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Abstract
In 2019, 229 million cases of malaria were recorded worldwide. For epidemiologic surveillance and proper treatment of 
persons infected with Plasmodium spp., rapid detection of infections by Plasmodium spp. is critical. Thus, Plasmodium spp. 
diagnosis is one of the indispensable measures for malaria control. Although microscopy is the gold standard for diagnosis, 
it has restrictions related mainly to the lack of qualified human resources, which is a problem in many regions. Thus, this 
review presents major innovations in diagnostic methods as alternatives to or complementary to microscopy. Detection 
platforms in lateral flow systems, electrochemical immunosensors, molecular biology and, more recently, those integrated 
with smartphones, are highlighted, among others. The advanced improvement of these tests aims to provide techniques that 
are sensitive and specific, but also quick, easy to handle and free from the laboratory environment. In this way, the tracking 
of malaria cases can become increasingly effective and contribute to controlling the disease.
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Introduction

Malaria is a parasitic disease caused by protozoa of the 
genus Plasmodium. There are more than 200 species of 
Plasmodium (Martinsen Ellen and Perkins Susan L 2013); 

of these, six species are capable of infecting humans and 
causing the clinical presentation of the disease. The six 
species known to cause malaria in humans are Plasmodium 
vivax, Plasmodium falciparum, Plasmodium malariae, Plas-
modium ovale, Plasmodium knowlesi (BRASIL 2020) and 
Plasmodium simium (Brasil et al. 2017). According to the 
2019 report from the World Health Organization (WHO), 
between 2010 and 2018, the number of malaria cases world‑
wide dropped significantly by 10% and, consequently, mor‑
tality was reduced by an estimated 30% (WHO 2019).

Correct diagnoses are crucial for maintaining this sce‑
nario. Microscopy remains the gold standard for the diag‑
nosis of malaria, since it permits direct visualization of 
malaria parasites on a slide with a blood sample stained with 
Giemsa under a 100X oil immersion objective lens (CDC—
Malaria—Diagnostic Tools 2020). In addition to being the 
gold standard methodology for diagnosing malaria, optical 
microscopy is the technique that allowed, for the first time 
in 1880, visualization of the parasites causing the disease 
(CDC 2017). Despite the methodological simplicity, its anal‑
ysis requires a specialized microscopic professional capable 
of performing differential detection of species and analyz‑
ing samples with low parasitic density (BRASIL 2020). 
However, the turnover of professionals, limited diagnostic 
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training, and areas of difficult access make it difficult to 
establish this technique in basic health laboratories.

These factors make it difficult to train microscopists with 
enough experience to perform the differential detection of 
parasites. This becomes an aggravating factor, especially in 
areas that are co-endemic for P. falciparum and P. knowlesi 
(Barber et al. 2013), because, in these cases, treatment is dif‑
ferent for each species, which demonstrates the importance 
of differential diagnosis for Plasmodium spp. (Barber et al. 
2013; WHO 2018a).

The need to provide increasingly sensitive and specific 
detection techniques has driven the development of Poly‑
merase Chain Reaction (PCR) assays aimed at diagnosing 
malaria, a process that began in 1990 (Jaureguiberry et al. 
1990; Wataya et al. 1993; Kain et al. 1993). In the same 
period, the advent of lateral flow assays and the push to 
provide diagnostic tools that are more accessible to the non-
laboratory environment led the WHO, in 1999, to hold the 
first meeting aimed at discussing the benefits that rapid diag‑
nostic tests (RDT) in conjunction with microscopy would 
bring to the control of malaria (WHO 2000).

In this context, technological advances have promoted 
the improvement in different diagnostic platforms for infec‑
tions by Plasmodium spp. Among the diversity of diag‑
nostic models developed, Point of care (POC) lateral flow 
tests are highlighted (CDC—Malaria—Diagnostic Tools 
2020). However, the continuous improvement of detection 
techniques by molecular biology (Reboud et al. 2019) and 
electrochemical immunosensors (Hemben et al. 2017) has 
begun to provide simplified prototypes and greater access 
to the non-laboratory environment. In addition, in this vein 
of innovation, smartphones have become collaborative tools 
in the process of simplifying malaria diagnostic methods 
(Rosado et al. 2017).

Molecular diagnosis

Molecular tests are highly sensitive and specific for the 
diagnosis of infections by Plasmodium spp., in addition to 
enabling the detection of multiple infections, genotyping to 
distinguish between cases of recrudescence/reinfection and 
identification of strains resistant to the usual medications. 
However, the longer time needed to obtain results and the 
need for sophisticated infrastructure, are among the factors 
that limit the wide use of this method (WHO 2020).

A comparative study between the diagnosis of the three 
most common techniques, microscopy, Rapid Diagnostic 
Test (RDT) and Polymerase Chain Reaction (PCR), demon‑
strated that PCR detects up to 12% and 23% more infections 
compared to POC and microscopy tests, respectively (Mfuh 
et al. 2019). In the same vein, the results by Berzosa et al. 
(2018) indicate that ~ 19% of negative results by microscopy 

may be false, whereas for POC testing these values reach 
13%, data that confirms the greater sensitivity of molecular 
assays.

Ribosomal RNA 18S (rRNA 18S) represents one of the 
most frequently used targets in malaria diagnostic tests, 
especially for the detection of P. falciparum, because in the 
immature trophozoite phase, each parasite presents 10,000 
copies of 18S rRNA (Murphy et al. 2012). The 18S rRNA 
gene sequence can also be a useful target for molecular 
diagnosis through loop-mediated isothermal amplification 
(LAMP). This gene sequence can be searched for using one 
of the techniques that is being used for molecular diagnosis, 
that of loop-mediated isothermal amplification (LAMP).

Mohon et al. (2019) developed a LAMP assay that detects 
between 50 and 100 parasites per mL in samples that were 
stored on filter paper for several months, a result that reveals 
the high stability of 18S rRNA. The association of the 
LAMP technique with microfluidic technology incorporates 
greater ease of interpretation and speed in the assay, since it 
eliminates temperature variation cycles, a common process 
in conventional PCR, and promotes visual interpretation 
integrated with the lateral flow system (Fig. 1). Through 
this complex of methods, the result is released within 50 min 
and interpreted by visually (Reboud et al. 2019).

Real-time quantitative PCR (qPCR) is another method 
that is part of the methodologies applicable to the diagnosis 
of malaria. Recently, it was demonstrated how the portable 
platform, called Q3-plus, favors the expansion of qPCR for 
non-laboratory environments. This proof of concept is based 
on the miniaturization of the qPCR instrument and gelation 
of the reagent mixture to generate a portable device with 
all reagents ready for the reaction. In addition, as has been 
shown, the compactness of the method does not interfere 
with the performance of the assay, as compared to conven‑
tional qPCR aimed at diagnosing malaria (Rampazzo et al. 
2019). Thus, when compared to conventional LAMP and 
qPCR assays, the main benefits are the simplification of 
the preparation steps of the reagent mixture for detection of 
molecular targets, the stability of reagents at non-freezing 
temperatures and the feasibility of performing this method 
in non-laboratory environments. Compared to RDT, speci‑
ficity and sensitivity are the most prominent advantages of 
the assay.

Lateral flow assays

Lateral flow assays, commonly called Point of care tests 
(POCTs), are alternatives to diagnostic methods that require 
more time and resources, including both professionals and 
infrastructure, for the detection of infectious agents. The 
rapid result, ease of handling the test along with simple 
result interpretation are among the differentials of POC 
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tests (Anfossi et al. 2018; Tran et al. 2019), benefits that 
favor their implementation for the diagnosis of infections 
that mainly affect people in developing countries.

In 2007, the FDA (Food and Drug Administration) 
approved the first POC test to assist in the diagnosis of 
malaria; the test is able to indicate when infections are 
caused by P. falciparum, but it does not allow for the distinc‑
tion of malaria caused by P. vivax, P. malariae and P. ovale. 
One of the reasons for this approval was the low availability 
of professionals with experience in microscopy diagnosis, 
which makes clinical diagnosis difficult (CDC—Malaria—
Diagnostic Tools 2020).

The sensitivity of POC tests, such as that of BinaxNow® 
used in the USA, varies according to parasitic density, as 
was demonstrated by Wanja et al. (2016). In the study, the 
POC assay, compared to the method of detection by optical 
microscopy, showed a sensitivity of up to 100% when there 
were > 5000 parasites per microliter, but declined to 70% in 
the presence of samples with < 200 parasites per microliter.

According to WHO–FIND, a study that evaluated the per‑
formance of POCs for malaria, the sensitivity of most tests 

is similar for samples with parasitic densities of up to 2000 
parasites per microliter. However, sensitivity should also 
remain high in cases of lower parasitemia, since in countries 
with a low prevalence of malaria, it is common for individu‑
als to have a lower density of parasites. In addition to the 
criteria of sensitivity, specificity and stability which must be 
evaluated to choose the tests, one must take into considera‑
tion which antigens are researched, since not all parasites 
express the target antigens. Thus, despite the diversity of 
existing POCT, numerous research groups are looking for 
methods to improve lateral flow assays for the diagnosis of 
malaria (WHO 2018b).

Principle of the assay and most thoroughly 
researched biomarkers

Commercial POCTs for the diagnosis of malaria may consist 
of antibodies with affinity for metabolic proteins, such as his‑
tidine-rich protein II, specific to P. falciparum (PfHRPII), as 
well as antibodies for the detection of lactate dehydrogenase 

Fig. 1   LAMP assay associated 
with microfluidic technology. 
Image C shows the results of 
validation of what is outlined 
in A and B. Each test strip was 
exposed to different concentra‑
tions (108, 106, 104) of Plas-
modium spp. Line T and C cor‑
respond to the test and control, 
respectively. Neg represents the 
negative control. Adapted from 
Rebould et al. (2019) and within 
the recommendations of the 
Creative Commons Attribu‑
tion (CC BY) (http://​creat​iveco​
mmons.​org/​licen​ses/​by/4.​0/)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


	 3 Biotech (2021) 11:505

1 3

505  Page 4 of 11

of the parasite (pLDH) which indicates infection by other 
species (WHO 2018b; Kim et al. 2019). In this detection 
system, recognition signal transduction is performed, in 
most cases, by gold nanoparticles (AuNPs) functionalized 
with antibodies specific to the researched target (Lee et al. 
2011). In addition, Kim et al. (Kim et al. 2019) demonstrated 
that colored latex particles can be an alternative to the use 
of AuNPs, because, in addition to presenting similar per‑
formance, positivity for different antigens is represented by 
different colors.

Although PfHRPII is the preferred biomarker for the 
identification of P. falciparum in POC tests, there are cases 
in which the gene encoding the protein PfHRPII may be 
absent, a factor that limits the diagnosis of malaria caused by 
P. falciparum (Fontecha et al. 2018). In this sense, the search 
for conserved biomarkers is continuous. In an analysis of 
samples positive for P. falciparum, coming from endemic 
regions of India, it was found that Glutamate Dehydroge‑
nase (GDH) can be considered an alternative biomarker to 
PfHRPII, since the coding gene is highly conserved (Ahmad 
et al. 2019). In this perspective, recognition of P. falciparum 
GDH promoted by polyclonal antibodies demonstrated high 
sensitivity and specificity, results that encourage the applica‑
tion of this biomarker in assays based on antibody-mediated 
recognition (Kori et al. 2020).

Biosensors that constitute devices for rapid diagnosis 
of malaria can be integrated with antibodies with affinity 
for aldolase, another biomarker present in patients infected 
with Plasmodium spp. Dzakah et al. (2013) bioconjugated 
AuNPs to antibodies with specificity for P. vivax aldolase 
and developed a POC test that, compared to microscopy, 
showed specificity and sensitivity values of 99.23% and 
98.33%, respectively. Biosensors resulting from biocon‑
jugation between gold nanoparticles and antibodies with 
specificity for P. vivax aldolase may, compared to micros‑
copy, show high levels of specificity (> 99%) and sensitivity 
(> 98%) in a POCT (Dzakah et al. 2013).

Unlike previous tests, with a direct detection method, 
Cho et al. (2016) presented a POCT aimed at the differen‑
tial detection of antibodies against merozoite surface protein 
1 (MSP1). Two recombinant MSP1, one from P. vivax and 
the other from P. falciparum, were the main constituents of 
the biosensors that differentially recognized the antibodies 
corresponding to the two species. The sensitivity and speci‑
ficity of the assay were superior to the SD BIOLINE Malaria 
P.f/P.v commercial test from Alere Inc and, therefore, still 
presents MSP1 as an additional biomarker for the construc‑
tion of effective POC tests.

Since most tests for the diagnosis of malaria caused by P. 
falciparum look for the presence of PfHRPII, some studies 
propose a previous stage of treatment of the sample to con‑
centrate the amount of HRPII. Ricks et al. (2016) developed 
the technique based on the principle of histidine’s affinity 

to divalent metallic ions. The use of nickel functionalized 
beads provided the capture of PfHRPII and, subsequently, 
the concentration of the protein in a small sample volume. 
Thus, without promoting any change in the structure of 
the POCT employed, the sensitivity of the test increased 
by more than 20 times and was able to detect as little as 1 
parasite per microliter.

With an even simpler technique, Bauer et al. (2017) added 
resin with Zn2+ to the bottom of pipette tips and made purifi‑
cation via the mechanical action of aspirating and dispensing 
the sample feasible. The simplicity of the HRPII enrichment 
method has increased the sensitivity of rapid tests by up to 
20 times, making it elective as a simple, low-cost technique. 
Most lateral flow assays have a similar detection system, 
where the diversity of biomarkers and sample pre-treatment 
steps do not interfere with the basis of the assay. Figure 2 
shows the entire recognition flow of a test aimed at detect‑
ing HRPII and LDH, two of the main biomarkers for rapid 
diagnosis. Table 1 presents the main biomarkers investigated 
for the detection of Plasmodium spp.

Electrochemical immunosensors

The development of electrochemical immunosensor technol‑
ogy has made it possible to advance diagnostic platforms 
with a higher sensitivity than other assay formats. In these 
cases, in addition to antibodies, other elements of recogni‑
tion are used. Among them, as demonstrated by Singh et al. 
(2018), are the aptamers of ssDNA (single-stranded DNA). 
The detection method developed in the study was based on 
the use of small nucleotide sequences in association with 
gold surface electrodes that, in turn, permit the detection of 
GDH on a picomolar scale.

The functionalization of gold electrodes with antibodies 
permits the diversification of the immunosensors’ detection 
system. Antibodies with affinity for biomarkers, such as P. 
falciparum HRPII, can be adsorbed to the electrodes and 
thus act as detection antibodies (Fig. 3). In the same system, 
the insertion of biosensors can further amplify the recog‑
nition signal and make the assay highly sensitive to small 
concentrations of HRPII (Hemben et al. 2017).

The use of magnetic beads is another technique for the 
construction of an electrochemical immunosensor. In this 
strategy, proteins such as HRPII are recognized by anti-
HRPII antibodies adsorbed to magnetic beads that, due to 
their physical properties, are influenced by an electromag‑
netic field. Thus, the transduction of the electrochemical 
signal is performed by magnetic sensors that influence the 
beads and, through this system, indicate the presence of 
HRPII in concentrations reaching 0.36 ng/mL−1 (De Souza 
Castilho et al. 2011).
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Like HRPII, LDH is part of the group of biomarkers eli‑
gible for diagnosis using aptamers (Figueroa-Miranda et al. 
2018) and anti-LDH antibodies associated with immunosen‑
sors (Low et al. 2019). As a consequence of the importance 
of the correct diagnosis of malaria caused by P. falciparum, 
most of the electrochemical assays being developed, as well 
as those of the POC type, are focused on the detection of 
HRPII (Sharma et al. 2008; Dutta et al. 2017; Dutta and 
Lillehoj 2018).

Despite the variety of biomarkers used in diagnostics, 
there are research fronts aiming to establish a recognition 
system based on the conformational changes of erythro‑
cytes infected by the parasites. Quantitative detection of 
parasitized cells can be performed with electrochemical 
impedance spectroscopy, since the use of specific monoclo‑
nal antibody for infected erythrocytes permits the distinc‑
tion between normal and infected cell types (Kumar et al. 
2016). These morphological changes in erythrocytes may be 

Fig. 2   Layout of a detection system in a POC test for the diagnosis 
of malaria. In the example, the biomarkers HRPII of P. falciparum 
and LDH of Plasmodium spp. are recognized by biosensors func‑
tionalized with antibodies specific to these targets (1); When migrat‑
ing by capillarity, antibodies with affinity for differential epitopes of 
biomarkers recognize the biosensor + biomarker complex (2), which 

promotes the appearance of color in the test region for the first bio‑
marker (HRPII). In (3), the same process happens for the Pan-LDH 
biomarker. The control region has Anti-immunoglobulins (Anti-Ig) 
that recognize the antibodies that make biosensors functional (4); The 
appearance of the control ensures that the biosensors have migrated 
through the system and validates the result of the assay

Table 1   Main biomarkers 
investigated for the detection of 
Plasmodium spp

rRNA 18S, Ribosomal RNA 18S; PfHRPII, Plasmodium falciparum histidine-rich proteins II; PfLDH, 
Plasmodium falciparum lactate dehydrogenase; PfGDH, Plasmodium falciparum glutamate Dehydroge‑
nase; MSP1, merozoite surface protein 1

Plasmodium spp. Target Source

P. falciparum PfHRPII Kim et al. (2019)
PfGDH Ahmad et al. (2019)
PfLDH Lee et al. (2011)
Anti-PfMSP1 antibody Cho et al. (2016)
18S rRNA
(MAL5_18S, MAL7_18Sa)

Murphy et al. (2012)

P. vivax PvLDH Lee et al. (2011)
PvAldolase Dzakah et al. (2013)
Anti-PvMSP1 antibody Cho et al. (2016)
Non-ribosomal Pvr47 Amaral et al. (2019)
18S rRNA gene of P. vivax Rougemont et al. (2004)

P. malarie, P. ovale, P. knowlesi Species-specific Rougemont et al. (2004)
18S rRNA Komaki-Yasuda et al. (2018)
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a useful diagnostic indicator in cases of P. falciparum infec‑
tions (Birch et al. 2015; Paul et al. 2017), but is limited to the 
recognition of P. vivax due to its preference for parasitizing 
reticulocytes. The combination of these alternative tech‑
niques may lead to advances in diagnostic tests for malaria.

Automatic image processor

Cellular devices have become useful tools for improving 
diagnostics based on microscopic visualization of the par‑
asite. These devices permit, for example, the integration 
of a profound learning model based on the recognition of 
imaging patterns, which facilitates the distinction between 
cells that have been parasitized by Plasmodium spp. and 
those that have not been parasitized. With accuracy close 
to 100%, this method eliminates the use of the internet 
and works like a common cell phone application (Fuhad 
et al. 2020). This image processing methodology can also 
distinguish the species and the morphological stage of the 
parasites in a blood smear slide through a fully automated 
process (Rosado et al. 2017) (Fig. 4).

Hemozoin crystals are also indicators of the presence of 
malaria parasites and can be detected with the aid of cellu‑
lar devices. These portable platforms can act as a polarized 
light microscope which, coupled with a microscopic visu‑
alization system, contributes to the facilitated detection 
of hemozoin crystals. This idealized formatting presents 
a level of performance comparable to the conventional 
polarized light microscope, without greater complexity 
and costs for the detection of this pigment (Pirnstill and 
Coté 2015).

The most commonly used biomarkers in the diagnosis 
of malaria using POC tests, such as GDH, HRPII and 
aldolase, are susceptible to detection on platforms devel‑
oped in association with smartphones (Stemple et  al. 

Fig. 3   Electrochemical sensor for the detection of P. falciparum 
HRPII (PfHRPII). In this sandwich format, PfHRPII is recognized 
by anti-PfHRPII capture antibodies adsorbed on gold chips. Anti-
PfHRPII detection antibodies are conjugated to gold nanoparticles 
and associated with horseradish peroxidase enzyme (HRP). TMB rep‑
resents the substrate for HRP. Adapted from Hemben et al. (Hemben 
et  al. 2017) and within the recommendations of the Creative Com‑
mons Attribution (CC BY) (http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​
0/)

Fig. 4   Exemplification of the operation of two diagnostic systems 
with the aid of smartphones. In 1, the smartphone is used to photo‑
graph the result of a lateral flow assay. From the image, the number 
of pixels of the test lines is measured and the correlation is performed 
to determine the presence or absence of the parasites. In image 2, 
the smartphone is used along with µSmartScope equipment to ana‑
lyze a blood smear slide and determine the species and morphologi‑

cal cycle of the parasites. The use of image databases is common to 
both systems. Images 1 and 2 were constructed, respectively, based 
on the study by Scherr et  al. (Scherr et  al. 2016) and Rosado et  al. 
(Rosado et al. 2017). Each image corresponds to an adapted and sum‑
marized example of the authors' proposal. The studies are licensed by 
the Creative Commons Attribution (CC BY) (http://​creat​iveco​mmons.​
org/​licen​ses/​by/4.​0/)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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2014; Gopal and Raychaudhuri 2017; Sanjay et al. 2020). 
This simplification of the diagnosis does not compromise 
the efficiency of the method, as was observed in the trial 
by Sanjay et al. (2020), where the P. falciparum GDH 
detection threshold occurred on a picomolar scale. The 
ease of access to smartphones facilitates another aspect 
of these detection methods. Low parasitemia, for exam‑
ple, can compromise the correct interpretation of results 
in POC tests. In these cases, the device's camera can be 
used to photograph the result and direct the photo to an 
automatic image processor (Fig. 4). Thus, the software 
measures the intensity of color present in the test mem‑
brane and correlates it with the concentration of parasites 
(Scherr et al. 2016). Table 2 shows the performance of 
some of the commercial or non-commercial detection 
methods for the diagnosis of malaria, and described in 
Table 3, are the main advantages and limitations of six 
diagnostic methods: microscopy, PCR, qPCR, LAMP, 
RDT and electrochemical immunosensor.

Conclusion

The progressive control of infections by Plasmodium spp. is 
strictly linked to quality diagnoses. The method of detection 
employing optical microscopy is the most usual; however, to 
achieve accuracy with this technique, it is necessary to work 
with a microscopist with experience and expertise in the 
area. The lack of these professionals, both in endemic and 
non-endemic regions for malaria, becomes an aggravating 
factor, since infections result in samples with low parasitic 
density, which makes diagnosis even more difficult. These 
limitations led to the development of alternative and com‑
plementary diagnostic formats to microscopy.

Lateral flow POC-type tests are the most commonly 
used. HRPII, LDH, GDH and Aldolase make up the group 
of biomarkers that are detectable in these tests. Due to 
the severity of P. falciparum infections, most tests detect 
PfHRPII and one biomarker that generally indicates the 
presence of other species. Despite the sensitivity, spec‑
ificity and ease of interpretation, the method continues 
to be improved. The use of different nanomaterials, such 
as latex particles, previous processing of the sample to 

Table 2   Performance of different diagnostic formats for malaria. The performances of some commercial tests (POC, qPCR and LAMP) are also 
included

POC point-of-care, LAMP loop-mediated isothermal amplification, PCR Polymerase Chain Reaction, qPCR Real-time quantitative PCR, rRNA 
18S Ribosomal RNA 18S, PfHRPII histidine-rich protein II, pLDH lactate dehydrogenase of the parasite, AuNP gold nanoparticles, GDH Gluta‑
mate Dehydrogenase, MSP1 merozoite surface protein 1, ssDNA single-stranded DNA

Method Sensitivity (%) Specificity (%) Limit of detection (LOD) Target Minutes Source/Commercial kit

Microscopy 57 99 - Parasites 60 Mfuh et al. (2019)
Microscopy 55.3 91.28 - Parasites 60 Berzosa et al. (2018)
POC 99.7 for

P. falciparum
93.5 for
P. vivax

94.2 for
P. falciparum*
99.8 for
P. vivax

- PfHRPII
PvLDH

15 BinaxNow®

POC 96.5 for
P. falciparum
95.3 for
P. vivax

 > 99.4 150 parasites/µL
for P. falciparum
250 parasites/µL
for P. vivax

PfLDH
PvLDH

15–20 Lee et al. (2011)

POC 98 99.7 - Anti-PfMSP1 
antibody

Anti-PvMSP1 
antibody

15 Cho et al. (2016)

qPCR - - 0.5 copies/µL 18S rRNA  ~ 60 artus Malaria RG PCR 
Kit (QIAGEN)

qPCR - - 1.5 parasites/µL 18S rRNA 80 Rampazzo et al. (2019)
LAMP  > 90  > 99 1 parasite/µL 18S rRNA 60–120 The Loopamp™ Malaria
LAMP 97 99.1 25 parasites/mL from whole 

blood
50–100 parasites/mL from 

dried blood spots

18S rRNA 30–60 Mohon et al. (2019)

Electrochemical  ~ 62 – 0.77 pM PfGDH  < 30 Singh et al. (2018)
Electrochemical – – 40 pg·mL−1 PfHRPII 5 Dutta and Lillehoj (2018)
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Table 3   Main advantages and limitations of malaria diagnostic methods, namely, microscopy, PCR, qPCR, LAMP, RDT and electrochemical 
immunosensor

POCT point-of-care test, LAMP loop-mediated isothermal amplification, PCR Polymerase Chain Reaction, qPCR Real-time quantitative PCR

Method Advantages Limitations Source

Microscopy (I) Differential detection of Plasmodium spe‑
cies;

(II) Simplicity in preparing the sample that will 
be analyzed;

(III) Provides rapid results;
(IV) Determines parasitemia;
(V) Detection of different morphological stages 

of the parasites

(I) Requires a highly specialized professional 
microscopist;

(II) Samples with low parasite density limit 
parasite detection;

(IV) Professional turnover limits the establish‑
ment of reference units for diagnosis;

(V) Does not allow for the identification of 
strains that are resistant to antimalarial drugs

Barber et al. (2013)
CDC (2017)
CDC - Malaria - Diagnos‑

tic Tools, (2020)
BRASIL (2020)

POCT (I) Provides rapid results (~ 30 min);
(II) A highly specialized professional is not 

required to perform the test;
(III) The interpretation of the result is visual, 

which does away with the need for expensive 
equipment;

(IV) Can be performed in non-laboratory 
environments;

(I) Sensitivity varies according to parasite 
density;

(II) Does not allow for the differential detection 
of morphological stages of the parasites;

(III) Elevated temperature is a factor that can 
affect the stability of some tests;

(IV) Does not provide quantitative results
(V) Does not detect strains that are resistant to 

antimalarial drugs;

Wanja et al. (2016)
Tran et al. (2019)
WHO (2018b)

PCR (I) Highly sensitive and specific;
(II) Less likely to produce false positive or false 

negative results;
(III) Differential detection of Plasmodium 

species;
(IV) Identification of drug-resistant strains;
(V) Distinction between recrudescence and 

reinfection

(I) Needs laboratory infrastructure;
(II) Compared to microscopy and RDTs, the 

time to provide results is longer;
(III) A team of qualified professionals is 

required to perform and interpret the assays;
(IV) Samples need to go through a prior 

nucleic acid extraction step

Berzosa et al. (2018)
Mfuh et al. (2019)
WHO (2020)

qPCR (I) Quantitative result;
(II) Unlike conventional PCR, the result is 

shown in real time;
(III) Differential detection of Plasmodium 

species;
(IV) Highly sensitive and specific;
(V) Identification of drug-resistant strains;
(VI) Distinction between recrudescence and 

reinfection

(I) As with PCR, it needs laboratory infrastruc‑
ture;

(II) Compared to microscopy and RDTs, the 
time to provide results is longer;

(III) Previous nucleic acid extraction step
(IV) A team of qualified professionals is 

required to perform and interpret the assays

WHO (2020)
Grignard et al. (2020)
Sazed (2021)

qPCR by Q3 plus (I) Sensitive and specific quantitative result;
(II) It is performed on a portable diagnostic 

platform;
(II) Increased stability of assay reagents at non-

freezing temperatures;
(III) Minimizes the need for the assay to be 

performed in a sophisticated laboratory 
infrastructure

(I) Requires previous nucleic acid extraction 
steps;

(II) Requires a control unit (laptop/tablet);
(III) Due to the format of the assay, samples 

with two or more species of Plasmodium are 
not compatible;

(IV) Despite the assay being simplified, the 
presence of a qualified professional is still 
required to interpret the results

Rampazzo et al. (2019)

LAMP (I) Highly sensitive and specific;
(II) Provides rapid results;
(III) Methodological steps are more simplified 

than those of qPCR

(I) Most tests require a previous nucleic acid 
extraction step, which takes longer;

(II) Indirect detection methods, such as evalua‑
tion of results through turbidity

(III) Some tests recommend the use of addi‑
tional equipment such as a Loopamp Real‑
time Turbidimeter to confirm the results

Sattabongkot et al. (2014)
Reboud et al. (2019)
Mohon et al. (2019)

Electrochemical (I) Highly sensitive and specific;
(II) Qualitative and quantitative results;
(III) Has the possibility of detecting multiple 

protein targets

(I) Complexity of the assays may be elevated;
(II) Information on stability of the assays is not 

always available;
(III) Lack of studies evaluating the effective‑

ness of these tests in a large number of clini‑
cal samples

Hemben et al. (2017)
Singh et al. (2018)
Dutta and Lillehoj (2018)
Krampa et al. (2020)
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concentrate the biomarker, and automated interpretation 
on smartphones demonstrate the quest for innovation in 
this detection system.

The progressive miniaturization and simplification of 
immunosensors also establish yet another research front 
for facilitated detection of malaria parasites. The possibil‑
ity of using DNA aptamers, antibodies, biosensors and 
differentiated signal amplification systems, incorporates 
greater sensitivity to the test, which is essential in cases 
of low parasitemia. Despite the complexity of molecular 
techniques, studies demonstrate the feasibility of adapt‑
ing them to the non-laboratory environment, where more 
simplified methods are desirable. The validation of LAMP 
and qPCR assays, structured in a compact way, prove that 
the improvement of these detection platforms can be per‑
formed without compromising the effectiveness of the 
assay and, thus, providing a robust diagnostic tool to the 
non-laboratory environment. The integration of smart‑
phone technology also serves this purpose, as it is applica‑
ble both in the interpretation of a POC assay and in image 
processing to determine the Plasmodium spp. species and 
stage of infection.

The global technical strategy for malaria 2016–2030 
highlights that the development of diagnostic methods that 
are increasingly accessible and that have sensitivity and 
specificity comparable to that of more sophisticated tests, 
should be part of the set of strategies that aim to reduce cases 
of malaria by 90% before 2030 (WHO 2021). Since the tests 
may have limitations at different levels, the combination of 
at least two diagnostic techniques is recommended, as is 
being used in the Malaria Control and Elimination Strat‑
egy implemented in Thailand. In this plan, it is evident that 
microscopy and RDTs are essential to promote the rapid 
detection of infections, an essential step for the control of 
malaria cases (Lertpiriyasuwat et al. 2021). In these strate‑
gies, molecular biology assays are mainly applied to detect 
cases of resistance or to detect infections with low para‑
sitemia. However, advances in studies increasingly demon‑
strate the feasibility of these tests in the non-laboratory envi‑
ronment (Rampazzo et al. 2019; Selvarajah et al. 2020). As a 
result, it is hoped that these diagnostic methods will begin to 
be implemented more broadly in malaria control strategies.

The objective of facilitating the diagnosis of malaria 
is a factor common to the diagnostic formats presented in 
this study, since they represent the most recent advances 
in the area. Although the aforementioned diagnostic meth‑
odologies represent the most recent advances in different 
diagnostic platforms, they do not correspond to all of the 
methodologies that are being developed to improve the 
diagnosis of malaria.
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