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Definition
Malaria is caused by a protozoan parasite called Plasmodium. Four diﬀerent species of Plasmodium
cause human infections: P. falciparum, P. malariae, P. ovale and P. vivax. Worldwide, the most
prevalent species is P. falciparum (around 96%), which is the most lethal species (300,000 deaths
worldwide in 2017), and P. vivax, which has the most extensive geographical distribution.

1. Introduction
In contrast with other pathogens, Plasmodium eﬃciently infects the host by entering cells. In mammalian
hosts, they are transmitted by the bite of the female Anopheles mosquito infected with Plasmodium spp. ,
which it houses in its salivary glands as sporozoites. When a mosquito feeds, the sporozites are injected
into the hosts’ bloodstream

[1][2][3].

Another possible source of infection is blood transfusions.

In humans, the parasite has two cycles: exoerythrocytic and erythrocytic ( Figure 1 ). During the
exoerythrocytic cycle, Plasmodium spp. matures to the hypnozoite form and infects hepatocytes to
become hepatic schizonts; these can remain in the liver for many years [4]. The parasite breaks through
hepatocytes at the merozoite stage to infect red blood cells (RBC). It develops into early trophozoites
(ring form), late trophozoites, and ﬁnally into erythrocytic schizonts. They can also turn into gametocytes
and can then be suctioned by another Anopheles spp., thus repeating the cycle [5]. Plasmodium adheres
to the RBC via a high-aﬃnity ligand–receptor interaction from where it will invade the cell. An infection
will cause extensive changes to the RBC, such as a change in cell morphology, increased rigidity, elevated
permeability, and changes in iron content

[6].

These changes in the RBCs can lead to cerebral malaria or

anemia.

Figure 1. The life-cycle of Plasmodium spp. Reprinted, with permission, from the Centers for Disease
Control and Prevention website, https://www.cdc.gov/malaria/about/biology/, accessed on 3 October 2021.
Use of this material, does not imply endorsement or recommendation by CDC, ATSDR, HHS or the United
States Government of this research. Copyright, 2020, Centers for Disease Control and Prevention.

2. Malaria in Peru
Malaria has been a health issue in Peru since colonial times and is thought to have arrived with the
migration of slaves from Africa. In the 17th century, the discovery of quinine from the endemic tree of
Peru Cinchona oﬃcinalis was decisive for treating patients with this disease. Ever since, malaria has been
a primary national health concern in Peru

[7][8].

Epidemiologically, Peru follows the trend of the American Region, with P. vivax being the predominant
species in the country (80.2% of the total cases), followed by P. falciparum (19.8%); the provinces with
the most cases are Loreto, Amazonas, and Junin (95.8% of cases in the country)

[9].

The lack of access to

health centers and the fact that malaria shares some symptoms with other endemic diseases make the
diagnosis more diﬃcult and time-demanding, enabling the progression of the disease. It is calculated that
the treatment of malaria costs a third of the family income of each patient
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Since 2018, Peru has incorporated the Malaria Zero Program, a community-focused

approach, and attempts to eradicate the disease by 2030. Unfortunately, with the outbreak of COVID-19,
the activities of this program have been severely aﬀected, primarily epidemiological surveillance, patient
treatment, research projects, and educational activities in communities

[11].

The most used diagnostic method in Peru is the Giemsa stain. Although its precision and low cost make it
a powerful method, its reliance on infrastructure and specialists makes diagnostics with this technique
challenging in poor and remote areas

[10]

. Another popular diagnostic method is PCR; its popularity is due

to its high precision and throughput. However, the cost of PCR tests makes them prohibitively expensive
for most of the country. That is why we, as a research group in Peru, are looking for a cheaper and faster
way to perform diagnostics.

3. Current Methods of Diagnostics
Fast diagnosis and prompt treatment are necessary to prevent mild cases of Malaria from turning more
serious, which could result in death. Presently, most diagnoses are performed with either optical means,
which requires a microscope, or so-called rapid diagnostic tests (RDTs). The most commonly used optical
method is the blood smear, which determines the presence of malaria parasites in the blood cells

[12]

.

However, a low concentration of the malaria parasite can result in false negatives, as there might not be
a parasite in the sample taken and imaged under the microscope [13]. The detection threshold under ﬁeld
conditions is estimated to be 50–100 parasites/mL [14][15]. In a laboratory setting, this threshold is 4–20
parasites/mL [16]. There can also be errors in species identiﬁcation. Failures to diﬀerentiate P. falciparum
from P. vivax , the two most common species of malaria, are frequent in routine microscopic diagnostics,
and are therefore under-reported

[15]

.

The same can be said for RDTs. RDTs rely on antigen–antibody interaction, resulting in a visible band on a
paper strip, in the same manner as pregnancy tests. However, if there is a low concentration of malaria
parasites in the blood, no band will show, leading to a negative result. The other drawback is that RDT
does not screen for multiple strains of the parasite. Another promising POC method to detect malaria is
loop-mediated isothermal ampliﬁcation (LAMP). This method is able to detect quantities of the parasite
that are below the detection threshold for other methods. LAMP has been shown to achieve speciﬁcities of
up to 100% and sensitivities up to 98%

[17].

Other methods, such as DNA probes and PCR [18], ﬂuorescent staining using ﬂow cytometry
of malaria pigments by depolarized laser light

[20]

, and mass spectrometry

[21]

[19]

, detection

, are either not suitable for

point-of-care (POCs) in remote locations or show limited success.
Therefore, better, i.e., more sensitive, diﬀerential, and faster, POC diagnostics methods are required,
which can be used in remote locations when necessary. Microﬂuidics can play an important role in such

devices. This review will give an overview of existing microﬂuidic-based devices that can be used for
either the detection, separation, or diagnosis. At the end of the review, we will also suggest other devices
envisioned to help combat malaria on all levels.

4. Paper-Based Microfluidics and Malaria
One method that is suitable for use in remote locations because of its low cost and ease of operation is
paper-based microﬂuidics, otherwise known as lateral ﬂow devices

[21]

. Because of the properties of

paper, these devices use capillary forces to pump ﬂuids laterally through the paper, an example of this
can be seen in Figure 2 . Here, a paper lateral ﬂow device (item 2) is used to perform a multistep assay
[22].

Advances in paper-based microﬂuidic analysis have addressed some of the limitations previously

associated with lateral ﬂow devices, such as the inability to create valves
multi-step analysis

[24]

[23]

and multiplex or perform

. Paper-based lateral ﬂow devices have been primarily used to automate multistep

assays quickly and cheaply. For malaria detection, the literature shows that loop-mediated isothermal
ampliﬁcation (LAMP) and signal-ampliﬁed sandwich format immunoassay for PfHRP2 are popular methods
of detecting the presence of an infection. The results from these methods have been shown to be
comparable to those obtained using ELISA [25].

Figure 2. Example of a lateral ﬂow device from Reboud et al. (1) buﬀer chamber which acts as a pump
when pressed. (2) Lateral ﬂow detection strip. (3) Acetate ﬁlms to cover the device. (4) Filter valves made
from paper to prevent the reagents from mixing prematurely. (5) Filter paper for LAMP reaction. Reprinted
with permission from. © 2018 National Academy of Sciences.
Implementation of improved signal ampliﬁcation techniques has increased the reliability of the readout
[26]

. Some of these improvements have been applied to detecting malaria in whole and pretreated blood,

such as the detection of speciﬁc proteins in a blood sample. Fu et al. used a 2D paper network to ﬁlter
whole blood and deliver appropriate volumes of the sample mixed with antibodies, rinse buﬀer, and a
signal ampliﬁcation reagent

[25]

. The device consists of a horizontal channel with a large pad (reaction

area) at the end. The channel has three side channels at diﬀerent positions down the main channel. The
distance between the side channels and the reaction area determines the time it takes for the reagent to
ﬂow through the side channel to reach the reaction pad. With this device, Fu et al. were able to identify
fetal bovine serum (FBS) spiked with diﬀerent amounts of Plasmodium falciparum histidine rich protein
PfHRP2. They showed that this technique is very promising as it is easy to use and can store the reagents
on the device in a dehydrated form.
Another method to control the timing of reactions in a paper microﬂuidic device is by using microﬂuidic
actuators (sponges), which expand at a known rate

[27]

. Toley et al. used this method to perform a similar

process as Hu et al. and successfully detected PfHRP2 in a sample.
Other paper-microﬂuidic devices can process pretreated blood or preconcentrate samples using magnetic
markers. Using a simple 1D paper microﬂuidic device, researchers performed DNA extraction and loopmediated isothermal ampliﬁcation (LAMP), and detected DNA amplicons using lateral ﬂow and antibodybased detection

[26]

. This device has a section that multiplexes the LAMP ampliﬁcation and performs it

three times as well as a control test. First, the sample was pretreated with functionalized magnetic

particles which bound to Plasmodium falciparum L-lactate dehydrogenase (PfLDH). The sample was then
loaded onto the chip, and a magnetic lens was placed underneath. By applying a current to the lens, the
researchers formed virtual channels that connected the sample input to an absorbent wick. The
magnetically tagged analytes were then trapped in the magnetic ﬁeld while the supernatant was
absorbed, leaving a large concentration of tagged PfLDH [26]. Paper microﬂuidics have also been shown to
be useful in simpler preconcentration methods. One such application was shown by Bahmla et al. who
used a circular paper disc, capillary tubes, and inertial forces to turn the disc into a low-cost centrifuge
[28]

.
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