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t, are the by-product of hemoglobin degradation by

Hemozoin crystals, also known as malari
the Plasmodium parasite durin, it:g%r rocytic development. Although it is well known that
they are responsible for the pecmagnetic behavior of infected red blood cells, their physical
properties are not we %ﬁv ere we show that synthetic hemozoin nanocrystals display an
insulating and para Q)? ior. Conductive atomic force microscopy measurements on crystal
dispensed ove 4‘1 fil

ms reveal that hemozoin crystals are insulating, with a breakdown field

. Vm!. The magnetic susceptibility, measured with a vibrating sample magnetometer,

6‘4, ,p’ompatible with a paramagnetic behavior. These results are confirmed by
impe 'metriéand magnetophoretic mesurements on aqueous suspensions of hemozoin crystals.
ﬂ
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According to World Health Organization, 3.2 billion people are at risk for malaria. In 2016, 216
million new cases occurred and 445000 deaths have been estimated.! Although treatment in the early
stage of the disease is usually very effective, the on-site early diagnosis is still an open issue.
Conventional tests via optical microscopy examination of blood smears teés\abcu\tone hour and need

skilled microscopists, while rapid diagnostic tests (RDT) are prone large percentage of false
k‘q

positives, as they are based on the detection of antigens whic aﬁj y washed out in a patient

living in an endemic zone. This leads to improper treatment ofpati ;1:;‘[ really affected by malaria,
thus increasing the risk of drug resistance.?? In this seénari her) is a strong need of novel RDTs
with (i) the same sensitivity of the gold standard ( izrm‘iiascopy examination) and (ii) a reduced
number of false positives.!** To fulfill the 1 tw nt, a real improvement would be to move
back to the quantification of infected red b Z%Ai-RBC) in a blood smear, like in gold standard
tests, with the additional requirement of t\es;w i-RBC counting in lab-on-chip platforms suitable
for low-cost, rapid and on-site widew of the population in endemic zones.

It is well known that i-RBCs dispgsip magnetic behavior with respect to blood plasma, so that a
high magnetic field gradi nt%@ used to separate them from healthy ones.>%7# On the other hand,
the manipulation and detgbtion“ef magnetic particles on-chip has achieved a good maturity®!° and

4

hold potential for the integration of magnetophoretic based detection of i-RBC. The origin of RBC

paramagneti Donnected to the degradation of hemoglobin into free heme, during the Plasmodium

an insoluble So , known as hemozoin, which crystallizes into paramagnetic nanocrystals found both

-
ithin tge 1-

Cs and free in the blood, after RBCs lysis.!!"!? Although HC can be produced also by

\k%oo -feeders parasites other than Plasmodium,!*!* they are of overwhelming relevance for malaria

-
lagnostics, as they constitute the characteristic malaria pigment allowing for the recognition of i-

RBC by optical microscopy investigation. More recently, malaria detection schemes have been

proposed which exploit the magnetic and optical properties of HC.!>!16: 1718 Nevertheless the physical
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Publishi n%r yperties of hemozoin are still poorly understood. While their magneto-optical properties have been
widely investigated, a reliable and unambiguous evaluation of fundamental quantities like the
electrical conductivity and magnetic susceptibility is still missing. In literature there are no data on
the electrical properties of hemozoin crystals, both under constant (DC) and alternating (AC) bias,
apart from some preliminary electrical measurements on aqueous s s ensions of HC' and very
recent cyclic voltammetry results.?’ It is not evident at all whe e&dlsplay an insulating or

conductive behavior at low bias, where electrochemical reaCti Kb{.ot activated, while this

information would be crucial for the development of impedimet detectlon schemes. Coming to

magnetism, while some papers report a paramagnetlc havioref HC, with values of the susceptibility

on the order of 3.2-104,2122 a superparamagnetic béhavior h;)oeen suggested in a more recent paper
! -

by Inyushin et al.,>3,?* corresponding to a sus e}w ger than 10°,

To shed light on these subjects, we have investigated synthetic HC, i.e. B-hematin crystals provided
by Invivogen, the very same crystals h}by\lnyushin et al. in their paper. These nanocrystals
represent a good model for turaw in produced by Plasmodium, displaying the same

properties and similar size distrib\n.s*lz’26 Their positive magnetic susceptibility is due to the

transformation of the lo in})B) Fe?" ions present in diamagnetic oxyhemoglobin into Fe** high-

spin (5 uB) ions.!” -ray diffraction data, hemozoin or 3-hematin crystals are made of

chains of dimers N—p otoporphirin—-IX molecules, also called heme monomers, linked by

II 5

hydrogen bon n each dimer, the Fe'' ion, located at the center of the porphyrin ring, 0.47 A above

the porph pla , 1s bound to four nitrogen atoms of the same porphyrin and to one of the oxygens

M_protoporphirin—IX

of th rotoﬁ)rphyrm IX propionic acid substituents belonging to the other Fe
oleculs. The distance between the Fe' ions in the same dimer is 9.05 A, while that between

\ya,qst Fe' ions neighbors in adjacent dimers is 7.86, 8.04 and 8.07 A.'4,?7

The electrical characterization by current sensing atomic force microscopy (CS-AFM) has been

carried out on HC placed on a conductive substrate. To this scope, we dispensed a few drops of a

3
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Publi shin“ﬁ‘ spension of HC in DI water on a 100 nm thick Au film deposited on a Si(001) substrate and we
waited for water evaporation before starting measurements. The crystals display a typical brick-like
shape, with lateral size of about 200-300 nm and length lower than 1 um, as seen by scanning electron
microscopy (SEM) and AFM. CS-AFM was performed using a cond?ve Pt-Ir coated n-doped
silicon tip by Applied NanoStructures Inc. (AppNano ANSCM-PT, 4= N, k=3 N/m). We
applied the whole range of available voltage bias (-10 V, +10 V)gand thé current was recorded by
using the AFM transimpedance current pre-amplifier. First, 1 cai\)\f\cwes were collected over a

mesh of points on the sample surface, to avoid the wear-offfof'the co :;Eng coating of the tip. Then,

the topography was acquired in contact mode to ass@ciate c}rves either to hemozoin or gold.

Figure 1a reports an example of sample morpholog}*s&‘n)i clusters of HC on the flat Au surface.

Two representative [-V curve collected on Aud(orange dot in panel a) and on a single HC (blue dot in

panel a) are reported in Figure 1b. A radically_different behavior is found on hemozoin and gold. On
the Au film the saturation of the cukiljgh ier (10 nA) is reached already at 1 mV bias,
corresponding to a total i pe%\l

(Rt ~ 1 kQ according to providerﬁcations}, the tip-film resistance (Rtr) and the Au film

er than 10° Q, including the tip resistance

resistance (Rau) towar Lat% electric contact. On the HC crystal, instead, the tip current remains

applied voltage. The total equivalent resistance at 10 V is 10'2

below 10 pA up t
Q, while the b eéiwel is larger than 5-107 V-m!, by assuming a crystal thickness at the point
of measurémentwof about 200 nm, as resulting from the AFM topography. A similar behavior was
observq_(i /all the hemozoin crystals investigated. Even though a quantitative estimate of the
he'I-n\0 in buh( resistivity is prevented by the uncertainty on the tip-HC and HC-Au contact resistance,
r resu#s indicate a clear DC insulating behavior.
Yi&vesﬁga‘te the AC electrical beahvior up to the frequency region of interest for impedimetric
asurements in liquid, typically in the MHz range, we directly measured the change of the

impedance between interdigitated Au electrodes immersed in a suspension of HC in a Phosphate

Buffer Solution (1x Dulbecco’s PBS), upon sedimentation of HC crystals. The electrodes, 100 nm

4
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Publi shin’gi rh, 2 um wide and separated by 2 pm (see inset of Figure 2a), were micro-fabricated by optical
lithography and lift-off on a glass substrate. The magnitude of the complex impedance Z of the
interdigitated electrodes immersed in PBS is plotted in Figure 2a as a function of frequency. At low

and high frequency, a capacitive behavior is expected, due to the double?yer capacitance (Car) and

geometrical capacitance of the electrodes (Cei), respectively.?® In between tw frequency region
where a resistive behavior is observed, dominated by the resistance i.?\solution (Rsol) above the
electrodes. This corresponds to the flat portion of the curve in gﬁ%pve 1 MHz, following the
low frequency region dominated by Cal.. The effect of thefgeome T;pacitance is not seen, as it
would be at higher frequency, where inductive parasifCeffe re)'ent a reliable measurement.

Based on this characterization, we performed®q pedi‘r-r.l?ric experiments at 3 MHz, where
measurements are more sensitive to HC j kae e electrodes. The resistive term of the
impedance, i.e. the real part, was monitored Vswtime, to further reduce the effects of spurious
capacitive and inductive terms. In Figu ﬁp, aye report the normalized resistance change (AR/R)
measured during the sedimentation o uspended in PBS at different concentrations: 0.01 mg/ml
(C1), 0.03 mg/ml (C2), 0.06 mg/ml (€3). The resistance increases over time, thus indicating that the
probing volume above ¢t ele}ﬁes is gradually occupied by particles (see panels c, d, e in Figure
2) with resistivity hi %’?a of the PBS medium. We estimated the volumetric fraction occupied
by HC at the enzf\hgcp iments, defined as the volume of HC crystals in the probing volume of
the electrodes }mlized to said probing volume, from the images of Figure 2. To this scope, we
evaluate e/ratiy of the black areas (upon subtraction of the area of the black lines corresponding

-

to th 'nterst*)ial regions between the electrodes) with respect to the total area of the electrodes (white
eg;)nsB This can be assumed as representative of the fraction of the electrode surface occupied by
\P}C.:{\Hc/Ael. By numerical simulations the probing volume was estimated to be the electrode area
Itiplied by a probing depth corresponding to about 1.5 times the electrodes spacing. Assuming

that, at low concentrations, we have a single layer of HC (250 nm high, compatible with AFM and

SEM images) the volumetric fraction (@) is given by the following equation: ¢ = Anc/Acl-(0.25/3).28

5
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PuinshinEi 1ally, the expected percentage of resistance variation (AR/R) in case of insulating particles is
estimated according to Maxwell’s mixture theory assuming an insulating behavior of HC: AR/R =
3/2-¢.
In Table I we report the experimental AR/R for the asymptotic situa?ﬁs in panels 2c, 2d, 2e,

corresponding to HC concentrations C1, C2 and C3, together with th Mated as described

above. -‘Q}

1 )

HC concentration C (mg/ml) | AR/R (%) expdrimental AR/R (%) estimated

)

&
C1=0.01 1. i&s\t_ 2.0 £0.25
A F 4
29 0

C2=0.03 3.6+0.5
&

1

C3=0.06 \\}%6‘5 6.0£0.5
-~

\
Table I: Experimental and es@ntage variation of the resistance as a function of the

concentration of hemozot&s‘tals.
£

The good agreex?élt b eep/experimental and estimated values, for different HC concentrations,

confirms the yalidity of'the assumption that HC are insulating also in the MHz frequency range and

points t the/ possibility of using AR/R to evaluate the volumetric fraction of HC on top of
tedele

interdigita
)

ﬁ
magietic properties of synthetic HC by Invivogen have been investigated by using a Vibrating
%

trodes.

mple Magnetometer (Microsense EZ9), with sensitivity down to 10° A-m™'. The biggest ball of
crystals in the glass container used for shipment has been directly used for measurements, without

suspending it in any solution, as in Ref. 23. Its mass, 3.3£0.2 mg, has been determined with a


http://dx.doi.org/10.1063/1.5050062

| This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |
Al
Pub“ShH]@ crobalance, after insertion in the VSM cuvette. The magnetic moment has been then measured
when sweeping the external field woH from -1.5 to +1.5 T. The corresponding hemozoin
magnetization curve M(poH), plotted in Figure 3a, has been obtained after subtraction of the
diamagnetic background from the cuvette and normalization to the hem?z‘oin sample volume. The
latter has been estimated from the mass of the ball, using a tabulated val Wemozoin density:

prc = 1.49 g-cm. The linear trend over the whole investigated rrqi\ﬁeld range, with positive
ory wi

angular coefficient, clearly indicates a paramagnetic behavi magnetic susceptibility

T~
¥=M/H= 3.5+0.2-10"* in SI units. This value is very close to that calculated by Coronado et al.,?

x=3.20-10, starting from the experimental results a@red ckett et al.?!

On the other hand, at variance with the paper«by lny@ishin et al.,> there is no trace of
superparamagnetic behavior. To confirm the liability Of our results, a second batch of synthetic
hemozoin crystals provided by InV1V0gen ha een sted. The measured value of the susceptibility
was 4.7£0.4-104, in nice agree nt } the previous one. The average value of the two
measurements is 4.1-10, W1t a r on the order of +0.6-10*, probably arising from the

variability of sample preparatlon pro ures.

The absence of supe gnet behavior has been checked also in independent experiments of
sedimentation asjt an 7xternal magnetic field. We used an array of interdigitated electrodes
with a perma ma t underneath and we monitored the evolution of the electrodes resistance at

3 MHz, pon ispensation of a suspension of HC and superparamagnetic beads (1 um
Dyna eads My ne™ Carboxylic Acid) in PBS. The number of interdigitated fingers was 20; their
lengt w1dth and spacing were 400, 2 and 2 pum, respectively. The electrodes were fabricated on a

0 um&hick glass substrate, with a PDMS well on top (2 mm high) for the dispensation of the
}rﬁde suspension. A cylindrical NdFeB magnet was placed in contact with the bottom surface of

the chip, producing an out-of-plane magnetic field H with an average strength and gradient
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Publishi ngc mponent along the out-of-plane (z) direction of 1.3:10° A-m! and 1.2-10% A-m™, respectively, over
the 2 mm of the suspension in the well.
We choose beads of size and density (p» = 1.8 g-cm™) comparable to those of HC, to work in similar
conditions of Brownian motion and drug forces acting on the particl?during the magnetically
assisted sedimentation. The impedance variation vs. time is reported iNe 3b for HC and
superparamagnetic beads. We observe a much faster sedimentation }east by a factor 50) for
superparamagnetic beads with nominal susceptibility of the dé'F)of unity, according to technical
specification from the provider. This behavior is in qaalitativ “g:-r;ement with the estimated
sedimentation times for superparamagnetic beads and.paramagnetic HC, while it could not be

o
concentration in a magnetic suspension Wit% n be dominated either by diffusion or by

explained by assuming that HC are superparalﬂam\ic. The establishment of the equilibrium
sedimentation under the action of a uniform extenal force, depending on the ratio L/I, where 1 =
ksT/F is a characteristic length of the ssw\si‘i For L>>], as in the present case, sedimentation
under the action of gravity, buoyar&@ agnetic force, is the dominant factor, giving rise to a
characteristic sedimentation tim&

, where D = ksT/6mna is the diffusion coefficient, 1 the

viscosity and a the paﬂ% . The total average force (Fv) acting on MyOne beads has been
i
4

estimated accor(ﬁ?%ﬂo Ing equation:

F, =( )/bg + uoVp(M - V)H (D

y.
- 4

where p; = 13g-cm‘3 is the density of PBS, Vi the bead volume, g the acceleration of gravity, u, the

a‘(;um?ermeability; M = 4.3-10* A-m! is the bead magnetization in the average magnetic field

\pﬁod\uced by the magnet over the height of the well according to the particle data sheet, VH = 1.2-108
:m is the average value for the z component of the gradient of the magnetic field H.

The total average force (Fuc) acting on HC is given by equation (2), where the magnetic force has

been evaluated considering that in this case the susceptibility is constant up to 1.5 T:
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1
Fy = (puc = p)Vucg + E.UOVHCXVHZ (2)

where Vic= 6.2-102° m? is the volume of a single hemozoin crystal assu?if]g a parallelepiped shape
with sides of 0.25, 0.25 and 1 um, VH?= 6.8-10'> A>-m? is the aver, ﬂMer the well height
for the z component of the gradient of H2.
With these values, using the average magnetic forces of equa@iya\n 2) to apply the model by
Raikher et al.,>® we calculated the expected sedimentation @S One beads and HC, treated as
spherical particles, which turn out to be tsb ~ 7 @d zsuc ~ 7500 s. Despite the quite crude
approximations used in the model, the order, of nitu‘(?e is coherent with the experimental
sedimentation times seen in Figure 3. On the other hand; assuming a superparamagnetic behavior as
that reported by Inyushin et al.?*, the ag@on HC would be 4 orders of magnitude larger
than that expected from our VSM dneasuge ents, and, consequently, the estimated sedimentation
&\y‘l\i is not compatible with experimental data presented in

time would decrease down to 2% S
Figure 3b, thus confirming that HC do'not display a superparamagnetic behavior.

This is not completely/su

ising because the direct exchange interaction mechanism between Fe*
ions in HC is negligib ,1,16 tythe large distance (7.86 A) between nearest neighbors in adjacent unit
cells made m{kmers.27 Furthermore, multi-frequency high-field electron paramagnetic
resonanc m)e/as ments allow to exclude a sizable exchange coupling mediated by d-n orbital
over ,%{t/&bserved in linear copper porphyrin oligomers.?! In absence of a sizable exchange

oupli Fe§F ions just behave as paramagnetic spin centers, as confirmed also by independent

netoSnetry and magneto-optical analysis of HC.!”

\ <

To summarize, in this paper we report on the electrical and magnetic characterization of synthetic

hemozoin or B-hematin nano-crystals. They behave as insulating particles, both in DC and at 3 MHz.
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Publishing‘ the other hand, independent magnetometry and magnetophoretic experiments confirm their
paramagnetic behavior, with magnetic susceptibility at room temperature of 4.1+0.6-10. Even
though we do not find trace of superparamagnetic behavior, the susceptibility value is not negligible

and suitable for magnetophoretic capture. These results set the proper frar?rork for the development

of malaria diagnostic tests based on magnetophoretic capture and imped’mewction of hemozoin
crystals in blood samples. \Q
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Publishi nEi sure 2: (a) Impedance magnitude as a function of frequency for gold interdigitated electrodes (see
inset for details) immersed in PBS, without HC. The amplitude of the sinusoidal voltage was 100 mV
(b) Normalized impedance change at 3 MHz during sedimentation of HC from suspensions at
different concentrations: 0.01 mg/ml (C1), 0.03 mg/ml (C2), 0.06 mg/ml ?). The error bar for each
curve mainly reflects the uncertainty in the subtraction of the baselin and\Os)Knected drift. (c,d,e)
Optical microscopy images of the electrodes with HC at the end of }‘easurements reported in

panel (b) for the concentrations C1, C2 and C3, respectively. ‘)
—~—

—_—

)

Figure 3: (a) Magnetization vs. applied magnetic 4iel @hetic hemozoin crystals measured by
e

-

vibrating sample magnetometry. (b) Normali ew ce variation measured at 3 MHz between
interdigitated electrodes immersed in ‘%n magnetically assisted sedimentation of
superparamagnetic beads (red line) and }f?zg){l rystals (blue line).
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