

conditions in rural Kenya. 

 

Material and Methods 

NALFIA development and analytical performance in the laboratory  

Nitrocellulose strips were coated with anti-Digoxigenin (�-Dig) antibodies (200 

ng/μl). A 0.2% colloidal carbon suspension was conjugated with 350 μg/ml 

neutravidin. Initial laboratory optimization and laboratory validation of the NALFIA 

test was performed on DNA extracted from P. falciparum in vitro culture (strain 

NF54) with a known parasitaemia (obtained from Radboud University Nijmegen, 

The Netherlands). These samples were subsequently diluted to obtain a serial 

dilution panel with a parasitaemia ranging from 3,0 * 105 parasites/μl to 3,0 *10-2 

parasites/ μl. The samples resulting from this panel were used in separate PCR 

reactions and subsequently used in the NALFIA. The serial dilution experiments 

were performed in triplicate. In addition a small panel of DNA purified extracts 

from microscopy confirmed patients (n = 53), visiting various outpatient clinics in 

the Netherlands; that is, P. malariae n=9; P. ovale n=2; P. vivax n=20 and P. 

falciparum n=22 were analyzed and 10 blood donations from healthy Dutch 

volunteers were used as negative controls. 

Detection of genomic DNA on either the nitrocellulose (NALFIA test), or for 

comparison using standard  electrophoresis on a 2% ethidium bromide stained 

agarose gel and visualization under UV light, was performed after PCR 

amplification of the 18S ribosomal RNA gene of Plasmodium. PCR was 
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performed with a 5’Digoxigenin-labelled forward primer (primer N1) 5’-

TCAGATACCGTCGTAATCTTA-3’ (25 pmol) and 5’Biotin-labelled reverse primer 

(primer N2) 5’-AACTTTCTCGCTTGCGCG-3’ (25 pmol). These pan-Plasmodium 

specific primers, without the T7 promotor region, were published [21] and chosen 

for their specificity and the absence of cross-reactivity with other species.  

The following amplification protocol was used: 2 μl template was added to a 25 μl 

reaction mixture of 2,5 μl 10X PCR buffer, primer, 0.25 μmol/l dNTP mix, 0.5 μl of 

MgCl2 (200mM) and 1 U Hotstart Taq polymerase (Quiagen, United Kingdom). 

The DNA was amplified by incubation for 10 min at 95 ºC, followed by 35 cycles 

of 1 min at 94 ºC 15 sec at 57 ºC 1 min at 72 ºC and finally an extension step of 

10 min at 72 ºC. 

All amplification products were analyzed on nitrocellulose strips by adding 1 μl 

PCR product mixed with 1 μl neutravidin labelled carbon to 100 μl running buffer 

(0,1 M borate buffer, 1% bovine serum albumin (BSA), 0.05% Tween-20). The 

strips were run for a maximum of 20 minutes at room temperature after which the 

results were interpreted. 

 

Study population for the evaluation of NALFIA under field conditions 

To evaluate the performance of NALFIA under field conditions a prospective 

study was conducted in Mbita, Western Kenya on the shores of Lake Victoria. 

Ethical approval for the study was obtained from the Scientific Steering 

Committee and Ethical Review Committee of Kenya Medical Research Institute 

(SSC 947). In total 650 samples were collected of which 119 samples were 

positive for malaria by microscopy. One hundred and nine samples had P. 

Falciparum only, 9 samples contained P. malariae and 1 sample contained, next 

to P. falciparum, P. ovale. The study was performed during the high-transmission 

season April to May 2007. Children (6 months to 12 years old) visiting the 

outpatient clinic of the health centre with the clinical suspicion of uncomplicated 

malaria and willing to participate in the study, and after obtaining informed 

consent of their parents or guardians, were included. Inclusion criteria were: 
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clinical suspicion of uncomplicated malaria, axillary temperature � 37.5 0C or a 

history of fever in the past 48 hours.  

 

Sample collection for the field evaluation of the Pan-Plasmodium NALFIA 

One drop of finger prick blood was taken for microscopy, and an additional 200 μl 

of finger prick blood sample was taken for DNA isolation and PCR analysis from 

all the patients meeting the inclusion criteria as mentioned above. Samples were 

collected in EDTA tubes (0.78 mg EDTA-K2) (Terumo, Belgium) and extracted on 

site with the QuiaAmp extraction kit (Quiagen, United Kingdom). After extraction, 

samples were amplified by PCR and analyzed with NALFIA (as described below).   

 

Field evaluation NALFIA 

PCR for pan-Plasmodium was performed in the field following the same protocol 

as described above. After amplification, 1 μl of PCR product was mixed with 100 

μl of running buffer (0,1 M borate buffer, 1% BSA, 0.05% Tween-20) and added 

to a tube containing 1 μl dried neutravidin labelled carbon coated to the bottom 

(Koets et al., 2006). Following re-suspension of the neutravidin labelled carbon 

nano-particles by shortly shaking the tube, a nitrocellulose strip was placed in the 

tube, and the fluid was allowed to run through the strip for 10 minutes at ambient 

temperature after which, the strips were interpreted. 

 

Microscopy 

Giemsa stained thick and thin smears were prepared from finger prick blood 

according to WHO guidelines [26]. Two independent experienced microscopists, 

blinded from the results of the PCR tests, examined the smears for the presence 

of parasites and identified the observed parasite species. Parasitaemia was 

determined from thick smears by counting the number of parasites against 200 

leukocytes, assuming that there are 8000 leukocytes/μl blood. The presence of 

gametocytes was recorded as seen or not seen. 
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PCR-gel electrophoresis under field conditions 

PCR for the detection of pan-Plasmodium DNA in the sample was performed on 

the 18S rRNA gene. Following, in principle, the protocol described above, but 

with modified primers that is using unlabeled primers with the same sequence as 

primer N1 (12.5 μmol/l) and primer N2 (12.5 μmol/l) generating a 180 bp 

amplification product. Amplification was carried out as described under the PCR-

NALFIA section. Amplification products were detected on a 3 % ethidium bromide 

stained precast Mini ReadyAgarose Gel; TAE (Bio-RAD, The Netherlands) and 

run for 3 hours on a field proof mini electrophoresis system on batteries (700-

7127; VWR-international, The Netherlands). The gels were visualized under UV 

light with a hand UV-illuminator (VWR-International, The Netherlands). All PCR 

runs contained a positive DNA template sample as positive control and a non 

template H2O sample as negative control. 

 

Isolation amplification and internal assay control 

Lateral flow assay performance was assessed by the binding of neutravidin 

labelled-carbon nano-particles to the position of the lateral flow immuno-assay 

where biotinylated Goat anti-Mouse IgG was spotted on the stick. (figure 7.1). If 

no black band appeared the flow assay was considered invalid. 

To control for isolation, inhibition and amplification, the glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) household gene was used as a control 

target and amplified as described by Hennig et al. [10]. In addition, each PCR run 

contained a non template control (H2O) and a positive control to check for PCR 

performance. Amplification products were detected on a 2% ethidium bromide 

stained agarose gel and visualized under UV light.  

 

Statistical analysis 

Data were recorded on idividual case record forms. The agreement between 

microscopy, conventional PCR and NALFIA analysis of blood samples was 

assessed using Epi Info version 6.04 (Centre for Disease Control and Prevention, 

Atlanta, GA, USA). Kappa (�)-values expressed the agreement beyond chance 



  120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 [2] and were calculated with a 95% confidence interval. A � value of 0.21-0.60 is 

moderate, a � value of 0.61-0.80 is good and � > 0.80 is an almost perfect 

agreement beyond chance.  

 

 

Results 

Analytic performance of NALFIA 

The lower detection limit of the developed NALFIA assay was determined by 

analyzing serial dilutions of DNA isolated from P. falciparum cultures. The 

detection limit was 0.3-3 parasites/μl. All results were compared to gel analysis, 

which showed to be 10-fold less sensitive. Blood samples (n=10) from healthy 

donors showed no reaction. Further sensitivity analysis was performed on a 

panel of 53 microscopy-positive diagnostic samples (table 7.1). Forty-eight 

samples were positive for Plasmodium in NALFIA as well as with gel analysis. 

Figure 7.1: example of positive and negative NALFIA  

The left stick shows the negative control sample that does 

not contain target DNA. Only the control line becomes 

positive. The stick on the right shows a NALFIA with the 

amplified Plasmodium product (lower band) and the control 

line (upper band).  
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One P. vivax sample was positive only with gel analysis, one P. malariae sample 

was only NALFIA-positive and three samples were negative with both methods.  

An extraction control with the GAPDH PCR was performed on the three samples 

that were negative with both assyas, and all these samples were negative with 

this PCR as well, indicating that DNA was degraded in these samples, probably 

because of prolonged storage. 

 

Clinical sample collection in the field 

In total, 650 suspected cases of uncomplicated malaria were included in the 

present study during a 5 week recruitment period in April to May 2007. The mean 

age of the children was 54.4 months and the sex ratio male:female was 1:0.9. 

Children presented themselves with general symptoms such as fever, coughing, 

headache, vomiting, weakness and muscle pains. Other diseases that were seen 

in this group were helminthic infections and respiratory tract infections. 

 

Microscopy under field conditions 

One hundred and nineteen of the 650 slides were positive for Plasmodium; 109 

of these were identified as P. falciparum (92%). The parasitaemia of P. 

falciparum ranged from 40 to 72 640 parasites/μl with a mean of 9 372 

parasites/μl. In 21 of the P. falciparum slide-positive cases, only gametocytes 

were observed. Another 9 slides were positive for P. Malariae, of which 5 

samples were a mixed infection with P. falciparum. One sample was identified as 

a P. falciparum/P. ovale mixed infection. 

 

PCR electrophoresis and NALFIA evaluation under field conditions 

DNA was extracted from the 650 clinical samples collected in the field according 

to protocol for 200 μl of blood. Fifteen samples required addition of phosphate 

buffered saline to reach the starting volume of 200 μl.  

A first round of PCR assays followed by gel electrophoresis analyses was not 

satisfactory due to severe power interruptions. In order to ensure a constant 

supply of power, a field generator was attached to the PCR machine and the 
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extracted clinical samples were re-analysed with PCR followed by gel 

electrophoresis (system on batteries) and NALFIA. The results of comparison 

microscopy with PCR followed by gel electrophoresis or NALFIA, and between 

both molecular tests employed for the detection of the presence of Plasmodium 

species in the clinical samples is presented in Table 7.2. Compared with 

microscopy, PCR followed by gel electrophoresis detected an additional 19 

Plasmodium positive samples and NALFIA detection revealed 25 additional 

positive samples. In contrast, gel electrophoresis was negative in 4 microscopy 

positive cases and NALFIA missed 7 slide positive cases. GAPDH analysis to 

assess insufficient DNA extraction or degradation was not performed under field 

conditions, but only in the laboratory to assure proper performance of the PCR 

and to have no hindrance of poorer field conditions. 

The degree of agreement, with a 95% confidence interval, observed between the 

different diagnostic tests is also presented in Table 7.2. The agreement beyond 

chance (�-�value) varied slightly between the different tests compared, but all had 

an almost perfect agreement. In particular, when the two molecular detection 

tools were compared with each other an excellent agreement was found, and a �-

-value of 0.96 indicated an almost equal performance of the two assays.  

 

Discussion 

In many countries, molecular diagnosis of infectious diseases in general, and for 

malaria in particular, is not routinely implemented, although a growing number of 

countries want to use these techniques in their laboratories [19]. However, lack of 

both resources and handling of expensive or hazardous products hamper this 

implementation [16, 28]. Therefore, microscopy is still used as the method of 

choice, which has its own advantages over standard molecular methods such as 

PCR. Microscopy is cheap, almost no equipment is required, and quantification 

as well as identification of different species and parasite stages is possible. In 

contrast, PCR requires hazardous reagents for visualization of the amplification 

products such as ethidium bromide and UV transilluminators whereas real-time  
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Table 7.2: Comparison of the three different assays, i.e.  microscopy, PCR followed by NALFIA 

(PCR-NALFIA) or PCR followed by gel electrophoresis (PCR-gel) employed in the study for the 

diagnosis of malaria of 650 clinically suspected children.  

 

 PCR gel positive PCR gel negative Total 

Microscopy positive 115 4 119 

Microscopy negative 19 512 531 

Total 134 516 650 

Agreement:96.4%; � �value = 0.89;  CI 95% = 0.84 - 0.93 

 

 

 

 

 

 

 PCR NALFIA positive PCR NALFIA negative Total 

Microscopy positive 112 7 119 

Microscopy negative 24 507 531 

Total 136 514 650 

Agreement: 95.2%; � �value = 0.85;   95% CI = 0.80 - 0.90 

 

 

 

   

 PCR NALFIA positive PCR NALFIA negative Total 

PCR gel positive 131 3 134 

PCR gel negative 5 511 516 

Total 136 514 650 

Agreement:98.8%; ��value = 0.96;   95% CI = 0.94 - 0.99 

 

 

PCR, which does not use these instruments, is too expensive to be employed in 

many endemic regions. This article describes the first steps towards the 

development of a simple, multi-analyte and user-friendly detection tool for 

genomic material of Plasmodium species which makes the use of gel 

electrophoresis and UV light redundant. The developed NALFIA assay has 
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shown to be as sensitive as PCR combined with electrophoresis, but it has an 

additional advantage because NALFIA results available after 10 minutes of 

incubation, in contrast to 1.5 to 3 hrs needed for gel electrophoresis.  

This study showed some negative results with PCR, which could be explained 

because of degradation or insufficient extraction of DNA by using a GAPDH-PCR 

control for the presence of human DNA. Future incorporation of this assay into 

the NALFIA for multiplex analysis will circumvent extra analysis and, in addition, 

controls for the amplification reaction itself. Furthermore, a multiplex assay for the 

four different species can be developed as well and incorporated in one analyte 

[5]. Although the NALFIA format is very promising and effective, one of the 

drawbacks of this prototype analysis system is the need of a PCR. Despite the 

fact that PCR is currently the most widely used amplification method, it requires a 

thermocycler and, consequently, electricity. During this trial, several assays had 

to be reanalyzed because of power-failures during the PCR-amplification runs. 

Implementation of a back-up generator evaded this problem and showed the 

possibility to conduct molecular diagnostics in peripheral, poorly equipped 

hospitals but it was still considered sub-optimal. Transferring the amplification 

system to an isothermal method, for example Loop-mediated isothermal 

amplification (LAMP) [8], exponential amplification reaction (EXPAR) [24], or 

Nucleic Acid Sequence Based Amplification (NASBA) [4] would circumvent the 

need of a thermocycler and electricity as well as reduce the time for the whole 

amplification procedure to 30-60 minutes, thereby hugely increasing the 

applicability of this molecular diagnostic detection device and molecular 

diagnostics in endemic settings [11]. In addition, methods such as LAMP or 

NASBA, that specifically detect RNA enable the development of stage specific 

(i.e. asexual and gametocyte stages) assays [20] which will be useful in 

monitoring therapeutic success. PCR and antigen capture tests, such as rapid 

diagnostic tests, are not able to discriminate between these stages and, 

therefore, post-therapeutic monitoring of patients is difficult.  

In conclusion, the first steps towards a fast, simple, accurate and sensitive 

detection method for the molecular diagnosis of malaria in endemic and resource 
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pour settings is described, and the feasibility to perform this kind of tests under 

difficult field conditions has been proven. In potential this assay will allow for a 

wide variety of screening possibilities from species to stage-specific tests [5]. 

Although the test evaluated here is still based on PCR, the translation into an 

isothermal amplification assay, for example, NASBA based test, could finally 

open the door to the wider use of molecular tools in developing and malaria 

endemic regions.  
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