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Abstract
Malaria continues to be among the most lethal infectious diseases. Immediate barriers include the detection of low-
parasitemia levels in asymptomatic individuals, which act as a reservoir for future infections, and the emergence of
multidrug-resistant strains in malaria-endemic, under-resourced regions. The development of technologies for field-
deployable devices for early detection and targeted drugs/vaccines is an ongoing challenge. In this respect, the
identification of hemozoin during the Plasmodium growth cycle presents a unique opportunity as a biomarker for
malaria infection. The last decade has witnessed the development of numerous opto-/magnetic- based ultrasensitive
hemozoin sensing technologies with tremendous potential of rapid and accurate malaria diagnosis and drug testing.
The unique information in hemozoin formation can also shed light on the development of targeted drugs. Here, we
present a comprehensive perspective on state-of-the-art hemozoin-based methodologies for detecting and studying
malaria. We discuss the challenges (and opportunities) to expedite the translation of the technology as a point-of-site
tool to assist in the global eradication of malaria infection.

Introduction
Malaria is one of the most lethal and prevalent infec-

tious diseases, which continues to cause the deaths of
around half a million people each year.1 To achieve the
fast-approaching United Nations Sustainable Develop-
ment Goal of global malaria elimination by 2030,2 two
processes i.e., accurate (specific and quantitative) diag-
nosis and appropriate (targeted drug) treatment, are
crucial. Low-density malaria parasitemia in asymptomatic
individuals at the early stage of infection goes undiag-
nosed or unnoticed, which serves as a reservoir for future
infections and hinders the breaking of disease

transmission. Nevertheless, the past two decades have
witnessed unprecedented success in reducing the mor-
tality rate. These efforts, however, were hampered by the
growing parasites’ resistance strains to common anti-
malarial drugs in endemic, under-resourced regions.1,3

Additionally, the global spread of the COVID-19 pan-
demic in early 2020 jammed the healthcare system, put-
ting a soft halt in the fight against malaria. In a likely
reflection of this, devastating numbers of malaria deaths
have been reported in 2020,4 and the first malaria vaccine,
despite its modest efficacy, was approved by the World
Health Organization in 2021.4,5 While malaria has always
been prevalent in tropical and sub-tropical regions (e.g.,
sub-Saharan Africa), the increasing human mobility (e.g.,
travel and migration) poses a threat of malaria resurgence
in traditionally non-endemic areas (e.g., United States and
Europe).6 Altogether, it is essential to take proactive
measures to avoid being caught off-guard in any unfore-
seen upsurge of malaria, considering that the threat posed
by COVID-19 still persists. This preparedness is especially
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crucial for remote, low-resource settings where malaria is
already endemic.7,8

The ability of rapid and accurate diagnosis at the level to
detect asymptomatic carriers, ideally <0.0001% para-
sitemia (≈5 parasites/µL of blood), will significantly
impact disease transmission dynamics, and therefore,
have a positive impact on the malaria elimination pro-
gram.9 The gold standard in malaria diagnosis, micro-
scopic examination of Giemsa-stained infected red blood
cells (i-RBCs) on a glass slide, remains unchanged for over
a hundred years. Although the methodology is low-cost,
quantitative, and parasite-specific, it is labor-intensive and
time-consuming (around 1 h), and an average micro-
scopist can only detect 0.001% parasitemia. Therefore, the
search for detection methods at the sub-microscopic level
with a speedy result remains a topic of high significance in
malaria research.
Other clinically employed and emerging diagnostic

technologies can be broadly categorized based on the
target molecule, such as organic (e.g., protein and DNA/
RNA) and inorganic (e.g., hemozoin). The methodologies
adopted for the former are further classified into
molecular-based techniques e.g., polymerase chain reac-
tion (PCR), and serological-based techniques e.g., rapid
diagnostic test (RDT).10 PCR-based methods offer highly
reliable and sensitive detection of < 0.0001% parasitemia,
but are extremely slow to assess (at least in 2 h), costly,
and require laboratory infrastructure, limiting their
practicality for on-site application or limited medical-
resources settings in under-developed or developing
countries. Toward this end, low-cost and easy-to-use
RDTs, based on lateral-flow immunoassay of parasite-
specific antigens (e.g., HRPII and pLDH), offer moderately
speedy malaria detection in less than 20min, but the
method lacks high accuracy (specificity) and does not

even have the same level of sensitivity as light microscopy.
Moreover, false positives due to the persistence of anti-
gens for an extended period (after the infection has been
cleared), false negatives, and no species identification (in
the absence of HRPII), along with an inability for quan-
titative analysis, limit the performance and derived
information from RDTs. Finally, RDTs generally require
refrigeration, which is not suited for deployment in
remote, under-resourced regions. Details and recent
developments in these methodologies are discussed
elsewhere.10–13

Individually, the current diagnostic tests (e.g., light
microscopy, molecular approaches, serological tests, and
RDTs) are not perfect for rapid (within a few minutes)
and highly specific diagnoses at low (<0.0001%) para-
sitemia levels to detect asymptomatic carriers [see Table 1
and Fig. 1]. To this end, the scientific community in
malaria research has paid great attention to inter-
disciplinary research on cutting-edge technologies focus-
ing on inorganic malaria pigment, hemozoin,14 which also
provides a wide variety of information not available in
traditional methods. Hemozoin, formed in an intra-
erythrocyte cycle of the malaria parasite, is rich in mag-
netic and optical properties. Based on these character-
istics, the identification of hemozoin presents a unique
opportunity for malaria diagnosis and also provides the
ability to analyze hemozoin formation, which may play a
vital role in the testing and discovery of new targeted
antimalarial drugs.
In the past decade, numerous hemozoin sensing tech-

nologies have been developed and refined for nearly ideal
diagnostic characteristics, including ultra-sensitivity, high
specificity, rapid result, and cost-effectiveness. Some of
these technologies have already been tested in animal
studies and in the field. Additionally, hemozoin-based

Table 1 SWOT analysis for different classes of malaria diagnosis.

Microscopy Molecular method Serological based Hemozoin sensing

Strength Low-cost, field deployable,

quantitative, species and

stage identification

High sensitivity and

specificity, high throughput,

species identification

Low-cost, easy to operate, shorter

diagnosis time, field deployable

high sensitivity, increased specificity,

quick result, quantitative

Weakness Limited sensitivity, labor

intensive, Requires

expertise, time-consuming

Highly time-consuming,

bulky laboratory setting,

expensive, labor-intensive

Limited sensitivity, less specificity,

lack of heat stability, qualitative

Data governance and control, model

maintenance

Opportunity Skills of the microscopists in

non-endemic settings,

mobile application

Epidemiology studies Non-P. falciparum species

discrimination, multiplexing variants

detection

Field deployable, lab on a chip, non-

invasive, point-of-care diagnosis,

species and stage identification

Threat Low throughput Over-reliance or phase-out? HRPII deletion mutation (false

negative), persistent antigen from

past infections (false positive)

Expertise required?
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sensing has been realized with microdevices, particularly
lab-on-a-chip for point-of-care diagnostics, and can also
offer noninvasive diagnostics, as reviewed elsewhere.15–19

Furthermore, expert reviews on magnetophoretic20 and
optical methods21–23 have been added to the literature at
different times. Nonetheless, there remain plenty of fun-
damental questions to address (e.g., background signals
from whole blood24), and further developments (e.g.,
machine learning) are still needed to facilitate easier
decision-making for a more specific malaria diagnosis. At
the bottom, the underlying mechanism for hemozoin
formation is still not entirely clear, which is particularly
important for the development of new targeted drugs.
We identified underlying questions and shed light on

possible actions to develop an optimal malaria diagnostic
tool and targeted antimalarial drugs, thereby advancing
hemozoin-based technologies to a clinical platform. The
article is structured to emphasize each aspect of hemo-
zoin, ranging from its fundamental structure to its use in
technology for global malaria elimination. Section “Bio-
chemistry of malaria: hemozoin nanocrystals” covers the
formation of hemozoin in the intra-erythrocyte cycle and
recent progress in imaging the underlying mechanisms to

assist in the development of new targeted drugs. Section
“Magnetism of hemozoin: a double-edged sword”
explores the magnetism of solitary hemozoin and its
enigmatic nature (paramagnetic or superparamagnetic),
as well as the resultant changes in magnetic character-
istics from healthy to malaria-infected blood. In Section
“Hemozoin sensing technologies”, we introduce hemo-
zoin sensing technologies, encompassing “Magnetic-
based technology” and “Optical-based technology”, and
advanced methods based on the “Magneto-Optical based
technology” optical detection of the magnetic fingerprints
of hemozoin. We provide an up-to-date review of the
various successes achieved using these different mod-
alities. Section “Field evaluation” compares the perfor-
mance of hemozoin detection technologies, specifically in
field testing, with existing clinical methods serving as
reference standards. In Section “Outlook”, we present our
perspective on challenges with hemozoin-based diag-
nostics and outline future directions to expedite the
translation of these technologies into actual field imple-
mentation. Section “Concluding remarks” will offer con-
cluding remarks on the current status of this
research field.

Fig. 1 Milestones for the development of technological innovations (i.e., photonic and electronic) toward global malaria elimination. A
classification of methods for malaria diagnostics in the intra-erythrocyte cycle. The gold standard light microscopy has been used for more than a
century in clinical settings, while molecular-based polymerase chain reaction (PCR) and serological-based rapid diagnostic test (RDT) techniques are
more recent. These methods10 are compared qualitatively for sensitivity (high, low), time-to-result (long, short), and cost per test (high, low). In the
background of emerging spectroscopy-based technologies (photonics and electronics) under the action of electromagnetic radiation
(nondestructive nature), more (clinical) information can be harvested. These techniques exploit the magnetic and optical properties of “inorganic”
malaria pigment, hemozoin nanocrystals. Alongside the emergence of novel hemozoin sensing technologies aiming at on-site malaria diagnosis in
asymptomatic individuals to faint transmission dynamics worldwide, the approval of the first of its kind, for any parasitic disease, malaria vaccine by
the World Health Organization (WHO) in 2021, may play a significant role in reducing the severe malaria cases prevalent in <5-year-old children and
pregnant women exposed to high transmission rates in WHO African Region. The X-ray cryotomography of hemozoin crystals was adapted with
permission from ref. 46 Copyright: 2012, National Academy of Sciences.
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Biochemistry of malaria: hemozoin nanocrystals
Malaria is a mosquito-borne disease caused by parasites

of the genus Plasmodium,25,26 which proliferate in an
intra-erythrocytic (asexual) cycle from the ring stage to
trophozoite and eventually to the replicating schizont
stage (and so on) [see Fig. 2]. In an acidic lysosome-like
organelle, known as the food or digestive vacuole (DV),
the parasites cause proteolysis of erythrocytic hemoglobin
(Hb)27,28 as a principal nutrient source, releasing Fe2+-
centered heme,29 which instantaneously oxidizes to by-
product Fe3+-containing (free) heme. To mitigate the
high cytotoxicity of free heme, the parasites convert it into
a physiologically insoluble product called hemozoin.30

Thus, hemozoin formation is a vital process for the sur-
vival of Plasmodium parasites, and the underlying
mechanism is crucial to understanding the modes of
action of antimalarial drugs and searching for new
possibilities.31–33

Hemozoin was long considered to be a linear coordi-
nation polymer34,35 of (oxidized) heme molecules. How-
ever, the X-ray diffraction study36 confirmed its crystalline
nature with triclinic symmetry, resulting from cyclic
dimerization of porphyrin rings via iron carboxylate links,
followed by the intra-molecular hydrogen bonding to
form a crystal [see Fig. 2]. The low crystal (triclinic)
symmetry favors unidirectional growth [along (100) axis],
giving rise to a high aspect ratio parallelogram or needle-
like shape with a long-axis dimension in the sub-
micrometer range. The crystal morphology changes
moderately for different Plasmodium species and devel-
opmental stages.37 However, the mechanisms governing
hemozoin nucleation and growth remain enigmatic.
Initially, the hemozoin crystal nucleation mechanism was
suggested to be nonenzymatic and autocatalytic (physi-
cochemical),38,39 with crystal growth occurring over
“preformed” β-hematin (consisting of one unit of
hydrogen-bonded heme molecules). Soon, several in vitro
studies highlighted the involvement of neutral lipids in
hemozoin formation. These studies suggested hemozoin
nucleation and growth within neutral lipid nanospheres in
DV,40 acylglycerol suspensions,41 and acylglycerol lipid-
solution interfaces.42,43 Another study44 hypothesized the
existence of double-membrane hemoglobin transport
vesicles (HTVs), consisting of the outer parasitophorous
vacuole (PV) and the inner parasite plasma membrane
(PPM). Hemoglobin digestion occurs inside the PPM,
while heme biomineralization takes place on the surface.
These HTVs eventually fuse with the DV.
Two pioneering reports by Kapishnikov et al.45,46 clar-

ified the nature of the growth medium. The first study
using nanoprobe beam X-ray Fe-fluorescence and dif-
fraction45 revealed a clustering of hemozoin crystals with
parallel alignment (of needle c-axes) such that (100)
crystal faces were exposed to a curved surface. This

suggests hemozoin nucleation via a common template
and thus, excludes the process within lipid droplets. The
companion study, employing high-contrast cryo soft
X-ray tomography (cryo-XT) and electron microscopy,46

addressed the questions related to the curved surface and
HTVs hypothesis. The study confirmed the DV inner
membrane as the common template for (100) oriented
hemozoin nucleation. While the study also observed
HTVs as uniform dark spheres, no hemozoin crystals
were detected within the HTVs or along their pathway to
the DV [see Fig. 2]. Additionally, the authors investigated
the chemical environment of hemozoin crystallization and
found it to occur in an aqueous milieu without any sig-
nature of lipid droplets enclosing the hemozoin crystals.
This is further confirmed in their recent study with cryo-
scanning transmission electron tomography in situ.47

Moreover, several parasite proteins, such as heme
detoxification protein (HDP),48 and its association with
falcipain 2 (a major hemoglobinase) in a multiprotein
complex in Plasmodium falciparum,49 are shown to be
extremely potent for hemoglobin degradation and
hemozoin formation processes. Another important Plas-
modium parasite-secreted protein is lipocalin-like PV5,
which plays a crucial role in the development of asexual
blood-stages in malaria.50 A recent in vivo electron
microscopy study51 further demonstrated the significance
of PV5 in the degree of heme biomineralization and, more
importantly, in the regulation of hemozoin crystal uni-
directionality. In Plasmodium berghei (in mice), PV5
transcriptional deregulation reduces hemozoin produc-
tion, but this also causes an excessive elongation of
hemozoin crystals. Conversely, its inactivation in P. fal-
ciparum results in the formation of hemozoin crystals
with multidirectional branching. This study also supports
the picture of hemozoin crystallization occurring within
the aqueous milieu of the parasite’s DV. Regardless of
considerable changes in crystal morphology when PV5 is
perturbed, electron diffraction experiments reveal an
unaltered crystalline property, thus excluding a significant
role of PV5 in hemozoin nucleation. Therefore, future
studies are needed to understand hemozoin formation
clearly to expedite the targeted drug development efforts.

Magnetism of hemozoin: a double-edged sword
Iron (Fe) is one of the few elements that possess fer-

romagnetic (FM) properties at room temperature. Given
the rich elemental content of Fe in hemoglobin in RBCs,
magnetic techniques have become an apparent choice for
studying blood. In a seminal work in the 1930s on mag-
netism in blood, Pauling and Coryell52,53 found Fe2+ (low-
spin S= 0, diamagnetic) in oxyhemoglobin (oxy-Hb),
Fe2+ (high-spin S= 2, paramagnetic) in deoxyhemoglobin
(deoxy-Hb), whereas Fe3+ (high-spin S= 5/2, para-
magnetic) in methemoglobin (met-Hb). In 1964, Weiss
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hypothesized that deoxyHb withdraws an electron from
the Fe2+ ion resulting in a low-spin Fe3+ (S= 1/2) state,
and the oxygen is converted to superoxide O2

− (S= 1/2),
which is then taken into anti-ferromagnetic (AFM)
exchange interaction.54 Since healthy RBCs (h-RBCs) are
primarily composed of oxyHb and contain a small amount
of deoxy-Hb, healthy blood, also containing other dia-
magnetic components (water, white blood cells, etc.),
collectively exhibits a negligibly weak diamagnetic/para-
magnetic response (depending on the oxygenation).55,56

Nevertheless, a measurable change in oxygen binding in
many diseases like malaria,55,57,58 diabetes mellitus,59

methemoglobinemia,60,61 sickle cell disease,62 etc. results
in a detectable change in the magnetic characteristics of
human blood.
In 1946, M. Heidelberger and co-workers63 used per-

manent magnets to separate malaria i-RBCs from blood
plasma. This method relies on the magnetism of the
malaria byproduct, hemozoin with Fe3+ (high-spin S= 5/
2, paramagnetic) ions, as confirmed through electron spin
resonance (ESR) and Mössbauer spectroscopy.64,65 The
efficiency of separating i-RBCs is further improved by the
use of gradient magnetic fields,66–68 known as magneto-
phoresis, and improvement in microfluidic channels [see

Fig. 2 Malaria pathogenesis, hemozoin biomineralization, and high-resolution microscopy. Malaria infection starts with the ingestion of
Plasmodium parasite sporozoites [only P. falciparum (Pf), P. vivax (Pv), P. malariae (Pm), P. ovale (Po) and P. knowlesi (Pk) species are responsible for
human malaria]. These sporozoites rapidly grow inside liver cells (hepatocytes) over a period of 6 days (for most virulent species, P. falciparum) or
longer (clinically silent) before producing thousands of hepatic merozoites in the erythrocytes (disease-causing and sexual stage for malaria
transmission to uninfected mosquitos). Hemozoin formation: (a) Upon invasion into healthy red blood cells (h-RBCs), merozoites (inside
parasitophorous vacuole (PV)) digest hemoglobin in the digestive vacuole (DV) to facilitate the acquisition of peptides or amino acids for maturation,
disentangling “porphyrin” cofactor Heme, chemically Fe2+-protoporphyrin IX, from globin chains into infected red blood cells (i-RBCs). The porphyrins
(with C4v symmetry) in heme instantaneously undergo self-dimerization via Fe3+-O (ironcarboxylate) bonds, resulting in its oxidized form, Fe3+-
protoporphyrin IX (hematin or free heme), a highly toxic product to the malaria parasites. In a detoxification process, the heme molecules are
assembled via intra-molecular hydrogen bonds, forming an insoluble and bioinert inorganic crystal called hemozoin (chemically equivalent to β-
hematin), which is a distinctive feature of i-RBCs and offers opportunities for malaria diagnostics and discovery of antimalarial drugs. All hydrogen
atoms are omitted for clarity. Malaria cycle: In the erythrocytic stage, malaria parasites uni-nucleate and grow into a ring-like shape (within 6 h) and
then transform into a trophozoite (within 24 h) and soon into a multi-nuclei schizont stage (within 36 hours). In the 48-h time period of the
erythrocyte stage, the i-RBCs eventually rupture and release new merozoites, which further capture h-RBCs and the cycle repeats. Cryogenic soft X-ray
tomography (Cryo-XT): The technique is based on atomic absorption and inherently offers high contrast at the nanoscale level. The Cryo-XT volume
reconstruction (b) and surface rendering (c) clearly map the mid-trophozoite stage having a single large nucleus (Nu), digestive vacuole (DV)
containing a large number of hemozoin crystals approximately aligned parallel to the inner membrane surface of the DV. This highlights the role of
DV inner membrane surface as the common template for the hemozoin nucleation and crystal growth within an aqueous milieu. Alongside,
hemoglobin transport vesicles (HTVs) are also seen; however, no presence of hemozoin crystals within HTVs or their path to DV is identified. Parts
b, c of the figure are adapted with permission from ref. 46 Copyright: 2012, National Academy of Sciences.
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Fig. 3 for example].20,69,70 The analysis of field-induced
cell transport, termed magnetophoresis mobility
(M.M.),71 provides a quantification of the relative (w.r.t.
medium) magnetic susceptibility (ΔχV= χsample− χmedium)
of live erythrocytes. This method revealed a negative ΔχV
(diamagnetic) for oxy-Hb, while a positive ΔχV (para-
magnetic) for deoxy-Hb and met-Hb71 [see Table 2],
thereby confirming the observations made by Pauling and
Coryell.52,53 The M.M. methodology has also demon-
strated a graduated increase in ΔχV for i-RBCs in malaria-
developmental stages, with an increase in the
hemoglobin-to-hemozoin conversion factor of up to 50%
or more in the mature (schizont) stage.57 The ΔχV
obtained from the M.M. method is validated by the bulk
magnetometry method, which measures field-dependent

magnetization (M-vs-H) for separated i-RBCs, as con-
ducted by Hackett et al.55 This study also examined iso-
lated hemozoin crystals and obtained two orders of
magnitude higher χV, which corresponds to an effective
magnetic moment, µeff= 5.1 µB/Fe, associated with high-
spin Fe3+ (high-spin S= 5/2) in hemozoin.
To gain further insights into the magnetism of solitary

hemozoin, its structural analog, lab-grown β-hematin
nanocrystals72,73 were investigated. In 2013, Butykai et
al.74 conducted a magnetometry study on randomly
oriented crystals (in powder form) and magnetically
aligned crystals in liquid suspensions (achieved through a
freezing process in the presence of a magnetic field). They
observed a significant difference in magnetization along
the plane of the porphyrin rings (referred to as the

Fig. 3 Magnetism in nanocrystals and malaria-infected RBCs. a Magnetism in matter is governed by electron spin and orbital angular
momentum (paramagnetism, PM) and external magnetic field-induced change in orbital motion (diamagnetism, DM). In an applied magnetic field,
both attain a (proportional) cumulative moment, but once the external field is withdrawn, both retrace to the initial state. The non-interacting
moments in PMs undergo a cooperative arrangement (under quantum-mechanical exchange interaction) below a critical temperature (TC) with the
emergence of domains having unidirectional spin arrangement (ferromagnet, FM), which retains a (remnant) magnetization even after the field
removal. A reverse (coercive) magnetic field is required for demagnetization. b A reduction in particle size decreases the tendency of domain
formation (and coercivity increases), whereas in a single-domain state (below Dsd), net magnetization (and coercivity) decreases and, below a limit
(Dspm), typically in nanometers, the spins freely flip under thermal effect, and coercivity appears zero (if measurement time is greater than spin
flipping time). Such nanomagnets are referred to as superparamagnets (SPM) having high (saturation) magnetization (similar to FMs), but no
remanence (similar to PMs). c Magnetophoresis: The technique uses a magnetic force due to the high gradient magnetic field (e.g., by placing an FM
in a uniform external magnetic field by permanent magnets) for migration of magnetic entities through a viscous medium. The cell tracking
velocimetry further gives a single-cell magnetic susceptibility, making it a more effective and sensitive probe (than bulk magnetometry methods) for
biological specimens (e.g., iron (Fe)-containing blood). The methodology was successfully employed for the separation and magnetometry of
malaria-infected red blood cells (i-RBCs), employing the magnetic nature of malaria pigment, hemozoin. Part c of the figure is built upon the material
adapted with permission from ref. 70 Copyright: 2013, American Chemical Society.
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magnetic easy-plane, Mx) and its perpendicular C4v

rotation axis (referred to as the magnetic hard axis, Mz)
with a ratio of Mx/Mz ≈ 9.6 (at 2 K). This ratio decreased
with increasing temperature but remained noteworthy at
Mx/Mz ≈ 1.16 at room temperature. These findings were
consistent with an earlier multi-frequency high-field ESR
study65 on both hemozoin and β-hematin at cryogenic
temperature (10 K). The ESR study used a spin Hamilto-
nian model with nearly axial symmetry, represented as
H= µBgS.B+D[Sz

2− S(S+ 1)/3]+ E(Sx
2− Sy

2), which
revealed a dominance of zero-field splitting (D) term
associated with an axial anisotropy, with a negligible
contribution from E-term, accounting distortion in C4v

symmetry (in porphyrin ring), as | E/D |= 0.035. The
magnetic field-induced Zeeman-splitting yielded an
almost isotropic g-factor ≈2. This ESR study,65 supported
by the findings of magnetometry study by Butykai et al.,74

suggests hemozoin is a highly anisotropic easy-plane
paramagnet.75

Though Butykai et al.74 observed a linear M-vs-H
(paramagnetic) behavior at room temperature, the low-
temperature spectra obtained at 2 K, also measured by
Gossuin et al.,76 displayed a non-linear behavior with
technical saturation, a characteristic associated with
cooperative spin ordering, as in FM materials. In a big
surprise, Inyushin et al. obtained a nearly saturated M-vs-

H loop at room temperature, which exhibited zero
remanence and coercivity, suggesting hemozoin is a
superparamagnet (SPM). This observation is well sup-
ported by their theoretical ab initio calculations. SPM
property is further validated by a significantly high mag-
netic susceptibility, χV ≃3842, which is orders of magni-
tude greater than χV values reported in other studies on
both natural and synthetic hemozoin [see Table 2]. Sub-
sequently, Giacometti et al.77 conducted a magnetometry
study on β-hematin crystals obtained from the same
manufacturer as those used by Inyushin et al.78 This study
observed a linear M-vs-H response under similar field
conditions, indicative of a paramagnetic character at room
temperature. In a nutshell, M.M. experiments57,79 con-
ducted on malaria-infected blood in a fixed applied
magnetic field gives a susceptibility of the order of 10−6

[see Table 2], which falls within the range (usually <10−3)
associated with paramagnets. However, the typical con-
firmation of a paramagnet is a linear field-dependent
magnetization, observed up to magnetic fields of a few
tenths of Tesla. The majority of magnetometry studies put
forward a paramagnetic behavior at room tempera-
ture,55,74,76,77 with one notable exception showing SPM
characteristics.78 The significant distinction between the
two scenarios lies in the notably smaller long axis of β-
hematin crystals that exhibit SPM behavior [see Table 2].

Table 2 The comparison of magnetic properties of blood corpuscle [with Fe spin state], healthy and malaria-infected
RBCs in developmental stages [with different percentages of hemoglobin to hemozoin conversion], natural hemozoin,
and its synthetic analog, β-hematin [with a specific crystal long-axis dimension, if defined], at room temperature.

Corpuscle Method Parameter Value [SI] Magnetism Reference

Oxyhemoglobin [S= 0] M.M. ΔχV −0.18 × 10−6 DM 71

Deoxyhemoglobin [S= 2] M.M. ΔχV 3.3 × 10−6 PM 71

Methemoglobin [S= 5/2] M.M. ΔχV 3.9 × 10−6 PM 71

Healthy RBC M-vs-H ΔχV 0.01(5) × 10−6 DM/PM 55

Infected RBC (ring) [15%] M.M. ΔχV 0.82 × 10–6 PM 57

Infected RBC (trophozoite) [19%] M.M. ΔχV 0.91 × 10−6 PM 57

Infected RBC (schizont) [50%] M.M. ΔχV 1.8 × 10–6 PM 57

Infected RBC (gametocyte) M.M. ΔχV 200 × 10−6 PM 79

Hemozoin M-vs-H χV 314 × 10−6 PM 55

β-hematin M-vs-H χV 371 × 10−6 PM 55

β-hematin (L= 200–300 nm) M-vs-H χV 3842 SPM 78

β-hematin (L= 1010 ± 340 nm) M-vs-H χV 374 × 10−6 PM 76

β-hematin (L= 670 ± 280 nm) M-vs-H χV 387 × 10−6 PM 76

β-hematin M-vs-H χV 410 × 10−6 PM 77

Hemozoin NV-ODMR χV 340 × 10−6 PM (≈95%) 87

For units’ conversion, the density and molecular weight of β-hematin are taken as 1440 kg/m3 and 633.5 g/mol, respectively. Abbreviations: S spin value, L long-axis
dimension of the crystals, M.M.magnetophoretic mobility, M-vs-H field-dependent magnetization, NV-ODMR nitrogen-vacancy optically detected magnetic resonance,
relative (with respect to medium) magnetic volume susceptibility, ΔχV χsample− χmedium, DM diamagnetic, PM paramagnetic, SPM superparamagnetic.
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Indeed, SPM is a property associated with finite-size
effects [see Fig. 3], a phenomenon encountered in widely
studied magnetic nanomaterials.80,81

The bulk (superconducting quantum interference and
vibrating sample) magnetometry55,74,76,77 and magneto-
phoresis mobility57,79 experiments measure the (collective)
magnetic susceptibility of hemozoin ensembles, encom-
passing a sizeable range of nanocrystal dimensions. This
distribution in crystal size may play an important role in
the magnetic ground state of hemozoin. To resolve this
issue, magnetically-active optical defects, e.g., Nitrogen-
Vacancy (NV) centers in diamond,82–84 offer high sensi-
tivity at a nanoscale spatial resolution to individually
identify FM and SPM particles.85,86 Fescenko et al.87

employed an NV-based diamond quantum sensor to
measure the stray magnetic fields produced by individual
hemozoin crystals when subjected to external magnetic

fields [see Fig. 4]. This study revealed a paramagnetic
response with χV ≃340 × 10−6, consistent with the findings
from the bulk magnetometry study,55 for over 95% nano-
crystals (with a long axis >200 nm). On the contrary, the
smaller nanocrystals exhibited higher magnetization, fol-
lowing a Langevin field dependence, characteristic of SPM
behavior, thus supporting the bulk magnetometry study on
β-hematin crystals conducted by Inyushin et al.78 It is
worth noting that, as crystal size increases, a transition
from SPM to FM regime is commonly observed in mag-
netic nanomaterials80,81 [see Fig. 3]. Nevertheless, NV-
ODMR imaging of individual hemozoin crystals highlights
the crucial role of crystal morphology in determining the
magnetic properties of hemozoin. The origin of this
peculiar SPM nature/impurity in smaller nanocrystals
holds significance in understanding the hemozoin forma-
tion in the early ring stage of malaria.

Fig. 4 Magnetic detection and mapping of individual hemozoin crystals by nitrogen-vacancy (NV)-based diamond quantum sensor. This
exploits the magnetic resonance of spin associated with (fluorescent active) quantum defects, such as nitrogen-vacancy (NV) centers in diamond. The
key feature that allows for magneto-optic sensing is the correlation between spin and fluorescence, resulting in two crucial consequences: (1) The
radiative fluorescent intensity depends on the spin state, allowing for optical readout of the spin state, making it highly sensitive and suitable for
super-resolution imaging. (2) Non-radiative processes allow spins to be polarized by orders of magnitude greater than those achieved by nuclear
spins in high magnetic fields at room temperature through thermal polarization, the technique used in conventional magnetic resonance imaging
(MRI) machines. These factors, along with a long spin-lifetime and the atomic nature of the NV defect, enable optically detected magnetic resonance
(ODMR) of NV with an unparalleled combination of high sensitivity and spatial resolution, allowing for magnetic imaging of individual hemozoin
nanocrystals. a Energy-level diagram (Field-frequency dispersion) of NV (spin-1) defect complex (a vacancy adjacent to substitutional nitrogen) in the
diamond lattice. The ground state magnetic sublevel (±1) degeneracy is broken under the action of a magnetic field (we focus on fields parallel to NV
axis, B∥), whether externally applied (B0) or local (Bx) from the sample. Microwaves matching with |0〉↔ |±1〉 spin transition frequencies (f±) cause
magnetic resonance, which is optically detected using spin-dependent fluorescence. In the experiment, a green laser excites the NV defect complex,
and the resultant fluorescence intensity is measured, showing a sharp decrease at magnetic resonance frequencies (f±), and their separation depicts
the local magnetic field (Bx) from the Hemozoin nanocrystals. b An example of an epifluorescence setup for NV-ODMR, combining optical
microscopy with a magnetic resonance set-up. A green laser induces red fluorescence in the diamond sample, which contains a thin layer of NV
centers near the surface, placed on the coverslip. Hemozoin nanocrystals are situated on the diamond sample, in close proximity to the NV centers. A
magnetic field oriented along one of the four possible NV axes is applied using permanent magnets. Microwaves are applied to the NVs via an
antenna patterned on the coverslip. c An example of a magnetic image of a hemozoin nanocrystal constructed using NV-ODMR (right) compared
with a scanned electron micrograph (left). The figure is built upon the material adapted with permission from ref. 87 Copyright 2019 American
Physical Society (CC BY 4.0).
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Hemozoin sensing technologies
Magnetic-based technology
The magnetism in malaria-infected erythrocytes, asso-

ciated with hemozoin, is firstly employed in the magne-
tophoretic method, as discussed in Section “Magnetism of
hemozoin: a double-edged sword”, which serves as an
effective tool for magnetic characterization of biological
fluids. Jeonghun Nam et al.70 successfully separated
i-RBCs from h-RBCs through microfluidic channels,
achieving a recovery of 73% for early-stage (ring) i-RBCs
and over 98% for late-stage (trophozoites and schizonts)
[see Fig. 3]. This approach has also offered an initial step
in concentrating i-RBCs for improved diagnostic perfor-
mance using existing methodologies.88,89 Conventional
light microscopy is limited due to the time-consuming
nature of optical scanning, which involves visually scan-
ning the entire slide. However, magnetic enrichment, as
seen in magnetic deposition microscopy,88 enhances the
ability to visualize i-RBCs at specific positions, making
staining and scanning more efficient and reducing the
time required for diagnostics. This approach has been
demonstrated for all the human malaria parasite species,
with at least a 40-fold enrichment for P. falciparum and
up to a 375-fold enrichment for Plasmodium ovale
infections, significantly enhancing sensitivity compared to
conventional light microscopy. Furthermore, a micro-
fluidic device, incorporating coupled magnetic beads (for
capturing i-RBCs) and quantum dot-antibodies con-
jugates (for detecting P. falciparum secreted HRPII), has
been reported.89 This device enables quantitative immu-
noassay assessment with at least a 10-fold increase in
sensitivity compared to traditional RDTs. Therefore,
magnetic enrichment offers new possibilities for enhan-
cing existing clinical malaria diagnostic methods.
The idea of magnetism in hemozoin in recent history

was examined in nuclear magnetic resonance (NMR)
relaxometry studies.17,90,91 The relatively large magnetic
susceptibility of these hemozoin crystals induces sub-
stantial changes in the transverse relaxation rate of proton
NMR in RBCs to infer the ‘parasite load’ in blood. This
idea was initially reported by Karl et al.92 The team,
however, concluded that NMR relaxometry (using
unprocessed raw blood) was unlikely to have enough
sensitivity for malaria diagnosis in the field setting. Weng
Kung Peng and co-workers58,93,94 demonstrated that it
was possible to have an ultrasensitive malaria diagnosis by
increasing the filling factor of the probe and introducing a
vital enrichment step to separate the i-RBCs from h-RBCs
via hematocrit centrifugation. This breakthrough was
observed with a portable benchtop micro-NMR system
utilizing an ultra-short echo technique (UET) [see
Fig. 5a–c] in their in vitro cultured P. falciparum parasites
as well as in vivo mice studies, demonstrating rapid (less
than 5min) and ultrasensitive detection (<10 parasites/

µL) for the early-stage malaria infections. The minimal
sample processing steps (without any chemical or
immunolabeling) reduce human-induced errors for mea-
surements in the field setting. Subsequent to this devel-
opment, several similar works were reported,95

introducing new functionalities to enhance i-RBCs
separation (using microfluidic margination96 and lysis
control97). NMR relaxometry has also been employed for
drug studies.98

The process of hemozoin formation is mediated
heavily by the transfer of an electron. The use of higher
dimensional NMR or ESR spectroscopy (or a combina-
tion of them)99 should have the capability to differentiate
the detailed structure of hemozoin, enabling the iden-
tification of Plasmodium species. In a related develop-
ment, in 2020, Weng Kung and his team59 demonstrated
the use of (pseudo) two-dimensionality (2D) in the time-
domain NMR to obtain highly specific and unique
molecular fingerprinting of various redox (and hence
oxidative/nitrosative) states of hemoglobin from a single
drop of blood [see Fig. 5d–g]. This T1–T2 relaxometry
approach (termed as ‘Clustering NMR’100) may be
extremely useful for rapid and accurate object classifi-
cation using a low-field micro-NMR system. This new
methodology is demonstrated in the clinical point-of-
care diagnosis of diabetes based on the oxidative status
of blood.59

Another way of recording weak magnetic fields is based
on spintronics, utilizing the spin-related magnetoresis-
tance effect, which is the tendency of a material (often
ferromagnetic) to change its electrical resistance as a
function of the magnitude and direction of the applied
magnetic field. This phenomenon has led to the devel-
opment of giant magnetoresistance (GMR) and tunneling
magnetoresistance (TMR) sensors, borrowed from
advanced technology in hard disc drives and high-density
magnetic memory. Now, it is tackling the next generation
of ultrasensitive magnetic sensors for detecting low pico-
Tesla level magnetic fields. Recently, Heidari and his
team101 demonstrated a proof-of-principle for a minia-
turized, low noise, low power, and highly sensitive TMR
sensor using a CMOS analog front-end readout circuit for
the detection of paramagnetic hemozoin nanocrystals [see
Fig. 6a–e]. The team has developed the first miniaturized
and handheld TMR-based device with the following
components: a sensor, a handheld permanent magnet for
magnetizing of the hemozoin crystallites, and an analog
front-end circuitry for signal amplification and noise
cancelation, which can all be integrated into an easily
portable compact and cost-effective design. This
magnetic-based lab-on-chip platform potentially offers a
rapid and easy-to-use malaria diagnostic method without
direct contact of blood samples via excellent compatibility
with electronic devices.
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Fig. 5 Micro nuclear magnetic resonance (NMR) relaxometry for rapid and early-stage malaria diagnostics. a The technique inspects the (1H)
proton nuclei spin dynamics by applying radio-frequency (RF) pulses at resonance frequency (corresponding to Zeeman splitting in a fixed external
magnetic field) in the Carr–Purcell–Meiboom–Gill (CPMG) sequence. Over thousands of echoes, the signal decay rate, R2 (= 1/T2, transverse relaxation time),
is measured. b In the presence of hemozoin (with a large relative magnetic susceptibility) in i-RBCs, the T2 for proton nuclei spins decreases substantially
compared to those in healthy RBCs, such that R2(iRBCs) > R2(RBCs). The change in R2 provides a quantification of parasitemia level (%). c The benchtop micro-
NMR system uses a permanent magnet, home-built radio-frequency (RF) detection probe connected to an RF spectrometer, which serves as a transmitter
and receiver of the RF signal. The setup is examined with highly-synchronized “ring-stage” i-RBCs (to a limit of fewer than 10 parasites/µL) after magnetic
separation of later (trophozoite and schizont) states i-RBCs, followed by removal of remaining h-RBCs in a blood sample through hematocrit centrifugation
in a microcapillary tube. The whole diagnostic process for P. falciparum is demonstrated within 5min. Redox states of hemoglobin: d In the non-protein part
of hemoglobin, i.e., heme, Fe has six co-ordination sites with four attached to the porphyrin (nitrogen) ring and one to histidine (globin chains), leaving
(sixth) one site free for bonding, responsible for oxygen transport in our body. The most common hemoglobin species are shown here with the (sixth)
empty site (deoxy-Hb), bonded with oxygen (oxy-Hb), H2O or OH− (met-Hb), and histidine (hemichrome). This bonding decides the Fe valence states (and
thus, spin states) and magnetism in blood. (Pseudo) two-dimensional (2D) T1–T2 magnetic spectroscopy: e, f Various redox states of Hb are evaluated by
measuring water proton spin relaxations in newly proposed (pseudo) two-dimensionality (longitudinal, T1 and transverse, T2) by point-of-care technology
(PoCT) micro-NMR system using a single drop of blood. The technique employs standard inversion recovery (for T1) and CPMG (for T2) rf pulse sequences in
an array of echoes (a few thousand) to obtain a high signal-to-noise ratio. In biochemical processes (e.g., oxidation, nitration), Fe oxidation states (e.g., Fe2+,
Fe3+) in hemoglobin and its environment are induced for controlled oxidative stress, which introduces a subtle change in the (predominantly) bulk water
molecular environment (because of its property of forming hydrogen bonds with most macromolecules), resulting in a measurable sensitivity to water
proton nuclei spin dynamics (relaxometry). g Each hemoglobin species (with respective Fe oxidation states and molecular environment) occupies a unique
space in the T1–T2 relaxometry coordinate system. Simultaneous T1–T2 relaxometry measurements (with slight modification in rf pulse sequences) result in
more accurate object identification than relying on only one (T2). The figure is built upon material adapted with permission from the author (W. K. Peng)
previous studies, ref. 58 Copyright: 2014, Nature Publishing Group and ref. 59 Copyright 2020 Springer Nature (CC BY 4.0).
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Towards another lab-on-chip diagnostic technology, R.
Bertacco and co-workers79,102 have developed a
microchip-based diagnostic tool, namely TMek, which
relies on the magnetophoretic separation of magnetic
malaria corpuscles, and the measurement of impedance
variation caused by these corpuscules [see Fig. 6f–h]. The
team utilized micro magnetic concentrators to create a

high magnetic field gradient, effectively competing with
gravity to separate i-RBCs (containing hemozoin crystals)
at localized sites within a silicon microchip (for a fixed
capture time), where a highly sensitive electrical detection
is performed. Upon taking magnets away (release phase),
the amplitude of variation in the signal provides a quan-
tification of the parasitemia level. Additionally, the time

Fig. 6 Lab-on-chip tunnel magnetoresistance (TMR) and TMek sensor for malaria diagnostics. a A handheld magnetic-based lab-on-chip
sensing platform, including TMR sensor, magnet, Halbach array, analog front-end (AFE), and printed circuit board (PCB). Red arrows represent the
magnetization directions of individual magnets, and MF is the magnetic field lines generated by the Halbach array. A portable magnet is entailed to
magnetize hemozoin crystals inside the i-RBCs. b The basic structure and transfer curve of the TMR sensor. c Sample preparation with disposable
pouches fitted or a tube. d Measured signals from hemozoin of the i-RBCs, compared to h-RBCs and clean water. e Voltage variations of different
hemozoin mimic volumes. f A sketch of the TMek magnetophoretic separation process. Two external NdFeB magnets with north poles facing each
other generate high field gradients around the Ni concentrators to capture i-RBCs (pink) and hemozoin crystals (black), while the rest, h-RBCs, are
sedimented under gravity. g The left panel shows a picture of a microchip with the measurement (red) and reference (blue) areas, while the right
panel highlights the top view of the annular gold (measurement) electrodes on top of Ni concentrators (the reference electrodes are placed nearby,
without concentrators). Two counter phase voltage signals (at 1 MHz) are applied to the outer rings, while the inner ones are connected to the virtual
ground of transimpedance amplifier (TIA). When i-RBCs (and hemozoin crystals) are captured on the measurement side, the impedance changes, and
a net differential current flows into the TIA. h Measured current signals for a couple of measurement cycles where the magnet assembly is brought
closer (Capture Phase) and taken away (release phase). The amplitude and shape of the waveform during the release phase contain information
about the hemozoin concentration (parasitemia) and the stage of the malaria infection, respectively. With a capture time of 10 min, the techniques
can detect as low as 10 parasites/µL within the whole process in 20 min. This figure is adapted with permission from (a–e) ref. 101 Copyright: 2021,
IEEE Publishing Group and (f–h) ref. 79 Copyright 2021 Wiley-VCH (CC BY 4.0).
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evolution of the electrical signal (waveform) exhibits dis-
tinctive patterns corresponding to different malaria
infection stages. This single microchip, without the need
for active microfluidics, can quantify parasitemia at con-
centrations as low as 10 parasites/µL, offering the poten-
tial for a stage-selective malaria diagnosis.

Optical-based technology
Alongside its peculiar magnetic properties, hemozoin

exhibits rich optical characteristics, including high optical
absorbance,103 birefringence,104 and nonlinear dielectric
susceptibility,105 among others, which provide opportu-
nities for optical quantification of malaria parasites.
In a straightforward approach, light absorbance was

measured in vivo in a mice study;106 however, the sensi-
tivity (>0.03%) is insignificant for early diagnosis. More
recently, Susana O. Catarino and co-workers exploited
optical spectrophotometry in both absorbance103 and
reflectance107 modes. In the absorbance mode, the team
successfully detected synthetic hemozoin in healthy blood
down to a limit of 1 µg/mL with high specificity, while in
reflectance mode, they achieved the detection of P. falci-
parum parasites at concentrations as low as 12 parasites/
µL, using thin-film optical filters.
The birefringent property of hemozoin, which induces

depolarization of light at 90° relative to the laser, was
harnessed through polarization microscopy104 within the
sensitivity range of light microscopy. Hemozoin birefrin-
gence has also been employed in automated flow cyto-
metry, with commercial Cell-Dyn analyzers.108 However,
the high cost and the bulky setups limit their widespread
use in resource-poor settings.109 The integration of pho-
toacoustics into flow cytometry allows for in vivo ultra-
sensitivity of 0.005 parasites/µL,110 but this requires a high
dilution (to the extent of one cell under laser irradiation)
and, consequently, long processing times (in hours). This
processing time is significantly reduced to just a few
minutes with the use of a surface-acoustic-wave (SAW)
sensor.111,112 However, this approach is currently
demonstrated for a limited sensitivity of ring-stage 0.5%
parasitemia in the whole blood. The team intends to
increase the sensitivity by integrating this SAW sensor
into a proposed optoacoustic microfluidic device.113

Moreover, Pourabed et al.114 have recently developed an
acoustically actuated microfluidic mixer for enhancing
whole blood lysis in just 2 s. This platform, when com-
bined with a spectroscopic approach, holds the potential
for rapid malaria diagnostics using whole blood samples.
The optical properties of hemozoin have also been

explored under the action of ultrashort near-infrared
(NIR) laser pulses, leading to the formation of transient
vapor nanobubbles around hemozoin115 and efficient
third-harmonic generation (THG).105,116 These
hemozoin-induced vapor nanobubbles (H-VNBs) were

detected using a photoacoustic probe in a mice study
down to 0.0034% (≃17 parasites/µL) in seconds in a non-
invasive manner. In human blood, detection has been
extended to even lower parasitemia levels, reaching
0.0001% (≃5 parasites/µL). On the other hand, THG
imaging of hemozoin105,117 in a scanning cytometry
approach116 can provide single-cell characterization in an
automated and rapid scanning process that takes just a
few minutes. This methodology was validated with blood
samples obtained from malaria patients with parasitemia
levels of 0.2% or higher, showing close consistency with
light microscopy results. Although the two methods offer
highly sensitive and rapid diagnostics, the initial require-
ment of expensive ultrashort laser sources presents a
challenge for clinical diagnostics.
Vibrational (Raman and infrared) spectroscopy techni-

ques [see Fig. 7] have emerged as powerful tools for
extracting biochemical information and enabling low-cost
clinical diagnostics for various diseases, including
malaria.22 Raman spectroscopy measures the character-
istic (emitted) light wavelength from inelastic scattering
by the hemozoin molecule.118 However, the spontaneous
Raman cross-section is typically weak, making it unsui-
table for early diagnosis. This can be enhanced by
matching the laser wavelength to electronic transitions,
known as resonance Raman scattering (RRS), of hemo-
zoin.119,120 Remarkably, the total symmetric A1g modes
are very intense for hemozoin (compared to hematin)
when applying near-infrared excitation wavelengths.118

This enhancement may be attributed to excitonic inter-
actions between aggregated porphyrin complexes at long
excitation wavelengths. Another contribution comes from
a broad z-polarized charge transfer transition that is
centered at 860 nm, which is not observed in hemin or
hematin.119 Furthermore, the coupling of Raman spec-
troscopy with partial dark-field effect,121 acoustic levita-
tion,122 and external magnetic field123 has led to improved
diagnostic capabilities. These advancements, however, are
still not sufficient for early diagnosis of ‘ring’ stage
infections.
A pronounced enhancement in the Raman signal is

often achieved by leveraging the surface plasmon field of
metallic nanostructures in contact (substrate), a technique
known as surface-enhanced Raman spectroscopy
(SERS).124 Using gold-coated G. Weskei butterfly wings as
a substrate, Garrett et al. achieved high sensitivity
(25 parasites/µL) in ‘ring’ stage infected cells.125 However,
random hemozoin deposition and its tendency to form
aggregates at the base of the conical wing nano-structures
pose challenges in locating hot spots for detecting low
parasitemia. Furthermore, hemozoin aggregation itself
enhances the Raman peak intensity, making it unsuitable
for accurately quantifying parasitemia. Moreover, com-
mon SERS substrates, such as silver nanoparticles
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(AgNPs),126 provided low sensitivity of 500 parasites/µL,
but hemozoin aggregation using a core–shell magnetic
Fe3O4@AgNPs in an external magnetic field enhances the
sensitivity to 5 nM of β-hematin, equivalent to
30 parasites/µL.123 Another approach involved the in situ

synthesis of AgNPs inside Plasmodium parasites, reducing
the substrate-hemozoin distance and yielding a sensitivity
of 2.5 parasites/µL.126 However, the chemical precursors
used in this approach tend to convert hemoglobin (in
uninfected h-RBCs in the blood) into heme and further

Fig. 7 Schematic of Raman and (Fourier transform and attenuated total reflectance) Infrared Spectroscopy. a In Raman spectroscopy,
monochromatic radiation from a laser source, via a beam splitter and bandpass filters, is focused on the sample using a microscope objective.
Inelastic interaction of illuminated light with molecular vibrations in the sample results in the emission of (Raman) characteristic light wavelengths,
which are guided, via a combination of notch filter and grating monochromator, to a sensitive photon detector (generally, charge-coupled device)
and used to construct a Raman spectrum. b In Fourier transform Infrared Spectroscopy (FTIR), a broadband infrared source beam is divided into two
optical beams, which are directed to a fixed mirror and a second sliding mirror that moves with a constant velocity. Two reflected beams from the
respective mirrors are recombined, now with a path difference, to construct an interference pattern (or interferogram). This is then sent to the
sample, and the transmitted portion is measured with a detector, containing information on each infrared frequency (as a function of the sliding
mirror position). c In Attenuated total reflectance (ATR) spectroscopy, an infrared beam is passed through the internal reflection element (i.e., ATR
crystal), resulting in an evanescent wave (due to the contact with the specimen having a distinct index of refraction) that penetrates the sample
(typically to a few microns) in contact with the ATR crystal. After undergoing a number of internal reflections, this wave exits the opposite end (of the
crystal) and enters the detector to generate an infrared spectrum.
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hematin, which has identical Raman peaks as hemozoin
under visible light excitation127), potentially leading to
false interpretations. To address this challenge, an
extension of the excitation wavelength from visible light
to near-infrared can enable the differentiation of the
spectra of hemozoin and hematin. In an effort to develop
a point-of-care test, the team applied an in situ AgNPs
synthesis approach to a SERS fluidic chip, which, however,
resulted in a reduced sensitivity of 125 parasites/µL in the
ring stage.128 In a recent SERS study employing gold
nanostructures (AuNS),129 a high sensitivity of 0.1 P. fal-
ciparum parasites/µL was achieved, allowing for accurate
diagnosis of 25 clinical samples from P. falciparum- and

P. vivax-infected patients and healthy volunteers. How-
ever, this process requires a significant amount of time
(30 min).
Another basic optical tool for material identification is

Fourier transform infrared spectroscopy (FTIR). Slater
et al.34 were the first to employ FTIR spectroscopy on
purified hemozoin, identifying the presence of an iron
carboxylate bond that links the heme units, forming
dimers [see Fig. 2]. The distinctive hemozoin bands pro-
vide an excellent marker for developing an infrared-based
diagnostic tool for malaria. This idea has been extensively
explored by Bayden Wood and co-workers [see Fig. 8].
The team, initially, performed an infrared experiment on

Fig. 8 Research summary of malaria diagnostic with ATR–FTIR, Ultraviolet(UV)–visible and near-infrared (NIR) spectroscopy. a–d The major
research performed using mid-infrared spectroscopy for malaria detection and quantification. a Discrimination of intraerythrocytic life cycle stages of
the malaria parasite using a synchrotron source FTIR.130 b Detection and quantification of early-stage malaria infection using ATR-FTIR spectroscopy
in isolated RBCs.134 c Effect of common anticoagulants on quantification of malaria infection in aqueous whole blood.136 d comparative study
between a disposable coverslip and conventional optical microscopy glass substrate for mid-infrared spectroscopic studies. e, f The recent
developments in malaria detection and quantification using UV–visible–NIR techniques. e First detection of P. falciparum parasites in dried red blood
cells using a miniaturized NIR spectrometer.170 f Comparative study of malaria detection with UV–visible and NIR spectrometer individually (and a
combination of them) using fresh aqueous blood samples.171 g Discrimination of the various asexual blood stages of P. falciparum at single cell levels
in functional erythrocytes using visible microspectrophotometry.172 h Interpretation of the ultraviolet–visible spectra of the malaria parasite P.
falciparum.193 i, j Field trials in malaria-endemic regions using portable ATR–FTIR spectrometers. The trials were carried out in i South Tanzania156

using blood samples dried directly on a filter paper and j Thailand155 using centrifugation of whole blood samples to obtain blood cells samples
which were subsequently dried directly on the ATR crystals.
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RBCs fixed onto a CaF2 substrate using synchrotron FTIR
microspectroscopy and an artificial neural network to
develop a diagnostic model.130 Principal component
analysis (PCA) revealed distinct hemozoin bands as the
parasite metamorphosed, enabling discrimination of
intra-erythrocytic life-cycle stages. By coupling a syn-
chrotron light source with a focal plane array (FPA)
infrared microscope system, they were able to dis-
criminate single i-RBCs within a field of uninfected
cells.131

In another development, the team spatially resolved
sub-cellular parasite organelles on a conventional and
affordable ‘glass’ slide using a high-resolution FTIR ima-
ging spectrometer (Agilent Technologies, Inc.), combined
with an automated approach based on Partial Least
Squares-Discriminant Analysis (PLS-DA).132 In another
study,133 the team applied a combination of Atomic Force
Microscopy infrared (AFM-IR) and Raman spectroscopy
to probe the localization of subcellular components
within P. falciparum-infected RBCs using hyperspectral
multimodal imaging. These merged images offer much
more valuable information compared to individual mod-
alities, providing a more comprehensive understanding of
the cell composition and resulting in improved model
predictions. However, these mid-IR techniques130–133 are
not suited as routine diagnostic tools.
In a laboratory setting, Wood and co-workers134

demonstrated the potential of Attenuated Total
Reflectance (ATR)-FTIR spectroscopy, in combination
with multivariate data analysis tools, for a rapid
(<3 min) malaria diagnosis (and quantification) with the
required ease of sample preparation and high sensitiv-
ity. The absolute detection limit was found to be
<1 parasite/µL for cultured early ‘ring’ stage parasites. It
is noted that biochemical parameters, including lower
levels of glucose, high levels of urea, and metabolic
changes produced by the Plasmodium spp. could
interfere in the prediction of clinical parameters and
vice versa. To resolve this, the aforementioned metho-
dology was successfully applied to diagnose malaria,
glucose, and urea simultaneously from a single ATR-
FTIR spectrum recorded from a drop of blood.135 In
order to eliminate the problematic RBCs fixing and
drying steps, Martin et al. applied ATR–FTIR to aqu-
eous physiological blood samples (including strongly
IR-absorbent plasma, and water) under the action of
three common anticoagulants: sodium citrate, potas-
sium EDTA and lithium heparin.136 PCA models built
using aqueous physiological samples showed less
influence from anticoagulants compared to the dried
samples, presumably due to a dilution of anticoagulants
by water. PLS-regression analysis (PLS-RA) indicated
that only heparin individually gave the best prediction
capability for low parasitemia (<0.1%).

Magneto-optical based technology
Malaria-infected blood containing hemozoin nanocrys-

tals can truly be considered a magnetic fluid. An external
magnetic field exerts a torque on hemozoin (elongated)
crystals, aligning them unidirectionally such that the hard
magnetic axis (at ∼60° to the crystallographic long-axis74)
lies normal to the field. As a result, hemozoin exhibits a
preferred direction of optical absorption (optical aniso-
tropy) under the action of linearly polarized light (optical
dichroism).137 This is analogous to the Cotton-Mouton
effect, which is the birefringence of magnetic fluids in a
transverse magnetic field. Thus, the magnetic anisotropy
of hemozoin gives rise to optical dichroism, termed
magnetically-induced linear dichroism (MLD), and
hemozoin crystals behave like a dichroic polarizer.74,137

Newman and co-workers138 first developed a simple
magneto-optical diagnostic (MOD) tool that measures the
difference in optical transmission through a fluid (e.g.,
blood) medium in zero and a constant applied magnetic
field (0.6 T) with randomly oriented and magnetically
aligned hemozoin crystals, respectively. The portable
device can detect a concentration of hemozoin in blood as
low as 5 ng/µL, notably in a quick turnaround time of
1 min. This development was followed by a similar por-
table device called Gazelle,139 which exhibited a diag-
nostic capacity of ≥50 parasites/µL for P. falciparum
within 1 min. Another portable optical diagnostic system
(PODS)140 brings a magnet close to the sample, thus
pulling β-hematin out of the optical path, resulting in
higher transmitted intensity. The difference between the
two signals (magnets close and away) can detect β-
hematin concentrations as low as 8.1 ng/mL in whole
rabbit blood; however, the diagnosis takes a somewhat
longer time of 10min.
Newman and co-workers also exploited the MLD of

hemozoin using polarization modulation of the laser
beam in two orthogonal (parallel and perpendicular)
directions with respect to the (fixed) magnetic field
direction.137 The proof of principle was demonstrated for
a detection of less than 1 µg/mL concentration of
β-hematin in whole fresh blood and more notably,
hemozoin within live parasitized cells, promising an
in vivo (non-invasive) diagnostic. Indeed, simulations on
MLD of hemozoin in a medium resembling fingertip
physiology indicated a detection capability of less than
0.02 µg/mL (equivalent to ≈33 parasites/µL) in a non-
invasive methodology within a minute.141

In a similar MLD-based diagnosis, Butykai et al.74

measured the polarization modulation of the (trans-
mitted) light beam by magnetically driven rotation of
(dichroic) hemozoin crystals, thus termed as rotating-
crystal MOD (RMOD) technology [see Fig. 9a]. The light
wavelength & magnet rotation frequency are optimized
for the best signal-to-noise ratio for the detection of
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β-hematin crystals in blood, down to a concentration of
0.015 µg/mL, which is mainly limited by a frequency-
independent background signal, possibly originating from
the Voigt effect of the medium. With this optimized

setting, RMOD for in vitro cultured P. falciparum para-
sites achieved a detection capability down to
∼40 parasites/µL of (lysed) blood in the ring stage and
even less than 10 parasites/µL in the later stages of intra-

Fig. 9 Magnetically induced linear dichroism (MLD) of hemozoin for malaria diagnostics and antimalarial drug efficacy testing. a The
(elongated) hemozoin suspended in a liquid medium can be magnetically oriented along its (magnetic) easy axis i.e., porphyrin plane. A magneto-
optical setup measures the transmission of polarized light through a hemozoin-containing blood sample while the external magnetic field is rotated
within a plane perpendicular to the direction of light propagation. This magnetically induced rotation of hemozoin dictates their optical anisotropy.
To exploit this, the transmitted light is split into two orthogonal light polarizations (parallel and perpendicular to the magnetic easy axis), and their
difference, known as magnetically induced linear dichroism (MLD), is measured. The signal-to-noise ratio is enhanced by selecting second harmonics
(2f), which solely originates from MLD, using a lock-in amplifier with reference to the magnetic rotation frequency. The portable equipment was able
to detect ∼40 parasites/µL (in ring stage) and even fewer, less than 10 parasites/µL (in later stages), with results available within 15 min. b Comparison
of time intervals for drug susceptibility assay methods (RMOD, ELISA, DELI, and fluorescent SYBR Green dye) is depicted in blue, while the formation
time of the corresponding targets (hemozoin, proteins, and DNA) is represented in black. Hemozoin-based RMOD technology is certainly capable of
drug potency testing with much shorter incubation times (6–10 h) than standard assays (48–72 h). The figure is built upon the material adapted with
permission from (a) ref. 74 Copyright 2020 Springer Nature (CC-BY-NC-SA 3.0) and ref. 159 Copyright 2021 Springer Nature (CC BY 4.0). (b) ref. 145

Copyright 2021 Springer Nature (CC BY 4.0).
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erythrocytic malaria cycle.142 The RMOD methodology is
further validated in mice studies,143,144 revealing highly
sensitive (not less than light microscopy) in vivo mon-
itoring of hemozoin production during progression and
clearance dynamics during and after the treatment. The
RMOD technology also demonstrated a quantitative
assessment of antimalarial drug potency145 at very short
incubation times of 6–10 h compared to conventional
methods [see Fig. 9b]. The authors intend to examine
RMOD capability for the assessment of drug inhibitory
effects in a stage-specific format.
The magnetism of hemozoin was recently employed in a

magneto-chromatography online device,146,147 wherein
i-RBCs were magnetophoretically concentrated (in a
gradient magnetic field by SPM microbeads), and hemo-
zoin crystals were isolated by rinsing in an alkaline solu-
tion and quantified by optical spectrophotometry. This
methodology can detect hemozoin concentrations down
to 0.033 µg/mL of whole blood, broadly equivalent to
55 parasites/µL in in vitro cultured samples, within
15min.
Another methodology to measure tiny magnetic signals

is magnetic resonance-based techniques using optically
active spin defects, such as NV centers in diamond.82–84

NV-based diamond quantum sensors have shown a sen-
sitivity down to a single nuclear (electron) spin at room
temperature, compared to the minimum 1012 (109)
nuclear (electron) spins typically needed for conventional
MRI. NV-ODMR technology, with the striking blending of
high sensitivity and nanoscale resolution, has previously
shown excellent promise for biosensing,148 including sin-
gle DNA,149,150 living cells,151 magnetically labeled cancer
cells,152 single proteins153 and neurons,154 among others.
Fescenko et al.87 have recently demonstrated its potential
for detecting individual hemozoin nanocrystals, with the
promise of a highly sensitive, label-free malaria diagnostic.

Field evaluation
After the successful demonstration of hemozoin

sensing-based diagnostics in in vitro studies involving
cultured P. falciparum parasites or β-hematin in blood
suspensions in a laboratory setting, various of these
methodologies have been evaluated for sensitivity (true
positive rate) and specificity (true negative rate) in field/
clinical setting. The magnetic-based NMR relaxometry
technique was evaluated in an animal (mice) study58 in a
blinded test on a large sample scale (n= 58). For the early
stage of infection (for initial 6 days), micro-NMR
demonstrated high sensitivity and specificity of 97.9%
and 90%, respectively, outperforming blood-smear
microscopy, which had a sensitivity of 774.9% and speci-
ficity of 82%. Furthermore, the non-invasive diagnostic
functionality of different hemozoin sensing technologies
has also been exploited in animal studies.106,115

TMek technology, developed by Bertacco and co-
workers79,102 in 2020, was applied in a preclinical study
in Cameroon, using light-microscopy as a reference
measurement. TMek was evaluated with blood samples
(n= 75) from peripheral (venous), while only a few
(n= 10) samples were taken using a capillary (finger
prick). The two methodologies gave no false negative
results, proving a 100% sensitivity of TMek. The test with
capillary samples also gave no false negatives, resulting in
a specificity of 100%. On the contrary, large-scale testing
with peripheral samples gave 9 false positives, leading to a
specificity of 69%. This discrepancy may arise from the
fact that fingerprick samples were tested within 5 hours,
while peripheral samples were examined up to 16 h after
sampling. Furthermore, hemoglobin (in healthy samples)
can degrade to met-Hb, resulting in paramagnetic cor-
puscles (with magnetic susceptibility close to i-RBCs),
leading to false positives. Nevertheless, TMek with prick-
test, despite testing on a small sample scale, promises a
highly sensitive and specific malaria diagnosis in a clinical
setting.
The ATR-FTIR technology, developed by Wood and his

team,134 was first evaluated in a field trial in a malaria-
endemic country, namely Thailand.155 The blood samples
from 318 patients were acquired in four regional clinics
and tested using two portable ATR–FTIR spectrometers
operated via a user-friendly software interface to the
“Cloud”. An independent test set based on PCR assay
results was used as the “gold standard” to cross-validate
the spectroscopic analysis. Data were analyzed using a
machine learning classification (support vector machines;
SVM), which yielded a 92% sensitivity and 97% specificity.
This outperformed PLS-DA modeling, which achieved
90% sensitivity and 91% specificity. Similarly, Mwanga
et al.156 demonstrated the potential of ATR–FTIR spec-
troscopy coupled with supervised machine learning to
diagnose malaria in human dried blood spots (DBS)
obtained from field surveys of naturally infected indivi-
duals in a malaria-endemic community in Tanzania. The
study considered 296 samples in total and supervised
logistic regression models attained sensitivity and speci-
ficity of 91.7% and 92.8%, respectively for predicting
P. falciparum infections, whereas 85% and 85%, respec-
tively for predicting mixed (P. falciparum and P. ovale)
infections.
The magneto-optical diagnostics (MOD) tool, devel-

oped by Newman and co-workers,138 was tested on 217
clinical samples comprising patients with malaria and
other diseases (e.g., sickle cell anemia) from endemic
countries and healthy non-endemic controls. In a pre-
examination, light microscopy confirmed that samples
could be quantified to a parasitemia level ≥600 parasites/
µL. The MOD technique diagnosed the (lysed) blood
samples with a sensitivity and specificity of 78.8% and
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74.6%, respectively, when using the PCR assay as the
reference standard. The false positive rate was contributed
by sickle cell patients and, more worryingly, from healthy
controls, which was attributed to contaminations from the
assembly process and/or blood lysing. Notably, MOD was
performed on long-stored blood samples, which may have
resulted in hemozoin agglutination (with no magneto-
optical response), contributing to false negatives. The false
signals may also be originated by differences in hematocrit
levels for individuals. The team also examined another
magneto-optical technology, accounting for MLD of
hemozoin, on a small scale of 13 patients (including sickle
cell anemia) and successfully diagnosed in agreement with
RDTs.137 The MLD-based non-invasive magneto-optic
(NIMO) device is also evaluated in a fingertip probe on a
small sample of 46 patients using light microscopy as the
reference technique.141 This gave a low sensitivity of
26.7% and a moderate specificity of 80.6%. Yet, as a non-
invasive diagnostic, it is highly encouraging. The authors
addressed this low sensitivity as a consequence of the
man-machine interface (constant finger position and
pressure).
Another portable MOD device, Gazelle

(LoD= 50 parasites/µL),139 were tested on (lysed) blood
samples from 262 febrile patients with microscopy-
confirmed (P. falciparum and P. vivax infected) samples
having parasitemia ≥ 41 parasites/µL. The device diag-
nosed the samples within 1 min with an overall sensitivity
and specificity of 97.6% and 96.8% (with 100% accuracy
for P. vivax infections only) using light microscopy as the
reference standard. However, the overall sensitivity
decreased noticeably to 82.1%, using the PCR assay as the
reference standard. The sensitivity improved to 85.4%
upon exclusion of patients with a recent malaria history.
Following this development, Gazelle conducted a study on
276 and 180 specimens (with P. vivax infections only)
from the Brazilian157 and Peruvian Amazon,158 respec-
tively, revealing a sensitivity of 72.1% and 88.2% using
PCR as the gold standard. More specifically, the sensitivity
for specimens with parasitemia>200 parasites/µL achieved
98.67%, however, it decreased to 12.5% for lower
parasitemia.158

MLD-based RMOD technology74 was also examined on
clinical samples from 956 suspected malaria patients in a
high-transmission region.159 Samples from malaria-naive
volunteers were considered as a background for the MLD
signal, however, most malaria-negative samples (from
light microscopy as gold standard) showed a higher signal
than the background. Therefore, a considerably higher
cut-off level (for decision-making) was set to achieve the
best overall sensitivity and specificity of 82% and 84%,
respectively. This improved to 87% and 88%, respectively
for only P. vivax infections (due to a 10-fold higher
average magneto-optical signal). The overall sensitivity

also improved to 86% upon exclusion of samples from
recently infected patients in high-transmission settings.
The authors hypothesized the persistence of a significant
amount of hemozoin in peripheral blood in a considerable
population in high-transmission settings. More impor-
tantly, the determination of a cut-off MLD level relies on
using a conventional diagnostic method. Nevertheless, in
low-transmission settings, the cut-off level, particularly
for P. vivax infections, should approach the background
signal (from naive samples), leading to a significantly
improved malaria diagnosis.

Outlook
Critical for the control and elimination of malaria is a

rapid and accurate (quantitative) diagnosis of the disease,
including the capacity to have ultra-sensitive and highly
specific detection (Plasmodium species identification) in
early (ring and early trophozoite) stages, and to identify
the appropriate anti-malarial drug for the treatment.
None of the current clinical methods (e.g., light micro-
scopy, molecular approaches, and serological tests) offer
these functionalities in a single test [see Table 3 and
Fig. 10]. With this respect, the emergence of hemozoin-
based point-of-care technologies augurs well to achieve
the required sensitivity in a rapid time to stratify asymp-
tomatic individuals in malaria high-transmission regions.
The rich magnetic and optical properties of hemozoin due
to the presence of unfilled electrons in the sub-orbitals of
Fe3+ ions make hemozoin an excellent target not only for
clinical diagnosis but also provide unique information for
designing and clinical testing novel anti-malarial drugs at
very short incubation times in comparison to conven-
tional techniques [see Table 4].
In the search of appropriate anti-malarial drug resis-

tance, the essential question is how malaria parasites cope
with toxic (free) heme, or, more specifically, how hydro-
gen bonding in the hemozoin crystal occurs and whether
this is a nonenzymatic or enzymatic process.
The recent application of high-resolution microscopy

methods such as electron microscopy, soft X-ray tomo-
graphy, etc.46,51,160 has offered a better understanding of
crystal morphology, growth medium, and important fac-
tors leading to crystal growth and inhibition. However,
the origin of hemozoin nucleation is still unresolved. The
reason is understanding hydrogen-bonding networks in
such nanocrystals with traditional X-ray crystallography
methods is difficult. Using advanced 3D electron diffrac-
tion,161 Matz et al. demonstrated that the technique was
capable of determining the hemozoin crystalline order
under the deregulation of PbPV5 proteins in vivo.51

Meanwhile, electron diffraction also often suffers from
accuracy issues related to H-atom positions and identi-
fying atoms with similar atomic numbers (carbon, nitro-
gen, and oxygen). In such a case, the combination of
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electron and NMR crystallography has been shown to be
effective in elucidating complex hydrogen-bonding
structures.162 Future research seeks such advanced
investigation of the heme detoxification process in vivo to
better understand the mechanisms underlying hemozoin
nucleation for the development of effective
antimalarial drugs.
The peculiar magnetism in hemozoin has received pro-

gressively increasing attention, both for understanding at
the fundamental level and its use as a tool for malaria
diagnostics. The magnetometry studies, mostly via lab-
grown β-hematin74,76–78 suggest a puzzling PM/SPM
ground state, although primary NV-ODMR experiments87

put forward a SPM-like behavior for very small crystals,
whereas a PM behavior for bigger crystals. This contra-
dicts the expected SPM-FM transition, as the crystal size
increases, in conventional nanomagnets.80,81 Moreover,
natural hemozoin typically has a long axis of 200–600 nm,

primarily depending upon the Plasmodium species.37

Thus, future magnetic studies on hemozoin/β-hematin
with controlled variation in crystal size and shape will help
to better understand its magnetic ground state and exploit
it for stage- and species-specific diagnostic. Despite a lack
of clarity in the magnetic picture of hemozoin, it is
employed in various magnetic-based malaria diagnostic
techniques. Meanwhile, it is observed that ingestion of
hemoglobin by Plasmodium parasites initiates two simul-
taneous processes: free heme is converted to hemozoin
crystals,30 as well as hemoglobin is oxidized into metHb,27

both containing Fe3+ (high-spin S= 5/2, paramagnetic)
ions. Furthermore, ingestion of metHb releases non-heme
iron undergoing accumulation into ferritin or hemosi-
derin,163 which are also SPM in nature.164 Thus, malaria-
infected i-RBCs also have a magnetic background signal
from (specific to individual) non-hemozoin magnetic
entities55 i.e., iron-rich hemoglobin in different forms,

Table 3 The comparison of malaria diagnostic techniques based on bioinert malaria pigment, hemozoin, and other
biomolecule-based techniques.

Omics Target Diagnostic
property

Technology platform Species/
material

Sensitivity
(%)

Specificit
(%)

LoD (p/uL) Time (min) Study Reference

Molecular rRNA PCR variants P(f,v,o,m) >98 >88 <2 Pf > 120 Field setting 10

LAMP P(f,v) >98.3 >94.3 <5 < 60 Field setting 10

Serological HRPII RDT P(f,v,o,m) >85 >95.2 <100 < 20 Field setting 10

Microscopy i-RBCs Lignt microscopy P(f,v,o,m) 95 98 >50a 60 Field setting 10

Inorganic
Crystal

Hemozoin Magnetic micro-NMR Pf, Pb 97.9 90 <10 (R) 5 Animal
Study

58

TMR chip – – – 150 pT – Proof-testing 101

TMek chip P(f,v,o,m) 100 69/100b 10 <20 Field setting 79

Optical Absorbance Py – - <0.03% <1 Animal
Study

106

Absorbance β-hematin 100 96.3 1 μg/mL 6 Proof-testing 103

Reflectance Pf – – 12 – Proof-testing 107

PA-SAW Pf – – 1% (R) <2 Proof-testing 111

H-VNB P(f,v) – – 5/17c <1 Animal
Study

115

THG Imaging Pf – – <0.2%d <15 Proof-testing 116

ATR-FTIR P(f,v) 92 97 0.5 Pf (R) <5 Field setting 155

Optical-SERS SERS: Magnetic β-hematin – – 5 nM >49 Proof-testing 123

SERS: butterfly Pf - – 25 (R) <15 Proof-testing 125

SERS: AgNPs Pf – – 2.5 (R) >43 Proof-testing 126

SERS: AuNS P(f,v) 100 100 0.1 Pf 30 Field setting 129

SERS on chip Pf – – 125 (R) >10 Proof-testing 128

Magneto-Optical MOD P(f,v,o,m) 78.8e 74.6e 5 ng/uL 1 Field setting 138

Gazelle P(f,v) 98 (82.1e) 97 (99e) 50 Pf <1 Field setting 139

Portable MOD β-hematin – – 8.1 ng/mL 10 Proof-testing 140

NI-MOD Pf 26.7 80.6 <1 μg/mL <1 Field setting 141

RMOD P(f,v) 82(78)e 84 (78)e 40 Pf (R) <15 Field setting 159

Magneto-
chromatography

Pf – – 55 <15 Proof-testing 147

NV-ODMR Pf – – ≃1.4 μTf – Proof-testing 87

aThe LoD depends on microscopist experience. An expert microscopist may reach to a limit of 4–20 parasites/μL.
bTMek was examined in two methods, first with peripheral (venous) and second with capillary (finger prick) samples.
cH-VNB approach was examined in both in vitro (human blood) and in vivo (transdermal detection in animals) methods.
dTHG imaging was validated for parasitemia as low as 0.2% in blood from malaria patients. In principle, less than 5 parasites per field of view were detected.
eThe sensitivity and specificity are compared to the PCR method as a reference standard.
fNV-ODMR could demonstrate magnetic mapping of individual “solitary” hemozoin crystals, but LoD in parasites/μL is not defined.
The sensitivity and specificity are compared to microscopy, whereas the microscopy method is compared to polymerase chain reaction (PCR). In the limit of detection
(LoD) column, the (R) represents the detection limit in the early “ring” stage of the malaria erythrocyte cycle. For comparison, 0.0001% parasitemia ≈5 parasites/
µL ≈ 0.003 µg/mL (in the mature stage, 50% hemoglobin to hemozoin conversion).137
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which recommends advanced data analysis methods like
machine learning to speed up the field-implementation of
magnetic technologies.
Very recently, Kung et al. exploited machine learning to

understand the complex, yet specific and unique

molecular fingerprinting of a single drop of blood.61,165

The group developed a new methodology to capture the
2D T1–T2 (NMR) correlational spectroscopy by harvest-
ing the highly efficient multidimensional inverse Laplace
decomposition technique. Machine learning techniques
were introduced to reduce the dimensionality by trans-
forming the complex 3D contour plots (from 2D NMR
measurements) into 2D scatter plots and user-friendly
information for point-of-care disease diagnosis and
monitoring [see Fig. 11]. The clinical application of this
technology enables the direct analysis of human whole
blood in various physiological (e.g., oxygenated/deox-
ygenated states) and pathological (e.g., blood oxidation,
hemoglobinopathies) conditions.24,93 A highly time- and
patient-specific ‘molecular fingerprint’ can be obtained in
minutes. In a blind test on 32 anonymized subjects, the
supervised learning models demonstrated a higher sensi-
tivity of 88.5% and specificity of 88.7% within 30 s, out-
performing trained technicians with 81.1% sensitivity and
72% specificity in 10min. Thus, the higher order of
(pseudo-)dimensionality (e.g., 2D- or multi-dimensional)
in time-domain NMR coupled with machine learning may
substantially improve the speed and accuracy of object
identification.61,100 This technique can be directly
applicable to malaria infection17,99 and such progress is
currently under way.
Exploiting nanofabrication has revolutionized medical

diagnostic methods as new detection modalities and
transducers were invented. Magnetic nanotechnologies,
such as TMR,101 have shown considerable potential in
detecting malaria. The ability to integrate spintronic
sensors based on the TMR effect into standard com-
plementary metal-oxide semiconductor (CMOS) wafers is
a fundamental step toward large-scale production,

Fig. 10 Mapping of malaria diagnostic technologies with respect
to sensitivity and diagnosis time. A comparative analysis of
conventional clinical methods against state-of-the-art (magnetic,
optical, magneto-optical & electrical) technologies targeting
hemozoin as a biomarker. The characteristics numbers for each
technology are taken from Table 3, wherein the original articles are
cited. GS-BSM Giemsa-stained blood-smear microscopy, PCR
polymerase phain reaction, LAMP Loop-mediated isothermal
amplification, RDT rapid diagnostic test, SERS Surface enhanced
Raman spectroscopy, BFly-SERS SERS with butterfly wings, NMR
Nuclear Magnetic Resonance, H-VNB hemozoin-induced vapor
nanobubbles, ATR-IR Attenuated Total Reflectance - infrared
spectroscopy, RMOD Rotating-crystal magneto-optical diagnostic, and
Mag-C Magneto-chromatography.

Table 4 The comparison of antimalarial drug testing methods based on bioinert malaria pigment, hemozoin, and other
biomolecule-based techniques.

Target Property Technology platform Anti-malarial drug/s Incubation time (h) Reference

DNA PCR/MSF AM, AS, CQ, MFQ, QN, PPQ 48 194

HRPII RDT/ELISA AM, AS, CQ, MFQ, QN, PPQ 48-72 195

i-RBCs Light microscopy AM, CQ, MFQ, QN, PRM, ADQ 24-30 196

Hemozoin Magnetic NMR relaxometry AM & CQ 6-24 98

Optical Raman CQ 20 197

TERS CQ 17 198

ATR-FTIR & Raman CQ 5 199

UV-visible-NIR AM & MFQ 10-11 200

Flow-Cytometry AM, AS, CQ, MFQ, QN, PRM 18-24 201

Magneto-Optical RMOD AM, PPQ & CQ 6-10 145

Abbreviations: MSF malaria SYBR green I fluorescence, ELISA enzyme-linked immunosorbent assay, TERS tip-enhanced Raman scattering, AM artemisinin, AS
artesunate, CQ chloroquine, MFQ mefloquine, QN quinine, PPQ piperaquine, PRM pyrimethamine, ADQ amodiaquine.
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dissemination, and commercialization of the research.
Furthermore, the integration of spintronics and CMOS
technology can create hybrid devices with functionalities
that are not available in either of the two individual
technologies. Further improvement of the TMR-based
diagnostic device will open new possibilities for the early-
stage detection of malaria. The microchip-based TMek79

is a quantitative and stage-selective diagnostic tool for an
effective screening of the population but improvements in
apparatus engineering, scaling up chip production, and
advanced decision-making are needed to mature the
technology for field deployment.
The optical properties of hemozoin have been har-

nessed in numerous technologies, as discussed in

“Optical-based technology”, to enable a rapid and sensi-
tive malaria diagnosis at a low cost. In pursuit of this goal,
reflectance spectrophotometry107 has demonstrated its
potential for early and sensitive malaria diagnostics using
thin film (band-pass) filters. These characteristics can be
further improved through optimized fabrication, better
materials, and the inclusion of additional commercial fil-
ters. It is suggested that an accurate algorithm may further
enhance decision-making for a more specific diagnostic.
The authors aim to integrate these filters into a single chip
for non-invasive malaria diagnosis among asymptomatic
individuals in high-transmission settings.
Another optical-based fingerprint of malaria is Raman

spectroscopy of hemozoin. However, in its spontaneous

Fig. 11 Machine-learning assisted NMR-based point-of-care technology (PoCT) in making medical decisions. a the workflow of machine
learning in processing the complicated raw data into user-friendly medical decisions (e.g., disease subtyping). The raw T1–T2 correlational data are
firstly converted into machine language by pre-trained image embedding (e.g., SqueezeNet) features, which are fed to unsupervised/supervised
learning models. Unsupervised techniques are used to reduce data dimensionality and convert it into human-friendly 2D-scatter plots (e.g.,
multidimensional scaling (MDS)) and classification (e.g., hierarchical clustering) into b disease (oxidized Hb), non-disease (healthy wild type) and
mutated counterpart (Hb variants) clusters. Furthermore, disease subtypes (sub-type 1: oxidized Hb, sub-type 2: partially oxidized Hb) are also
identified. The clustering circles are drawn for eye-balling purposes. On the other hand, supervised learning models (e.g., neural network, logistic
regression, and naïve Bayes) are used for a blind test to evaluate the machine performance against human beings. The figure is adapted with
permission from ref. 61 Copyright 2020 Springer Nature (CC BY 4.0).
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form, sensitivity is too low for early diagnosis, even with
resonant excitation and magnetic field enrichment123 and
optical tweezers.166 Subsequent studies have explored
various metallic nanostructures to enhance the Raman
cross-section of hemozoin, resulting in ultrasensitive
malaria diagnosis.126,129 Nonetheless, the instantaneous
growth of nanostructures requires a laboratory setting and
is time-consuming, while their short shelf-life on a com-
mercial scale poses a challenge. Other approaches have
attempted to use naturally occurring nano-structures125

and on-chip nanostructures growth,128 but a propensity
for hemozoin aggregation and the conversion of healthy
hemoglobin to hematin in these approaches may limit
their clinical performance. In a close development,
antigen-based SERS testing on 190 clinical samples from
endemic regions167 differentiated between Ebola and
malaria with high specificity of 97.9% and 99.6%, respec-
tively. However, this method is also time-consuming
(30 min). Overall, the rapid, consistent, and uniform
synthesis of SERS agents, especially on micro-optofluidic
chips,168 remains an open question for achieving rapid
and accurate malaria diagnosis.
In optical technologies, spectroscopy-based ATR–FTIR

sensing of hemozoin, with the aid of machine learning,
has demonstrated its highest potential for point-of-care
malaria diagnosis in two clinical studies conducted in low-
resource settings within malaria-endemic countries.155,156

ATR–FTIR is both cheap and easy to use, requiring
minimal expertise and little to no sample preparation.
However, improvements are required to expedite the
measurements, including the drying procedure and sub-
sequent cleaning of the ATR crystal. To address this
concern, an affordable, disposable coverslip169 has been
proposed to facilitate the collective drying of multiple
samples for successive measurements. PLS-RA has
exhibited the ability to detect and quantify parasitemia in
the 0–5% range. More recently, NIR spectroscopy has
been applied to malaria diagnosis. Notable research in this
regard is the successful detection and quantification of P.
falciparum-infected malaria in dried blood samples using
a “Matchbox” size spectrometer170 and aqueous blood
samples using a combination of NIR and UV-visible
spectroscopy.171 In a recent study, visible micro-
spectrophotometry was applied to discriminate the dif-
ferent stages of asexual blood stages of P. falciparum
parasites at single cell level in functional erythrocytes.172

The success of machine learning with 2D NMR
relaxometry and ATR–FTIR techniques inspires us to
exploit it for extracting maximum information from
hemozoin-based malaria diagnostics. Deep learning and
machine learning methods have recently accomplished a
significant breakthrough in automating the conventional
microscopic examination of malaria in the perspective of
sensitivity and reduced labor-force. An exceptional

accuracy of up to 99.9% has been achieved.173–177 How-
ever, reliability still poses a significant challenge as
humans are widely regarded to have superior judgment as
compared to computer algorithms. Nonetheless, deep
learning models have reportedly made significant
advancements in recent times, indicating the potential for
machines to eventually take over human tasks. Indeed,
there is a surge in the utilization of machine learning for
novel medical diagnostics.178,179 Of relevance to us, its
combination with Raman spectroscopy has offered a high
sensitivity to any tiny changes in spectral features for
different biological entities,180 resulting in significant
improvements in diagnostic capabilities for a number of
diseases e.g., hepatitis B,181 typhoid and dengue infec-
tions,182 etc. Of great interest, this combination can
classify the malaria-infected and dengue-infected donors
with an efficiency of 83.3%, while individually achieving a
diagnostic sensitivity/specificity of 95.29% and 95.84%,
respectively, against healthy control groups, respec-
tively.183 More recently, Raman spectroscopy using PCA-
DA successfully diagnosed COVID-19 infection with 87%
sensitivity and 100% specificity.184 In a preliminary
study,185 ATR–FTIR spectroscopy was also exploited for
the rapid diagnosis of COVID-19, with machine learning
analysis predicting it with a moderate accuracy of 78.4%.
Wood and co-workers186 explored transflection infrared
spectroscopy to diagnose COVID-19 in saliva samples.
Transfection offers several advantages over ATR–FTIR,
including batch sample drying, infrequent instrument
cleaning (to avoid health risks for healthcare workers),
and approximately three times larger light absorbance.
Overall, spectroscopy-based Raman, ATR–FTIR, and NIR
(or a combination of them) with machine learning ana-
lysis can help to stratify malaria from other similar
symptomatic diseases, such as dengue and COVID-19,
from a single sample, particularly in the current pandemic
scenario.7

Magneto-optical technologies, primarily developed in a
portable format, offer a rapid diagnostic approach for field
conditions, proving especially effective in low-resource
settings. In both the methodology, simplest MOD (e.g.,
Gazelle) and MLD (e.g., RMOD) devices demonstrated a
satisfactory performance, particularly for P. vivax infec-
tions (a major portion of infections outside endemic
areas), with sensitivities on par with or superior to light
microscopy. However, these studies have identified sev-
eral key factors responsible for degradation in their per-
formance. The primary challenges are the need for fresh
samples (to avoid hemozoin agglutination) and blood
lysing. Similar kinds of other diseases (e.g., sickle cell
anemia) affecting magnetic fingerprints of blood and the
potential persistence of residual hemozoin from previous
infections in endemic regions can contribute to false
signals. Additionally, variable hematocrit levels among
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individuals and associated background signals introduce
further complexity to the decision-making process. These
challenges highlight the necessity for several levels of
advancements, such as the integration of microfluidics
and algorithmic decision-making with machine learning,
to enhance diagnostic performance.
Another magneto-optic-based NV-ODMR technology

has demonstrated the capability to image the individual
hemozoin nanocrystals.87 In the bio-physical processes,
the capability of detecting the molecular machinery
remains a significant technological challenge, primarily
due to poor sensitivity and/or selectivity and specific
sample requirements for most bioimaging methods. In
recent years, NV sensors have been successfully employed
for imaging various biomedical samples, including single
living cells, under ambient conditions.148 These NV-based
ultrasensitive experiments, however, incorporate several
bulky and expensive components in a laboratory-based
setting, typically utilizing table-top confocal optical sys-
tems for single NV measurements. Consequently, the
large size and complexity of these setups make them
unsuitable for diagnostic applications in field conditions.
Nevertheless, work is rapidly progressing on the minia-
turization of NV-based diamond quantum sensors, fea-
turing simpler optical setups, into a simplified and
transportable form.187–190 This can offer one of the best
tools for bioimaging and biodiagnostics available today.
NV-based measurements can also play a part in under-
standing the developmental stages of malaria, particularly
by monitoring the formation of single hemozoin nano-
crystals in living Plasmodium-infected cells, shedding new
light on the hemozoin nucleation mechanism and the
discovery of novel antimalarial drugs.

Concluding remarks
Currently, many hemozoin-based diagnostic technolo-

gies are able to compete with, or even outperform, con-
ventional microscopy and RDT methods, offering notably
higher sensitivity (approaching PCR-based methods) and
delivering rapid results within a few minutes.
The primary challenges before hemozoin-based diag-

nostic to reach an ideal format are species-specific diag-
nosis and the ability to distinguish fresh hemozoin,
generated within i-RBCs, from the residual content within
white blood cells (WBCs) resulting from phagocytosis of
hemozoin in previous malaria infections. Several
hemozoin-based research groups99,139,159 are currently
aspiring for future improvements in species differentia-
tion by leveraging hemozoin crystal morphology (size and
shape),37 and exploring multi-dimensionality in time-
domain NMR with the aid of machine learning,59,61 etc.
On another front, an in vivo optical absorbance study,
involving mice, has demonstrated the potential to dis-
criminate hemozoin in i-RBCs and WBCs based on

intensity features and hemozoin crystal size, and the
results were validated with similar findings for P. falci-
parum blood smears with conventional light micro-
scopy.191 Nevertheless, it is worth noting that hemozoin
gets cleared from the bloodstream within a few days,37 in
contrast to the longer persistence of antigens (e.g., HRPII
and LDH), which can remain detectable for several weeks
to more than a month.192 These factors recommend
hemozoin sensing over RDT for a more accurate
diagnosis.
In summary, ultrasensitive hemozoin-based techniques

are being developed with tremendous potential for early
and highly specific malaria diagnosis. These methods can
also contribute to the development of targeted drugs and
vaccines to combat the disease. Nevertheless, several
technical challenges must be addressed to achieve their
highest potential, especially as scalable and cost-effective
technologies suitable for field deployment in remote,
under-resourced regions where malaria is endemic. As
research is rapidly progressing toward the development of
inexpensive, miniaturized, or lab-on-chip devices that can
be battery-powered, the tantalizing prospect of persona-
lized medicine is on the horizon. Integrating mobile
phones with diagnostic tools enables data to be sent to the
Cloud and analyzed in real-time.155 The mobile interface
also provides a global positioning system that can be used
for epidemiological surveillance.
Machine learning, which makes machines smarter, has

become more popular of late, and it is likely another
game-changer that can expedite the field implementation
of emerging spectroscopic-based technologies for malaria
eradication and elimination strategies in the future.
Human being is slowly (but surely) in winning the race
over the war of malaria. Strong political will (e.g., human
capital, funding agency), however, is needed to accelerate
the translation of these technologies into field settings, as
most of these endemic regions are in developing regions.
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