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Malaria, which is transmitted by the bite of female Anopheles mosquitoes infected with Plasmodium parasites, is
one of the most life-threatening infectious diseases worldwide, with a significant impact on human lives. Optical
microscopy and immuno-rapid tests are the standard malaria diagnostic methods in the field. However, these are
time-consuming and fail to detect low-level parasitemia. Biosensors and lab-on-a-chip devices, as reported to
different applications, usually offer high sensitivity, specificity, and ease of use at the point of care. Thus, these can
be explored as an alternative for malaria diagnosis. Alongside malaria infection inside the human red blood cells,
parasites consume host hemoglobin generating the hemozoin crystal as a by-product. Hemozoin is produced in all
parasite species either in symptomatic and asymptomatic individuals. Furthermore, hemozoin crystals are
produced as the parasites invade the red blood cells and their content relates to disease progression. Hemozoin is,

therefore, a unique indicator of infection, being used as a malaria biomarker.

biosensor diagnosis hemozoin lab-on-a-chip malaria microdevices

| 1. Introduction

Most malaria cases occur in tropical and sub-tropical developing countries, where poverty limits access to proper
healthcare conditions and infrastructures [, The use of insecticide-treated nets and artemisinin-based combination
therapies allowed noticeable progress to be made in the face of the burden of malaria [Ll. Nevertheless, this
progress levelled off in recent years. Malaria incidence and mortality decreased by 27% and 52%, respectively,
from 2000 to 2015, and then around 2% and 16%, respectively, from 2015 to 2019 [, This decline most likely
results from an increase in disease transmission due to mosquitoes and parasites growing resistance to
insecticides and antimalarial drugs, respectively . In fact, in 2020, the World Health Organization (WHO) still
reported 241 million global malaria cases and around 627,000 deaths [&. The COVID-19 pandemic, which
undermined prevention, diagnosis, and treatment, is likely a major contributor to these devastating numbers, and

there are calls for the approval of the first malaria vaccine, despite its modest efficacy 23],

Malaria may manifest as symptomatic or asymptomatic, despite parasites circulating in the patient bloodstream.
Typically, symptomatic malaria includes fever, tiredness, digestive symptoms and shaking chills, which may
progress, in severe cases, into a coma, seizures, cerebral malaria and even death 4. Malaria symptoms are
related to the intraerythrocytic stage of infection in the human host and, thus, this stage is the target for infection
detection. Nevertheless, since these symptoms are common to other febrile illnesses, they are often neglected or

misdiagnosed. Therefore, sensitive and specific malaria diagnostic techniques, able to strengthen the disease
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surveillance for better management and control, are a crucial step to achieve the United Nations Sustainable

Development Goal 3 towards malaria elimination &€,

The ability to quantify and detect low-level infections (ideally less than 5 parasites/uL of blood) is of utmost
importance, as it: (1) prevents the progression into severe disease and even death of the patient, (2) allows
patients to be cleared after treatment and to identify emerging drug-resistant strains (identified by the inability of the
drug to clear the parasites in three days) and (3) decreases inadequate treatment and prevents the emergence and
spread of antimalarial drug resistance [Zl. The conventional malaria diagnosis methods rely on optical microscopy
of Giemsa-stained blood smears and rapid-diagnostic tests (RDTs) W& Optical microscopy allows parasite
species and stage to be identified, and parasitemia quantification up to detection limits of 50-200 parasites/pL of
blood. However, it is time-consuming, requires infrastructures that are not easily accessible in endemic areas and
is highly microscopist-dependent. RDTs, which work on the principle of the detection of specific antigens produced
by the malaria parasite, are portable and easy to use at the community level, reaching more patients.
Nevertheless, these do not allow parasitemia quantification nor present a better limit of detection than microscopy,
achieving only 100—200 parasites/uL of blood &, The most sensitive malaria detection (around 5 parasites/uL of
blood) is achieved by nucleic acid-based detection methods. However, these are only performed in research
settings since they require skilled personnel and high-rate equipment, difficult to reach in malaria-endemic regions
(201 Thus, the lack of on-field sensitive methods able to detect malaria and quantify parasitemia, coupled to rapid,
easy to perform and low-cost detection, mean that there is a need for new diagnostic approaches for proper
malaria control, the performance of which must be compared with the one of the gold-standard optical microscopy
(below 50-100 parasites/pL of blood). In fact, the need for such a device has already led to the development and
improvement of many novel technologies 112131141 However, to date, none fulfil all the critical requirements

regarding detection limits, sensitivity, specificity, portability, low cost, ease of use and, ideally, non-invasiveness 11l
[12][13][14]

| 2. Biosensors for Hemozoin-Based Malaria Diagnosis

In a general view, biosensors are sensing devices that comprise a bio-recognition element and a transducer. The
bio-recognition element (e.g., enzymes, antibodies, microorganisms, DNA) identifies and interacts with the
analyte/target of interest, and alterations in its physicochemical properties (e.g., optical, piezoelectric, magnetic,
electrochemical) are converted into a quantitative or semiquantitative measurable electrical signal by a transducer
(131 |n recent years, due to their sensitivity, specificity and high-throughput screening, biosensors have had
significant growth, aiming at a vast range of applications 18, Specifically, in diagnosis, biosensors have been
exploited for integration into point-of-care devices. The most commonly known biosensor is the glucometer, which
measures the glucose levels in the blood and has greatly contributed to diabetes management 7. Given its
success, this technology has been widespread to other diseases, including malaria, which is the focus of this
manuscript. The current major challenges of malaria screening are the need for point-of-care sensitive detection of
low parasitemia. Ideally, such challenges and limitations can potentially be overcome with properly designed

biosensors, that must fill the gap of high sensitivity and specificity, as well as being easily miniaturized for point-of-
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care diagnosis. Although there are several reports of biosensors for malaria diagnosis, these are mainly based on
the use of enzymes as a target [LLIL8I191120121]122] j o RDTs. Nevertheless, as mentioned above, these have been
threatened by parasite genetic evolution, and they do not detect low-parasitemia (100 parasites/uL of blood far
from the ideal less than 5 parasites/uL of blood) or quantify infection. On the other hand, hemozoin: (1) is present
in all parasite species, (2) is a crystal not being prone to genetic modifications, (3) is formed as parasites invade
the patient's RBCs and (4) its content relates to disease progression, i.e., increase in parasitemia, and hence
disease severity. Thus, a specific bio-recognition element for hemozoin detection incorporated in biosensors can
be a starting point to future point-of-care malaria diagnostic devices. Preferably, this device should not only detect
hemozoin but also quantify it in an amount equivalent to 1 parasite/pL (0.4512 pg of hemozoin [231[24]),

2.1. Electrochemical Biosensors

Electrochemical biosensors detect an electrical signal when a biological analyte reacts with the surface of the
sensor. The amplitude of the electrical signal correlates with the concentration of the analyte. These biosensors
have the advantage of being highly sensitive and specific, low-cost, presenting a rapid response, allowing
quantification and performing a simple assay 22, However, these are thermo-sensible, with a narrow temperature
range, and may present a short life span, with limited shelf time, due to the nature and stability of their biological
analytes or number of interactions with their targets. The probability of nonspecific binding of the analytes
continues to be one of the main limitations of these biosensors 28, Due to their temperature sensitivity, these

sensors typically include internal circuits for temperature compensation, which may increase their complexity.

Regarding the development of electrochemical biosensors aiming malaria detection, recently, Obisesan et al. 27
developed an electrochemical nanosensor for the detection of (3-hematin, the synthetic hemozoin. The authors,
chemically and by using a microwave, synthesized metal oxide nanoparticles of copper, iron and aluminium, and
deposited them on a gold electrode by using the drop-dry method [ZZ. A metal oxide electrode disk was used as the
working electrode, a platinum disk was used as the counter electrode and an Ag/AgCl, saturated KCl was used as
the reference electrode, at a constant pH of 9.0 2. The electrochemical sensor was tested in human non-malaria-
infected urine samples, human malaria-infected serum, as well as mice non-infected and infected serum, all mixed
with (B-hematin. Additionally, the behavior of each metal oxide-coated electrode was explored by a cyclic
voltammetry experiment. The report shows that the gold-coated electrode with metal oxide nanoparticles,
preferably with copper, presented improved electrode catalysis, high stability and sensitivity of high reduction
current and lower energy towards malaria detection, thereby supporting the potential of these sensors for detection
and quantification of malaria parasite in biological fluids 4. In fact, the authors were able to detect and
consistently quantify 3.50-4.8 mM and 0.65-1.35 mM of B-hematin in mice and human serum samples,
respectively 271, Considering the conversion of units as proposed by other literature reports (such as 23124y the
amount detected by this system might not present a better detection limit than the standard methods
(approximately 1.77 x 10° — 3.68 x 10° parasites/uL of blood for the blood samples quite far from the 50-200
parasites/uL and 100-200 parasites/pL of blood of microscopy and RDTSs, respectively). Furthermore, stable
electricity for the operation of devices (including microwave, sonicator, magnetic stirrer, centrifuge) is required for

the preparation of nanoparticles and the electrode and processing of the sample before use. It is noteworthy that

https://encyclopedia.pub/entry/19452 3/18



Microdevices for Hemozoin-Based Malaria Detection | Encyclopedia.pub

the authors show that the stability of the electrodes decreases due to an increase or decrease in current response
at the electrode after 20 cycles. These, coupled with the expensive technology, might compromise the applicability
of the method.

In an opinion article, Moutaouakil and colleagues dissect the properties of graphene, more specifically its electrical
and optical properties, and propose the use of a graphene-based biosensor for malaria diagnosis 28, The authors
suggest that the flexible nature of graphene allows it to be integrated into PCBs to offer different commercial
applications, including in RDTs and thick blood films 281, Graphene is able to monitor the electronic transfer
reactions of hemoglobin and, thus, may detect malaria infection [28. This is because the conversion of hemoglobin
in hemozoin causes oxidation of the iron from its ferrous state Fe2* into its ferric state Fe3*, leading to electrons
transfer (2239 |n fact, it was demonstrated that RBCs are immobilized on a glassy carbon electrode surface and
that, by cyclic voltammetry, a reduction peak was observed for hemoglobin B1. However, despite the promising

results, it remains unknown whether this can be applicable for hemozoin-based malaria detection.
2.2. Optical Biosensors

Optical biosensors are based on detecting changes in light upon the interaction between the bio-recognition
element and the target and they include reflection, fluorescence, luminescence, optical fiber, photonic and surface
plasma resonance (SPR) biosensors 22, Among these, fluorescence and SPR biosensors are the most popular.
Fluorescence sensors are based on the fluorescent light emission of fluorophore molecules at a specific
wavelength, after the radiation absorption at a different energy level (lower wavelength). The fluorescence intensity
is proportional to the concentration of the analyte and the sensor response can be measured either through
intensity or decay-time sensing [32. Although these sensors assure high sensitivity and specificity and are immune
to light scattering, they are limited by the short life span of the fluorophores and their photostability, and they are
susceptible to pH and oxygen interferences 22, SPR biosensors measure alterations in the refractive index of the
plasma resonance material, in the SPR angle and reflectance intensity, caused by the interaction between the bio-
recognition element and the target 33, These biosensors are highly sensitive, present high resolution, can be label-
free and allow real-time measurements, as they are adequate for point-of-care applications. However, SPR
sensors are motion-sensitive and depend on the development of light detectors with a high signal-to-noise ratio 24!,
They require precise alignment between light and the sensing area, regarding both distance and angle, and their
signal is dependent on the molecular size and concentration of the analyte. Additionally, when not fully automated
and integrated, optical measurements need long calibration processes and are mainly limited by the time required

for precise sample and setup preparation in order to avoid light interferences 221231,

Regarding optical biosensors for malaria detection, Briand and co-workers used hemoglobin-polyacrylic acid as a
bio-recognition element for a gold-coated SPR-based sensor for rapid heme detection 231, This biosensor acts by
removing heme from hemoglobin, followed by heme-free hemoglobin exposure to samples containing heme that
interact with the bio-recognition element. The authors were able to rapidly (less than 10 min) detect the presence of
heme with a detection limit of 2 pM or 1.30 pg/mL with high selectivity, proving the method applicability 23!, As the

authors measured heme concentration (an intervenient prior hemozoin formation), the values cannot be converted
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into parasite/uL. Furthermore, this device presents a good performance and good reusability, shown by the fact
that it was used 12 times 33, Additionally, for on-field applicability, other polymers in the SPR surface and an

increase in the concentration of the biorecognition element might improve specificity as well as sensitivity 531,

Taking advantage of the different refractive index of infected and non-infected RBCs, Sharma et al. proposed a
biosensor based on 2D photonic crystal, using a linear waveguide with a nanocavity to trap RBCs and detect shifts
in the transmission peak at 1550 nm 28, Bendib S. and Bendib C. also designed and simulated a 2D photonic
crystal biosensor B4, This simulated biosensor uses a sensitive increaser ring resonator based on GaAs rods of a
rectangular lattice suspended in air background and was investigated by using plane wave expansion and finite
difference time domain methods B4, The authors relate the refractive index with the bandgap of infected (in ring,
trophozoites and schizont stages) and non-infected RBCs to improve the sensitivity of the biosensor BZ. However,
the authors do not specify the parasitemia of the infected samples used in the performed assays. Recently,
Rashidnia and co-workers used the same principles and designed and simulated a 2D photonic crystal biosensor
with a rectangular geometry of gold rods 38, Ankita et al. proposed a simpler 1D PC photonic crystal biosensor
with a defect layer also able to detect changes in the transmission peak, according to the concentration of
hemoglobin in infected and non-infected blood samples 2. While the fabrication of photonic crystals might be a
challenge due to their precise structure and dimensions, there are several fabrication methods and materials that
make them inexpensive.

Quite recently, Chaudhary et al. joined the technology of photonic crystals and SPR to develop a gold-immobilized
photonic crystal fiber-based SPR biosensor for malaria detection 49, This system measures changes in the RBCs
refractive index, not specifically hemozoin “9. Briefly, the sample is added into the photonic crystal fiber and an
SPR shift in resonance wavelength, which is dependent on the refractive index, and is detected between healthy
and infected RBCs at different stages 49,

Abshire et al. 1l developed a heme fluorescence-based biosensor that undergoes fluorescence quenching upon
heme binding. To achieve this, the authors constructed a fluorescence resonance energy transfer (FRET)-based
heme sensor, in which enhanced cyan and yellow fluorescent proteins act as the donor and acceptor, respectively,
and PfHRP-II as the heme-binding domain ¥4, By doing so, the authors were able to identify heme pools in P.
falciparum by fluorescence microscopy and observe alterations in heme concentrations in the presence of the
antimalarial drug chloroquine 2. Nevertheless, this biosensor is not applicable on-field since the parasite must
incorporate the FRET-based heme sensor for it to be used.

Surface-enhanced Raman spectroscopy (SERS), which enhances Raman signals, is another optical technique that
is becoming popular due to its high sensitivity and specificity, as it is unaffected by temperature and humidity
changes. It depends on the rotational and vibrational states within the molecules, as it is used to detect the specific
absorption bands of different functional groups and quantify the corresponding molecules. However, this technique
is susceptible to noise interferences due to its low signal-to-noise ratio B2, Garret et al. 42 used gold-coated
Graphium weiskei butterfly rings for the development of a SERS biosensor for malaria diagnosis by interaction with

hemozoin. By doing so, the authors were able to detect a parasitemia of 0.0005% and 0.005% of lysed samples of
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early-stage P. falciparum-infected RBCs 42, Assuming an RBC count of 5 x 10%/uL of blood “23l and of that 50%
corresponds to RBCs, the parasitemia range obtained within this work is equivalent to the one of microscopy (50—
500 parasites/pL of blood in comparison to 50-200 parasites/pL of blood of microscopy). Nevertheless, the authors
mention that this technique requires some time to collect the data and perform the assays, and that the
enhancement in the SERS peak is not dependent on hemozoin concentration. Yuen and Liu used Surface-
enhanced Resonance Raman spectroscopy (SERRS) with Fe;O,@Ag nanoparticles (nanoparticles with an iron
oxide core and silver shell), following magnetic field enrichment for hemozoin-based malaria detection 44, The
magnetic field concentrates the nanoparticles and the paramagnetic B-hematin at the laser spot, which increases
the Raman signal 44, The authors were able to detect 5 nM of B-hematin, the equivalent to 30 parasites/uL 441,
Nevertheless, the magnetic field could impact the variation of SERRS readings. Thus, later, the same group tested
two methods: (1) silver nanoparticles mixed with P. falciparum and (2) silver nanoparticles produced inside the
parasites, being in closer proximity with hemozoin 2, The limit of detection of these methods were (1) 0.01% and
(2) 0.00005%, which are equivalent to 100 and 5 parasites/pL of blood, respectively, quite competitive with optical
microscopy and RDTs 42l Although highly sensitive, these methods cannot provide direct quantification, due to
errors including contamination with cell debris in the lysing process in method (1) and inconsistent distribution of
hemozoin inside the parasite in method (2) 421, However, in this paper, the authors report an easier nanoparticle
preparation method that is low-cost and faster since they performed the SERS measurements on random locations
instead of selected hot spots and with high sensitivity, which can be further improved by using paper-based
microfluidics chip for sample preparation 451, More recently, Yadav et al. 48 enhanced the SERS signal with silver
nanorods (AgNRs) on 0.3 T neodymium magnetic substrates and an externally applied magnetic field. This ultra-
highly sensitive technique allows the detection limit of the equivalent to less than 10 parasites/uL 8. Another
group reported a SERS biosensor tested with B-hematin, which exploits plasmon coupling features of gold
nanoparticles to enhance the Raman signals, and their tunable SPR to the near-infrared region to facilitate
biological analysis 2. In this system, 20 pL of B-hematin is deposited on a gold film in close contact with gold
nanoparticles embedded in transparent and flexible polydimethylsiloxane (PDMS). A 785 nm laser irradiates the
system, originating SERS signals at 1623 cm™, which are directly related to the amount of B-hematin deposited on
the gold film ¥Z. Furthermore, the authors assured that hemoglobin cannot impact the response of SERS signals
to B-hematin ¥4 and detected B-hematin concentrations of around 18.5 + 4.5 and 51.5 # 6.2 uM in healthy and

sickle RBCs, respectively 47,

McBirney and colleagues designed, constructed and validated a portable, reagent-free magneto-optic technology
for hemozoin detection 849 This technology uses a 635 nm laser diode that emits in a 500 pL sample to a
photodetector and a magnet “8. The difference in the optical spectroscopy signal before and after applying the
magnetic field indicates the level of infection 8. This device was capable of detecting less than 8.1 ng/mL of B-
hematin in 500 pL of whole rabbit blood, equivalent to less than 26 parasites/pL of blood (competitive with the 50—
200 parasites/uL and 100-200 of microscopy and RDTs, respectively), and without any labelling [48149
Nevertheless, this system requires pre-treatment of the sample with ultrasound for blood lysis and the sample

volume (500 pL) is not achievable with a finger prick #8. The authors mention that further work will answer these
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limitations through the use of other techniques for blood lysis, reconfiguration of the sample cuvette and by using

alternative photodetectors 48,

3. Lab-on-a-Chip and Other Microdevices for Hemozoin-
Based Malaria Diagnhosis

In addition to biosensors, other novel microdevices, in particular lab-on-a-chip devices, have been drawing
attention due to their potential to be used at point-of-care malaria diagnosis 2. These correspond to miniature
portable devices that integrate several laboratory techniques, allowing the screening of different features to be
performed together. Usually, these are coupled with microfluidic systems with reservoirs that allow the cells to be

concentrated for a more specific and sensible detection.

Taylor and colleagues reported a simple to use, plastic hydrogel chip run on a portable real-time PCR B3, This lab-
on-a-chip is thermo-stable, is low-cost (USD 1 per test and less than USD 2000 for the real-time PCR compared
with microscopy USD 0.12-0.40 per test and USD 700-3000 for the instrument for microscopy), uses a small
sample volume (15 pL per test), provides the result in less than 2 h and is disposable 1251, This microdevice was
tested in clinical samples and detected a limit of 2 parasites/pL of blood with high specificity (93.8%) and sensitivity
(97.4%) compared with the conventional real-time PCR B, When testing an instrument with a LED excitation, the
authors were able to increase specificity (100%) but not sensitivity (96.7%) B, The real-time PCR instrument
requires the equivalent of a car battery as a power supply, which can be used in areas where the electricity supply
is unstable B, The authors mention that a battery can be incorporated in the next generation of this lab-on-a-chip
B4, Furthermore, this micro-technology makes use of primers to amplify the 18S rRNA gene from Plasmodium, and
by doing so, it was able to distinguish P. falciparum and P. vivax infections 1. Despite not using hemozoin as a
target, this microdevice sustains the applicability of lab-on-a-chip for malaria detection and it can be adapted for

hemozoin targeting by using a different set of primers B4,

Recently, Hole and colleagues proposed an inductor on an FR-4 printed circuit board (PCB) and copper as a
sensor for malaria screening [23. The principle of work of this inductive sensor is based on effective relative
permeability and on the inductance value of the core at the sensing coil, which is prone to changes when in the
presence of paramagnetic hemozoin 23l In fact, in the presence of hemozoin, inductance increases while
resonance frequency decreases, allowing the detection of synthetic hemozoin in 12.7-25.4 pg, which is an amount
equivalent to 25-50 parasites in 0.5 uL of phosphate-buffered saline (PBS), in a one-minute assay 23, This value
is competitive with the 50-200 parasites/uL and 100-200 parasites/uL of blood of microscopy and RDTs,
respectively. Therefore, this sensitivity in such a small sample volume is promising for the early detection of the
disease. Furthermore, the authors explain that they fabricated the inductor in a PCB, for this sensor to be low-cost,
and that added a mask on top of the inductor for reusability and as a protective layer for the sensor, avoiding any
damage to it [22l. Thus, this method is promising for malaria detection in the field, assuring an economical sensitive
detection. Nevertheless, the use of copper limits the applicability of this sensor due to its easy and unavoidable

oxidation and consequent loss of response over time.
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The relatively large paramagnetic susceptibility of hemozoin particles induces substantial changes in the
transverse relaxation rate, T2, of proton nuclear magnetic resonance (NMR) of RBCs, which can be used to
correlate with the presence of infected RBCs during malaria infection 2. This idea was first pointed out by Karl et
al. who show that it is possible to carry out NMR relaxometry on infected RBCs but concluded that it was unlikely to
have enough sensitivity for malaria diagnosis in the field settings 3. They demonstrate their studies using
unprocessed raw blood 23, Then, Peng and co-workers demonstrated that it was indeed possible to have a highly
sensitive malaria diagnosis by focusing on the infected RBCs, using a simple trick of standard hematocrit
centrifugation (from normal RBCs) [B2B4IBSISEIEY The authors concluded this in their mouse studies where a
highly sensitive detection compared to the current methods was reported (less than 10 parasites/uL versus 50-200
parasites/uL and 100—200 of microscopy and RDTs, respectively) 22, Following this unprecedented development,
several similar studies were reproduced [B8IBAB0BI and new techniques were established to improve the infected
RBCs separation (using microfluidics) and exploited for drugs studies (62, In fact, Kong et al. [63] combined lab-on-
a-chip microfluidics and magnetic resonance relaxometry (MRR) in order to accurately detect malaria infection. The
authors used margination-based microfluidics that separates infected and non-infected RBCs based on their
different deformability. By doing so, infected RBCs were concentrated, facilitating infection detection. This was
followed by infected RBCs lysis and MRR detection, based on paramagnetic hemozoin detection. By doing this, the
authors were able to detect as low as to 0.0005% of parasitemia of early-stage P. falciparum-infected RBCs 63,
Based on the same RBCs count/pL of blood 3], the parasitemia is similar to the one of microscopy, 50 parasites/
pL of blood. To avoid false-positive and -negative results, it is mentioned that each sample is analyzed 5-10 times
in the MRR, which takes around 5-10 min 8 The authors believe that both microfluidics design and MRR
detection might be optimized to provide more sensitive and sensible results (3. Furthermore, there is the
possibility of miniaturizing both systems in a lab-on-a-chip, and despite the elevated cost of this (several thousands
of USD), the cost per assay (less than USD 0.50) would be almost comparable with microscopy (USD 700—-3000
for the instrument and USD 0.12-0.40 per test) and RDTs (USD 0.55-1.50 per test) 121[63],

The magnetic properties of hemozoin were also explored for a magnet-based microfluidic device.
Nam et al. [90] developed a PDMS microchannel with three inlets and two outlets, fabricated by soft-
lithography using SU-8, coupled to a nickel wire fixed on a glass slide. In the presence of a
permanent magnet, an external field of 0.6 T is created and causes the nickel wire to attract P.
falciparum infected-RBCs, allowing their separation from the non-infected ones [90]. Thus, by using
this microfluidic device, the authors were able to isolate and concentrate infected RBCs and suggest
that the use of this before clinical diagnosis would increase its accuracy [90]. Nevertheless, the
samples were separated with a recovery rate of approximately 73% and 98.3% corresponding to
late- and early-stage parasites, respectively [90]. The authors mention that the efficiency of this
device might improve by altering the distance between the nickel wire and the infected RBCs and by
optimizing the microchannel outlet [90].

More recently, Milesi and co-workers developed a magnetophoretic on-chip system for malaria detection, also
based on paramagnetic hemozoin detection 4. The authors developed a silicon microchip with micro

concentrators for the magnetophoretic capture of infected RBCs, and gold electrodes for measurement of the
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sample electrical impedance 64, By doing so, the authors were able to selectively detect hemozoin crystals but
noticed that the system could not easily distinguish malaria infection from met-hemoglobin, a hemaoglobin
paramagnetic state 4], Quite recently, the same team optimized the silicon chip with nickel microcapillars that, in
the presence of a magnetic field, should interact with the hemozoin crystals of infected samples 2. This causes
infected RBCs to become stacked. The authors used met-hemoglobin, converted from hemoglobin using NaNO,,
to simulate infection 2!, In this model, with the proper agitation, 5 min are enough to attain 85% of capture
efficiency 62, Nevertheless, the same might not be achieved when using a real malaria sample. From a global
perspective, electromagnetic sensing allows for highly sensitive and specific detection, as the use of a single
excitation frequency (specific to the analyte) decreases the interferences from other molecules or media. However,
the measurement of magnetic signals is also highly dependent on the temperature, so temperature compensation

circuits must be taken into account 321,

Myrand-Lapierre and colleagues developed a multiplexed fluidic plunger to evaluate the deformability of RBCs
through microscale funnels within a microchannel €8, Later, the same team used this simple and inexpensive
system to assess biophysical alterations in RBCs following hemin-induced oxidative stress 7. One of the major
sources of oxidative stress in the malaria parasite originates in the pathway of hemoglobin degradation to
hemozoin formation as a result of iron oxidation (€889 Despite not measuring hemozoin directly, this system
analysis an outcome of hemozoin formation and shows that hemin concentration correlates with RBCs
deformability (€71,

Recently Wang et al. “9 designed and fabricated in a PCB a surface acoustic wave (SAW) sensor, excited with a
photo-acoustical signal. The team used a laser pulse into 2 pL of P. falciparum-infected RBCs and, in less than 2
min, were able to distinguish 1% of infected RBCs from non-infected RBCs . The authors intend to integrate this
sensor with a microfluidic system in order to increase the sensitivity through infected RBCs concentration 9,
Despite the low sample volume and rapid resolution time, considering an RBC count of 5 x 108/uL of blood, the
detection limit (100,000 parasites/uL of blood) is not competitive with microscopy and RDTs yet, nor do the authors
specify whether this sensor operates based on hemozoin detection. Nevertheless, the sensitivity and specificity of
SAW sensors might be improved by their coating with absorptive materials [/1l. Despite being thermo-stable and

not requiring high energy for operation, the durability of these sensors might be a challenge 11,

Furthermore, Graham et al. 22 proposed an ultrasensitive polymerization-based assay that allows hemozoin
detection and quantification to be integrated into a microfluidic lab-on-a-chip device. The authors reported that
solubilized hemozoin catalyzes the polymerization of N-isopropylacrylamide into poly N-isopropylacrylamide,
resulting in liquid turbidity that can be optically quantified at 380 nm or 600 nm for up 4 h, as an indicator of malaria
infection 22, This polymerization process requires low-cost and thermo-stable reagents and allows the detection of
10 infected RBCs/uL of parasite-spiked full-blood on a small sample volume 2. This value is quite competitive
with the current diagnostic methods. Furthermore, the turbidity rate is proportional to the concentration of
hemozoin, which makes the assay quantitative. More recently, the same group optimized the reaction conditions of
the assay by using pyruvate, SDS and a 7.5 pH 22, By doing so, the authors reduced the amplification time (the

time for the reaction reach its maximum) from 37 + 5 min to 3 = 0.5 min, while keeping around the same detection
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limit and 95% confidence (1.06 ng/mL compared with 0.85 ng/mL, both equivalent to less than 10 infected RBCs/
uL) 28 1t is interesting that the optimized conditions did not increase the sensitivity of the method but did
significantly increase its performance time 3. Despite requiring sample preparation for collection of blood and

extraction of hemozoin, this improvement increases the applicability of the method.

Catarino and colleagues, after demonstrating that the absorbance spectra of synthetic hemozoin and hemoglobin
is different, developed a first prototype of portable optical microdevice for hemozoin-based malaria detection and
quantification 473, The authors tested their system with 97 pL of whole blood samples mixed with a 1 pg/mL
concentration of synthetic hemozoin in around 1 min analysis time (4. Nevertheless, the need for a drop of blood
is one disadvantage of this system and, thus, the authors have been exploring optical reflectance as an alternative
non-invasive technique to be incorporated in a new microsystem 871781,

Recently, Kumar et al. developed the magneto-optic Gazelle device for hemozoin detection 28 Gazelle detects
LED-emitted light into the sample in the presence and absence of a 55 T magnetic field 2. The transmitted light is
proportional to the amount of hemozoin in the sample and allows detection up to a limit of 50 parasites/pL of P.
falciparum and 35 parasites/uL of P, vivax patients samples with 95% and 100% accuracy, respectively 2. Gazelle
is thermo-stable, battery operated, easy to use, low-cost (around USD 1 per test almost comparable with USD
0.12-0.40 of microscopy and USD 0.55-1.50 of RDTs) and fast (1 min in comparison with 30 min and 20 min for
microscopy and RDTSs, respectively) 28I The device was tested on 262 patients in India and presented high
sensitivity and specificity to diagnose the disease (98% and 97%, 82% and 99%, and 78% and 99% in comparison
to microscopy, PCR and RDTs, respectively) 2. Similar results were achieved in Brazilian Amazon and Peruvian
Amazon Basian, which are P. vivax-predominant regions 8182l Nevertheless, Gazelle is not portable, and still

requires a drop of blood for malaria detection (15 pL) and is not able to distinguish between species 29,

Table 1. Summarizes the main developments in biosensors, lab-on-a-chip devices and other microdevices for the

detection of hemozoin and its variants.

. . Bio-Recognition Tested Limit of Detection
Author Biosensor T D ion Anal . N Ref.
e osensor Type e Element A Sample Detection Time €
Human non- P. berghei in
malaria- infected mice’s
infected serum samples:
urine 3.60-4.8 mM
Metal oxide samples, (around 1.14 x
nanoparticles of human 1010 parasites/
. 3 electrode system, R .
Obisesan ) . copper, iron and ) malaria- uL of blood) No 27]
Electrochemical measured by cyclic . B-hematin ) . . ) )
etal. aluminum infected P. falciparum in information
voltammetry . .
deposited on a gold serum, mice human blood
electrode non-infected serum samples:
and infected 0.65-1.35 mM
serum, all (around 2.725 x
mixed with - 10° parasites/uL
hematin of blood)
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. . Bio-Recognition Tested Limit of Detection
Author: Bi nsor T D ion Anal . 5 Ref.
LS osensor Type S Element LA Sample Detection Time €
Briand et Optical SPR-based sensor Hemogl_obm-_ Heme Heme 2 uM * Less than 23]
al. polyacrylic acid solutions 10 min
P.
R Optical FRET-based sensor PHRP-II Heme EE e 1.6 UM * _ No g
al. infected information
RBCs
Lysed early- 0.005%
SETEREh Gold-coated ring P. (equivalent to No
Optical SERS Graphium weiskei Hemozoin falciparum- 50-500 . ) 42
al. . . . information
butterfly rings infected parasites/pL of
RBCs blood)
) ) -h i M ival 1
Yuen and ) Magnetic enrichment Fes0,@Ag . il sn (equwg ent 5s [44]
. Optical } B-hematin resuspended to 30 parasites/ exposure
Liu followed by SERRS nanoparticles . .
in NaOH pL) time
Silver
. ’ 0.00005%
falciparum (equivalent to 10s
Chen et al. Optical SERS Silver nanoparticles Hemozoin and silver 500 and 5 exposure 45
nanoparticles ; time
parasites/pL of
produced blood)
inside the
parasites
Hemozoin
ST Hemozoin hem?)ntljobin
SERS and an (AgNRs) on 0.3 T nemog equivalent to 20-30's
Yadav et ) ) ) and Human in PBS and ) . [46]
A Optical externally applied neodymium e — S less than 10 integration
’ magnetic field magnetic Y . . parasites/pL time
hemoglobin water; Fetal
substrates )
bovine
seerum
B-hematin
) and 18.5+4.5and 5 s for
Gold nanopatticles hemolyzed ~ 51.5+6.2uMin  spectrum
Cai et al. Optical SERS biosensor embedded in B-hematin Y o x0.c U pectn 47
PDMS erythrocytes healthy and acquisiton
deposited on sickle RBCs time
a gold film
635 nm laser diode o 8.1 ng/mL of
o B-hematin in .
McBirne that emits in the 500 ul of equivalent to No
y Magneto-optic sample to a None B-hematin H . less than 26 ) ) (48]
etal. whole rabbit . information
photodetector and a parasites/pL of
blood
magnet blood
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Authors Biosensor Type Detection Element Analyte Sample Detection Time Ref.
Frozen
. . clinical
Lab-on-a-chip for Master mix for )
TayallclJr et DNA/RNA amplification of the 185err:?eNA s;r}l;?lzsr:;R 2 parz:)slgszlpL of Leszs :\han 51
' amplification targeted DNA/RNA 9 P ’
P. vivax and
P. knowlesi
12.7-25.4 pg in
Measurement of Synthetic Synthetic 0.5 pL of PBS No
Hole et al. Inductive inductance/resonance None Y ) hemozoin in (equivalent to . ) 23]
hemozoin . information
frequency PBS 25-50 parasites/
pL of blood)
ly-
early-stage Less than 10
. ! P : : MRR 52]
Magnetic Magnetic resonance ) . parasites/pL in S
Peng et al. . None Hemozoin falciparum- : detection: gy
resonance relaxometry detection . mouse studies )
infected —— 5-10 min
RBCs
0.0005% of P. Separation
early-stage . ;
falciparum process:
. Lab-on-a-chip with . .P' culture 15 min [63]
Kong et al. Magnetic MRR detection None Hemozoin failségitr:;n- (equivalent to 50 MRR
RBCs parasites/pL of detection:
blood) 5-10 min
. P.
Lab-on-a-chip and o — No
Nam et al. Magnetic optical microscopy None Hemozoin cip No information . ) (3]
I infected information
RBCs
Lab-on-a-chip with Red blood
Milesi et magnetophoretic cells treated No
Magnetic/Electrical ~ capture and electrical None Hemozoin and non- No information ) ) (64]
al. . . information
impedance treated with
measurements NaNO,
0,
Photo-acoust-excited .l Voo P
P. falciparumculture
Wang et S CSCRTIERTES Not falciparum- (equivalent to Less than
9 Photo-acoustic (SAW) sensor to be None o ) P d ) [
al. ; . specified infected 100,000 2 min
integrated with a ;
) L RBCs parasites/pL of
microfluidic system
blood)
Graham et ) Cat TG N- . Hemozoin 10 infected ) [72]
Al Optical optical detection at T T Hemozoin solutions in RBCS/UL 37 £ 5 min
’ 380 nm or 600 nm propylacry NaOH H
Raccio et Optical Lab-on-a-chip with N- Hemozoin Hemozoin 10 infected 3+05min [
al. optical detection at isopropylacrylamide solutions in RBCs/uL

2. World Health Organization. World Malaria Report 2021; World Health Organization: Geneva,
Switzerland, 2021.

3. Maxmen, A. Scientists Hail Historic Malaria Vaccine Approval—But Point to Challenges Ahead.
Nature 2021.

4. Bartoloni, A.; Zammarchi, L. Clinical Aspects of Uncomplicated and Severe Malaria. Mediterr. J.
Hematol. Infect. Dis. 2012, 4, 1.

5. WHO. SDG 3: Ensure Healthy Lives And Promote Wellbeing for All at All Ages. Available online:
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1-35.

https://encyclopedia.pub/entry/19452 12/18



Microdevices for Hemozoin-Based Malaria Detection | Encyclopedia.pub

Authors Biosensor Type Detection Bio-slee t::grr:tition Analyte ;—:;t;:i D'i::::tt?;n De.:.?;téon Ref. nd,
380 nm or 600 nm NaOH
. . Synthetilc
Cataarlllﬁo et Optical Optical Absorbance None :g:q?;;:i ng)i: 1 pg/mL Ar?:jir:]d 1o
whole blood
J.;
. . . 50 parasites/pL .
Qaze!le. LED-emitted P. falciparum 435 stic
Kumar et M ) I.Ight into the sample . anq orp par;s?tes/uL of Around 1 E
L agneto-optic in the presence anq None Hemozoin . vivax B i ar. J
a absence .Of magnetic |nfe§ted ] Pp " 21
field pateht infected patients
0.0001% (i F A
1 in vitro P. vitro); 0.000C;Z% tion: A
Acoustic signal falc;pa'”('jn' ( (in \|/ivo); A

. infecte equivalent to 10 [
Lukianova- Photo-acoustic prpduced by laser None Hemozoin RBCs and pa?asites/pL and . No ) 4]
Hleb et al. induced vapor . information

N blood qf P. 17 para§|te§/uL
yoelii- for the in vitro
1 infected mice and in vivo Assays
cultures)

TUT DIAyITusSIS Aarma etecturT Ut ivididria. DIUSETIS. BIUETeClturi. ZUul1go, 1U9, 166—Z1U.

12. Baptista, V.; Costa, M.S.; Calcada, C.; Silva, M.; Gil, J.P.; Veiga, M.l.; Catarino, S.O. The Future in
Sensing Technologies for Malaria Surveillance: A Review of Hemozoin-Based Diagnosis. ACS
Sens. 2021, 6, 11.

13. Tangpukdee, N.; Duangdee, C.; Wilairatana, P.; Krudsood, S. Malaria Diagnosis: A Brief Review.
Korean J. Parasitol. 2009, 47, 93-102.

14. Pham, N.M.; Karlen, W.; Beck, H.P.; Delamarche, E. Malaria and the “last” Parasite: How Can
Technology Help? Malar. J. 2018, 17, 1-16.

15. Ding, X.; Srinivasan, B.; Tung, S. Development and Applications of Portable Biosensors. J. Lab.
Autom. 2015, 20, 365-389.

16. Carpenter, A.C.; Paulsen, I.T.; Williams, T.C. Blueprints for Biosensors: Design, Limitations, and
Applications. Genes 2018, 9, 375.

17. Yoo, E.H.; Lee, S.Y. Glucose Biosensors: An Overview of Use in Clinical Practice. Sensors 2010,
10, 4558-4576.

18. Krampa, F.D.; Aniweh, Y.; Kanyong, P.; Awandare, G.A. Recent Advances in the Development of
Biosensors for Malaria Diagnosis. Sensors 2020, 20, 799.

19. Jain, P.; Chakma, B.; Patra, S.; Goswami, P. Potential Biomarkers and Their Applications for
Rapid and Reliable Detection of Malaria. Biomed Res. Int. 2014, 2014, 1-20.

20. Soraya, G.V.; Abeyrathne, C.D.; Buffet, C.; Huynh, D.H.; Uddin, S.M.; Chan, J.; Skafidas, E.;

Kwan, P.; Rogerson, S.J. Ultrasensitive and Label-Free Biosensor for the Detection of
Plasmodium Falciparum Histidine-Rich Protein Il in Saliva. Sci. Rep. 2019, 9, 1-10.

https://encyclopedia.pub/entry/19452 13/18



Microdevices for Hemozoin-Based Malaria Detection | Encyclopedia.pub

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Lo, Y.; Cheung, Y.-W.; Wang, L.; Lee, M.; Figueroa-Miranda, G.; Liang, S.; Mayer, D.; Tanner, J.A.
An Electrochemical Aptamer-Based Biosensor Targeting Plasmodium Falciparum Histidine-Rich
Protein Il for Malaria Diagnosis. Biosens. Bioelectron. 2021, 192, 113472.

Loyez, M.; Wells, M.; Hambye, S.; Hubinon, F.; Blankert, B.; Wattiez, R.; Caucheteur, C. PfHRP2
Detection Using Plasmonic Optrodes: Performance Analysis. Malar. J. 2021, 20, 332.

Hole, A.P.; Pulijala, V. An Inductive-Based Sensitive and Reusable Sensor for the Detection of
Malaria. IEEE Sens. J. 2021, 21, 1609-1615.

Pisciotta, J.M.; Scholl, P.F.; Shuman, J.L.; Shualev, V.; Sullivan, D.J. Quantitative Characterization
of Hemozoin in Plasmodium Berghei and Vivax. Int. J. Parasitol. Drugs Drug Resist. 2017, 7,
110-1109.

Dutta, G. Electrochemical Biosensors for Rapid Detection of Malaria. Mater. Sci. Energy Technol.
2020, 3, 150-158.

Ronkainen, N.J.; Halsall, H.B.; Heineman, W.R. Electrochemical Biosensors. Chem. Soc. Rev.
2010, 39, 1747-1763.

Obisesan, O.R.; Adekunle, A.S.; Oyekunle, J.A.O.; Sabu, T.; Nkambule, T.T.l.; Mamba, B.B.
Development of Electrochemical Nanosensor for the Detection of Malaria Parasite in Clinical
Samples. Front. Chem. 2019, 7, 1-15.

Moutaouakil, A.E.; Belmoubarik, M.; Peng, W.K. Graphene in the Fight against Malaria. arXiv
2020, arXiv:2008.13605.

Sigala, P.A.; Goldberg, D.E. The Peculiarities and Paradoxes of Plasmodium Heme Metabolism.
Annu. Rev. Microbiol. 2014, 68, 259-278.

Sigala, P.A.; Crowley, J.R.; Hsieh, S.; Henderson, J.P.; Goldberg, D.E. Direct Tests of Enzymatic
Heme Degradation by the Malaria Parasite Plasmodium Falciparum. J. Biol. Chem. 2012, 287,
37793-37807.

Toh, R.J.; Peng, W.K,; Han, J.; Pumera, M. Direct in Vivo Electrochemical Detection of
Haemoglobin in Red Blood Cells. Sci. Rep. 2014, 4, 6209.

Villena Gonzales, W.; Mobashsher, A.T.; Abbosh, A. The Progress of Glucose Monitoring—A
Review of Invasive to Minimally and Non-Invasive Techniques, Devices and Sensors. Sensors
2019, 19, 800.

Briand, V.A.; Thilakarathne, V.; Kasi, R.M.; Kumar, C.V. Novel Surface Plasmon Resonance
Sensor for the Detection of Heme at Biological Levels via Highly Selective Recognition by Apo-
Hemoglobin. Talanta 2012, 99, 113-118.

Piliarik, M.; Homola, J. Surface Plasmon Resonance (SPR) Sensors: Approaching Their Limits?
Opt. Exp. 2009, 17, 16505-16517.

https://encyclopedia.pub/entry/19452 14/18



Microdevices for Hemozoin-Based Malaria Detection | Encyclopedia.pub

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Morris, R. Spectrophotometry. Curr. Protoc. Essent. Lab. Tech. 2015, 11, 2.1.1-2.1.30.

Sharma, V.; Kalyani, V.L. Design Two Dimensional Nanocavity Photonic Crystal Biosensor
Detection in Malaria. Int. J. Emerg. Res. Manag. Technol. 2018, 6, 16—20.

Bendib, S.; Bendib, B. Photonic Crystals for Malaria Detection. J. Biosens. Bioelectron. 2018, 9,
120057.

Rashidnia, A.; Pakarzadeh, H.; Hatami, M.; Ayyanar, N. Photonic Crystal-Based Biosensor for
Detection of Human Red Blood Cells Parasitized by Plasmodium Falciparum. Opt. Quantum
Electron. 2021, 54, 38.

Ankita; Suthar, B.; Bhargava, A. Biosensor Application of One-Dimensional Photonic Crystal for
Malaria Diagnosis. Plasmonics 2021, 16, 59-63.

Chaudhary, V.S.; Kumar, D.; Kumar, S. Gold-Immobilized Photonic Crystal Fiber-Based SPR
Biosensor for Detection of Malaria Disease in Human Body. IEEE Sens. J. 2021, 21, 17800—
17807.

Abshire, J.R.; Rowlands, C.J.; Ganesan, S.M.; So, P.T.C.; Niles, J.C. Quantification of Labile
Heme in Live Malaria Parasites Using a Genetically Encoded Biosensor. Proc. Natl. Acad. Sci.
USA 2017, 114, E2068-E2076.

Garrett, N.L.; Sekine, R.; Dixon, M.\W.A_; Tilley, L.; Bambery, K.R.; Wood, B.R. Bio-Sensing with
Butterfly Wings: Naturally Occurring Nano-Structures for SERS-Based Malaria Parasite Detection.
Phys. Chem. Chem. Phys. 2014, 17, 21164-21168.

Moody, A. Rapid Diagnostic Tests for Malaria Parasites. Clin. Microbiol. Rev. 2002, 15, 66—78.

Yuen, C. Magnetic Field Enriched Surface Enhanced Resonance Raman Spectroscopy for Early
Malaria Diagnosis. J. Biomed. Opt. 2012, 17, 017005.

Chen, K.; Yuen, C.; Aniweh, Y.; Preiser, P.; Liu, Q. Towards Ultrasensitive Malaria Diagnosis Using
Surface Enhanced Raman Spectroscopy. Sci. Rep. 2016, 6, 1-10.

Yaday, S.; Khanam, R.; Singh, J.P. A Purview into Highly Sensitive Magnetic SERS Detection of
Hemozoin Biomarker for Rapid Malaria Diagnosis. Sens. Act. Chem. 2022, 355, 131303.

Cai, Z.; Hu, Y.; Sun, Y.; Gu, Q.; Wu, P.; Cai, C.; Yan, Z. Plasmonic SERS Biosensor Based on
Multibranched Gold Nanoparticles Embedded in Polydimethylsiloxane for Quantification of
Hematin in Human Erythrocytes. Anal. Chem. 2021, 93, 1025-1032.

McBirney, S.E.; Chen, D.; Scholtz, A.; Ameri, H.; Armani, A.M. Rapid Diagnostic for Point-of-Care
Malaria Screening. ACS Sens. 2018, 3, 1264-1270.

Armani, A.; Chen, D.; McBirney, S.; Kaypaghian, K.; Huber, H.; Ameri, H. Portable Optical
Diagnostics for Early Malaria Detection. In Frontiers in Biological Detection: From Nanosensors to

https://encyclopedia.pub/entry/19452 15/18



Microdevices for Hemozoin-Based Malaria Detection | Encyclopedia.pub

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Systems Xl; International Society for Optics and Photonics: San Francisco, CA, USA, 2019;
Volume 10895.

Kolluri, N.; Klapperich, C.M.; Cabodi, M. Towards Lab-on-a-Chip Diagnostics for Malaria
Elimination. Lab Chip 2018, 18, 75-94.

Taylor, B.J.; Howell, A.; Martin, K.A.; Manage, D.P.; Gordy, W.; Campbell, S.D.; Lam, S.; Jin, A,;
Polley, S.D.; Samuel, R.A.; et al. A Lab-on-Chip for Malaria Diagnosis and Surveillance. Malar. J.
2014, 13, 179.

Peng, W.K.; Kong, T.F.; Ng, C.S.; Chen, L.; Huang, Y.; Bhagat, A.A.S.; Nguyen, N.T.; Preiser, P.R.;
Han, J. Micromagnetic Resonance Relaxometry for Rapid Label-Free Malaria Diagnosis. Nat.
Med. 2014, 20, 1069-1073.

Karl, S.; Mueller, I.; St Pierre, T.G. Considerations Regarding the Micromagnetic Resonance
Relaxometry Technique for Rapid Label-Free Malaria Diagnosis. Nat. Med. 2015, 21, 1387.

Peng, W.K.; Chen, L.; Han, J. Development of Miniaturized, Portable Magnetic Resonance
Relaxometry System for Point-of-Care Medical Diagnosis. Rev. Sci. Instrum. 2012, 83, 095115.

Veiga, M.l.; Peng, W.K. Rapid Phenotyping towards Personalized Malaria Medicine. Malar. J.
2020, 19, 68.

Peng, W.K.; Ng, T.T.; Loh, T.P. Machine Learning Assistive Rapid, Label-Free Molecular
Phenotyping of Blood with Two-Dimensional NMR Correlational Spectroscopy. Commun. Biol.
2020, 3, 1-10.

Peng, W.K.; Paesani, D. Omics Meeting Onics: Towards the Next Generation of Spectroscopic-
Based Technologies in Personalized Medicine. J. Pers. Med. 2019, 9, 39.

Thamarath, S.S.; Xiong, A.; Lin, P.H.; Preiser, P.R.; Han, J. Enhancing the Sensitivity of Micro
Magnetic Resonance Relaxometry Detection of Low Parasitemia Plasmodium Falciparum in
Human Blood. Sci. Rep. 2019, 9, 1-9.

Gupta, M.; Singh, K.; Lobiyal, D.K.; Safvan, C.P.; Sahu, B.K.; Yaday, P.; Singh, S. A Sensitive On-
chip Probe—Based Portable Nuclear Magnetic Resonance for Detecting Low Parasitaemia
Plasmodium Falciparum in Human Blood. Med. Dev. Sens. 2020, 3, 1-11.

Peng, W.K.; Chen, L.; Boehm, B.O.; Han, J.; Loh, T.P. Molecular Phenotyping of Oxidative Stress
in Diabetes Mellitus with Point-of-Care NMR System. Npj Ag. Mech. Dis. 2020, 6, 1-12.

Dupré, A.; Lei, K.-M.; Mak, P.-l.; Martins, R.P.; Peng, W.K. Micro- and Nanofabrication NMR
Technologies for Point-of-Care Medical Applications—A Review. Microelectron. Eng. 2019, 209,
66—74.

Di Gregorio, E.; Ferrauto, G.; Schwarzer, E.; Gianolio, E.; Valente, E.; Ulliers, D.; Aime, S.;
Skorokhod, O. Relaxometric Studies of Erythrocyte Suspensions Infected by Plasmodium

https://encyclopedia.pub/entry/19452 16/18



Microdevices for Hemozoin-Based Malaria Detection | Encyclopedia.pub

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Falciparum: A Tool for Staging Infection and Testing Anti-Malarial Drugs. Magn. Reson. Med.
2020, 84, 3366—3378.

Kong, T.F,; Ye, W.; Peng, W.K.; Hou, H.W.; Marcos; Preiser, P.R.; Nguyen, N.T.; Han, J.
Enhancing Malaria Diagnosis through Microfluidic Cell Enrichment and Magnetic Resonance
Relaxometry Detection. Sci. Rep. 2015, 5, 1-12.

Nam, J.; Huang, H.; Lim, H.; Lim, C.; Shin, S. Magnetic Separation of Malaria-Infected Red Blood
Cells in Various Developmental Stages. Anal. Chem. 2013, 85, 7316—7323.

Milesi, F.; Giacometti, M.; Coppadoro, L.P.; Ferrari, G.; Fiore, G.B.; Bertacco, R. On-Chip
Selective Capture and Detection of Magnetic Fingerprints of Malaria. Sensors 2020, 20, 4972.

Giacometti, M.; Monticelli, M.; Piola, M.; Milesi, F.; Coppadoro, L.; Giuliani, E.; Jacchetti, E.;
Raimondi, M.T.; Ferrari, G.; Antinori, S.; et al. On-chip Magnetophoretic Capture in a Model of
Malaria-infected Red Blood Cells. Biotechnol. Bioeng. 2022, 1-13.

Myrand-Lapierre, M.-E.; Deng, X.; Ang, R.R.; Matthews, K.; Santoso, A.T.; Ma, H. Multiplexed
Fluidic Plunger Mechanism for the Measurement of Red Blood Cell Deformability. Lab Chip 2015,
15, 159-167.

Matthews, K.; Duffy, S.P.; Myrand-Lapierre, M.-E.; Ang, R.R.; Li, L.; Scott, M.D.; Ma, H.
Microfluidic Analysis of Red Blood Cell Deformability as a Means to Assess Hemin-Induced
Oxidative Stress Resulting from Plasmodium Falciparum Intraerythrocytic Parasitism. Integr. Biol.
2017, 9, 519-528.

Francis, S.E.; Sullivan, D.J.; Goldberg, D.E. Hemoglobin Metabolism in the Malaria Parasite
Plasmodium Falciparium. Annu. Rev. Microbiol. 1997, 51, 97-123.

Egwu, C.O.; Augereau, J.M.; Reybier, K.; Benoit-Vical, F. Reactive Oxygen Species as the
Brainbox in Malaria Treatment. Antioxidants 2021, 10, 1872.

Wang, S.; Yang, C.; Preiser, P.; Zheng, Y. A Photoacoustic-Surface-Acoustic-Wave Sensor for
Ring-Stage Malaria Parasite Detection. IEEE Trans. Circuits Syst. Exp. Briefs 2020, 67, 881-885.

Guz, L. Technical Aspects of SAW Gas Sensors Application in Environmental Measurements.
MATEC Web Conf. 2019, 252, 06007.

Rifaie-Graham, O.; Pollard, J.; Raccio, S.; Balog, S.; Rusch, S.; Hernandez-Castafieda, M.A.;
Mantel, P.Y.; Beck, H.P.; Bruns, N. Hemozoin-Catalyzed Precipitation Polymerization as an Assay
for Malaria Diagnosis. Nat. Commun. 2019, 10, 1-8.

Raccio, S.; Pollard, J.; Djuhadi, A.; Balog, S.; Pellizzoni, M.M.; Rodriguez, K.J.; Rifaie-Graham,
O.; Bruns, N. Rapid Quantification of the Malaria Biomarker Hemozoin by Improved
Biocatalytically Initiated Precipitation Atom Transfer Radical Polymerizations. Analyst 2020, 145,
7741-7751.

https://encyclopedia.pub/entry/19452 17/18



Microdevices for Hemozoin-Based Malaria Detection | Encyclopedia.pub

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Catarino, S.0.; Felix, P.; Sousa, P.J.; Pinto, V.; Veiga, M.l.; Minas, G. Portable Device for Optical
Quantification of Hemozoin in Diluted Blood Samples. IEEE Trans. Biomed. Eng. 2020, 67, 365—
371.

Silva, I.; Lima, R.; Minas, G.; Catarino, S.0. Hemozoin and Hemoglobin Characterization by
Optical Absorption Towards a Miniaturized Spectrophotometric Malaria Diagnostic System. In
Proceedings of the 2017 IEEE 5th Portuguese Meeting on Bioengineering (ENBENG), Coimbra,
Portugal, 16-18 February 2017.

Baptista, V.; Calcada, C.; Silva, M.; Teixeira, M.; Ferreira, P.; Minas, G.; Peng, W.K.; Catarino,
S.0.; Veiga, M.l. Hemozoin: The Future in Malaria Diagnosis. In MAM 2020—Molecular
Approaches to Malaria. 2020. Available online:
https://onlinelibrary.wiley.com/doi/abs/10.1111/cmi.13289 (accessed on 8 December 2021).

Costa, M.S.; Baptista, V.; Minas, G.; Veiga, M.l.; Catarino, S.O. Effect of the Materials ’ Properties
in the Design of High Transmittance and Low FWHM SiO2/TiO2 Thin Film Optical Filters for
Integration in a Malaria Diagnostics Device. BIODEVICES 2021, 1, 21-31.

Costa, M.S.; Baptista, V.; Ferreira, G.M.; Lima, D.; Minas, G.; Veiga, M.l.; Catarino, S.O.
Multilayer Thin-Film Optical Filters for Reflectance-Based Malaria Diagnostics. Micromachines
2021, 12, 890.

Kumar, R.; Verma, A.K.; Shrivas, S.; Thota, P.; Singh, M.P.; Rajasubramaniam, S.; Das, A.; Bharti,
P.K. First Successful Field Evaluation of New, One-Minute Haemozoin-Based Malaria Diagnostic
Device. EClinicalMedicine 2020, 22, 100347.

Ley, B.; Thriemer, K. A Novel Generation of Hemozoin Based Malaria Diagnostics Show
Promising Performance. EClinicalMedicine 2020, 22, 100369.

Valdivia, H.O.; Thota, P.; Braga, G.; Ricopa, L.; Barazorda, K.; Salas, C.; Bishop, D.K.; Joya, C.A.
Field Validation of a Magneto-Optical Detection Device (Gazelle) for Portable Point-of-Care
Plasmodium Vivax Diagnosis. PLoS ONE 2021, 16, e0253232.

de Melo, G.C.; Netto, R.L.A.; Mwangi, V.l.; Salazar, Y.E.A.R.; de Souza Sampaio, V.; Monteiro,
W.M.; de Almeida e Val, F.F.; Rocheleau, A.; Thota, P.; Lacerda, M.V.G. Performance of a
Sensitive Haemozoin-based Malaria Diagnostic Test Validated for Vivax Malaria Diagnosis in
Brazilian Amazon. Malar. J. 2021, 20, 1-10.

Lukianova-Hleb, E.Y.; Campbell, K.M.; Constantinou, P.E.; Braam, J.; Olson, J.S.; Ware, R.E.;
Sullivan, D.J.; Lapotko, D.O. Hemozoin-Generated Vapor Nanobubbles for Transdermal Reagent-
and Needle-Free Detection of Malaria. Proc. Natl. Acad. Sci. USA 2014, 111, 900-905.

Retrieved from https://www.encyclopedia.pub/entry/history/show/46805

https://encyclopedia.pub/entry/19452 18/18



