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Abstract Micro-Raman spectra of hemozoin encapsulated
within the food vacuole of a Plasmodium falciparum-infected
erythrocyte are presented. The spectrum of hemozoin is identi-
cal to the spectrum of -hematin at all applied excitation wave-
lengths. The unexpected observation of dramatic band enhance-
ment of A, modes including v4 (1374 cm~!) observed when
applying 780 nm excitation enabled Raman imaging of hemo-
zoin in the food vacuole. This unusual enhancement, resulting
from excitonic coupling between linked porphyrin moieties in
the extended porphyrin array, enables the investigation of he-
mozoin within its natural environment for the first time.
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lished by Elsevier B.V. All rights reserved.
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1. Introduction

Malaria is responsible for over one million deaths each year
with 90% occurring in sub-Saharan Africa [1]. During the
intraerythrocytic stage of the life cycle of malaria parasites
reactive heme is released upon catabolism of hemoglobin,
and is sequestered into a virtually insoluble aggregate known
as malaria pigment or hemozoin [2-4]. Heme detoxification by
these parasites is critical in preventing reactive free heme dam-
aging biological molecules and disrupting cell membranes
[5,6]. Fourier transform infrared spectra indicated an iron—
carboxylate bond exists between two hemes in hemozoin
and the pigment was spectroscopically identical to the syn-
thetic analogue B-hematin (Fe(IIT)-protoporphyrin-IX), [4].
Electron paramagnetic resonance and Mdssbauer spectrosco-
py determined that both hemozoin and B-hematin have a
single S=5/2 iron environment in the bulk phase. Powder
diffraction data obtained with synchrotron radiation reported
that B-hematin is linked into dimers through reciprocal iron—
carboxylate bonds to one of the propionate side chains and
the dimers in turn form chains linked by hydrogen bonds [7].
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Quinolines such as chloroquine inhibit the formation of
hemozoin by binding to heme via the m-m cofacial stacking
of planar aromatic structures, resulting in heme-mediated tox-
icity [8-11]. Free Fe(II) heme is thought to be toxic to the
parasite by inducing lipid oxidation [6] and disrupting cell
membranes [5] but other explanations have been put forward
[9,12]. Studies have shown that many anti-malarial drugs such
as chloroquine and its derivatives accumulate in the food vac-
uole and exert their influence by binding to heme [9]. Direct
evidence of drugs binding to heme in vitro is scarce and most
of it relies on either measurements of crude trophozoite ly-
sates, chemical methods under non-physiologic conditions or
morphologic effects using microscopic techniques. Conse-
quently, the ability to monitor hemozoin within functional
erythrocytes and understanding the formation and packing
of hemozoin in the food vacuole of the trophozoite has im-
portant implications in drug development.

Laser Raman spectroscopy is a powerful technique for elu-
cidating both structural and functional information on heme
and other metalloporphyrins [13]. The high symmetry and
chromophoric structure of hemes such as hematin (Fe(III)-
protoporphyrin-IX-OH) depicted in Fig. 1 results in strong
Raman scattering upon excitation with different wavelengths.
The strongest enhancement is usually observed when the ex-
citation wavelength lies on (resonance) or near (pre-reso-
nance) an electronic transition. While many studies focus on
heme molecules in solution, few studies have investigated
hemes within living cells. The first group [14] to report Raman
microscopic measurements of single cells demonstrated the
sensitivity of the technique to heme moieties in leukocytes,
including eosinophil peroxidase and myeloperoxidase [15].
Resonance Raman spectra of normal and Plasmodium ber-
ghei-infected mouse erythrocytes fixed in methanol were re-
ported using 488 nm excitation [16] and more recently 633
nm excitation [17]. Our work has focussed on characterizing
and interpreting the Raman spectra of single functional eryth-
rocytes in both the oxygenated and deoxygenated state [18—
20]. In this study micro-Raman spectra of hemozoin within
the food vacuole of a Plasmodium falciparum trophozoite-in-
fected functional erythrocytes using 488, 514, 568, 633, 780
nm excitation wavelengths are presented. The enhancement of
v4 (1374 cm™!) at 780 nm enabled Raman imaging of hemo-
zoin within a functional erythrocyte. The unusual Raman en-
hancement has important implications for the intracellular
detection and monitoring of therapeutic agents that are
thought to target hemozoin formation.
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Fig. 1. Schematic representation of hematin, the monomeric precur-
sor of B-hematin.

2. Materials and methods

2.1. Malaria parasites

P. falciparum clone 3D7 [21] was maintained in continuous in vitro
culture using human red blood cells suspended in HEPES-buffered
RPMI 1640 supplemented with 0.5% AlbumaxII as previously de-
scribed [22] using standard procedures [23]. Cultures were used for
experiments when the majority of parasites were pigmented tropho-
zoites as assessed by examination of Giemsa-stained blood smears.

2.2. Erythrocyte preparation

A 20 pl aliquot of malaria-infected blood was diluted to 10 ml with
RPMI 1640 (pH 7.4) at 20°C. The cells were transferred to a 80 mm
diameter glass Petri dish previously coated with aluminum by evapo-
rative deposition to produce an 80 nm layer. The Petri dish was
further coated with poly-L-lysine and air-dried prior to the addition
of the suspension. The cells were allowed to settle (~ 10 min) before
spectra or images were recorded.

2.3. Macromolecules

Hematin was purchased from Sigma-Aldrich. 10 mg of the com-
pound was transferred to a 3 cm aluminum sputter-coated Petri dish
containing ~ 10 ml of phosphate-buffered saline (PBS) at 4°C. The
crystals were allowed to settle on the bottom prior to spectral acqui-
sition. Single crystals were targeted with the water immersion objec-
tive and the spectra recorded. For each spectrum, 10 scans were ac-
cumulated with a 10 s laser exposure time. Preparation of B-hematin
was achieved through the methods of Bohle et al. [24] and Egan et al.
[25] under standard conditions.

2.4. Raman microscopy

Raman spectra of normal and P. falciparum-infected red blood cells
were recorded on a Renishaw system 2000 using a 632.8 nm excitation
line from a helium—neon laser and 780 nm excitation line generated by
a diode laser. The system is equipped with a modified BH2-UMA
Olympus optical microscope and a Zeiss X 60 water immersion ob-
jective. Spectra were also recorded using the 488 nm and 514 nm
excitation lines generated by a Spectra Physics Ar™ Stabilite 2017 laser
system and also a 568 nm excitation line generated by a Spectra Phys-
ics Kr* Beamlock 2060 laser. In this configuration both lasers were
coupled to a Renishaw Raman 2000 spectrometer and interfaced to a
Leica Raman microscope using the same water immersion objective as
mentioned above. Power at the sample in all cases was 2+ 0.1 mW for
a 1-2 um laser spot size. Spectra were recorded between 1800 and 200
cm™! with a resolution of ~1-2 cm™!. For each spectrum five scans
were accumulated and the laser exposure for each scan was 10 s. The
laser exposure was interrupted between scans while the grating re-
positioned to its starting position because constant exposure resulted
in hemolysis and photodissociation.

2.5. Raman imaging

Raman images of malaria-infected erythrocytes were generated at
the late trophozoite stage using the 780 nm diode laser with a 120 s
laser exposure time. The image was collected by first calibrating the
position of v4 (1374 cm™!) by recording a filter spectrum of the he-
mozoin over the 1800-200 cm™! range. Images were recorded by
defocussing the laser approximately 15% to encapsulate the cell and
the scattered light was transmitted through a polarizer. A background
image was also recorded at 1800 cm™!, well away from all other
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bands, and this image was subtracted from the v4 image to minimize
the effects of fluorescence and to remove inconsistencies within the
laser spot.

3. Results

Raman spectra of hemoglobin and hemozoin in a P. falci-
parum-infected erythrocyte along with a spectrum of synthe-
sized B-hematin using 632.8 nm excitation are shown in Fig. 2.
The spectra of hemozoin and hemoglobin were recorded from
the same cell in RPMI 1640. The spectrum of B-hematin, syn-
thesized using several methods including a modified protocol
developed by Bohle et al. [2], was also recorded in PBS and is
essentially identical to the spectrum of hemozoin within the
cell, confirming the identical structure of these compounds
within functional erythrocytes. The spectrum is very similar
to the spectrum recorded by Bohle et al. [2] of B-hematin
using 647 nm excitation. Bands in the spectra of hemozoin
and hemoglobin at 632.8 nm mainly arise from porphyrin
vibrations with little or no contribution from protein, lipid,
carbohydrate and other macromolecules [18]. The spectrum of
hemozoin exhibits little interference from hemoglobin due to
the high concentration (20 mM) and the unusual band en-
hancement that characterizes the aggregated complex at long
excitation wavelengths. Bands in the 1650-1550 cm™' region
of hemoglobin are assigned to porphyrin C-C and C=C vi-
brations, when the Fe atom is in the low spin oxygenated state
[18]. Conversely hemozoin exhibits a band profile consistent
with a 5-coordinate high spin (S=5/2) heme complex with
strong bands at 1623, 1587, 1569 and 1551 cm™! which
have been previously assigned [26]. Bands between 1400 and
1300 cm™! are mainly associated with pyrrole in-phase breath-
ing vibrations with different phasing [27], the intensity of
which varies between hemoglobin and hemozoin. Bands at
1239 and 1220 cm™! assigned to C—H methine vibrations of
the porphyrin [27] appear at 1248 and 1224 cm™! in hemo-
globin. It is interesting to note the dramatic intensity of the
low wavenumber bands appearing at 402, 374, 344, 315 cm™!.
These bands also appear in hematin but are much less en-
hanced and slightly shifted. The bands are therefore assigned
to Fe—N stretching vibrations of the porphyrin moieties based
on their low wavenumber values and presence in all three
compounds. The band at 514 cm™! has been tentatively as-
signed to the Fe-O stretching vibration based on its absence
in hemin [2].

Fig. 3 depicts Raman spectra of hemozoin within intact
parasitized red blood cells for 488, 514, 568, 633 and 780 nm
excitation lines. Transmittance UV-visible spectrum of -he-
matin measured as a potassium bromide pellet shows the Soret
band at 406 and Q bands at 510, 538, 580 and 644 nm [2]. No
major electronic transition is observed at 780 nm, yet the most
dramatic band enhancement, relative to the normalization
band vyo (1623 cm™), occurs at this wavelength. In particular,
bands characteristic of totally symmetric Aj; modes including
1570, 1371, 795, 677 (v¢) and 344 cm™!, along with bands at
1552, 1220 and 755 ecm™! associated with Bi, modes, have
become dramatically enhanced. Bands in the 850-600 cm™!
region, which include out-of-plane modes and iron- ligand
modes, are also enhanced compared to the shorter excitation
wavelengths. Raman spectra of hemoglobin within the eryth-
rocyte at 780 nm exhibit poor signal-to-noise with a broad
shape baseline indicative of fluorescence.



B.R. Wood et al.IFEBS Letters 554 (2003) 247-252

&
© hemozoin
o

1551

(o)}
©
n
—

1122

1511
1339
1306

hemoglobin

<t
o™
(9]
=

[ | | |

1092
1001
974

249

822
798
712
680

1800 1600 1400 1200

1000

800 600 400

Raman shift (cm-1)

Fig. 2. Photomicrograph of P. falciparum-infected erythrocytes (late trophozoite stage) showing the food vacuoles containing hemozoin. The ar-
rows indicate the laser targets namely the food vacuole and the surrounding hemoglobin. The corresponding spectra are compared with synthe-

sized B-hematin.

Fig. 4 shows a photomicrograph of malaria-infected cell
in the late trophozoite phase and the corresponding 780 nm
excitation Raman image of the 1374 cm™' band showing
the food vacuole containing hemozoin. Due to the long ex-
citation wavelength and defocussed laser beam the cell does
not lyse during this exposure. The Raman spectra of 3-hema-
tin and hematin are also compared with the spectrum of he-
mozoin from the imaged cell. The spectra of hemozoin and
B-hematin are essentially identical at this wavelength. The
spectrum of hematin differs from the dimeric analogues
mainly in terms of band enhancement. In particular bands
at 1571, 1376, 1241-1240, 974, 944, 821, 796, 710, 678 cm™!

are dramatically enhanced in hemozoin and B-hematin com-
pared to hematin.

4. Discussion

The unusual enhancement from hemozoin, in combination
with the poor enhancement of hemoglobin at 780 nm, enables
Raman imaging of the pigment within the trophozoite. It is
suggested the extraordinary band enhancement observed in
hemozoin compared to hematin results from excitonic cou-
pling between porphyrin moieties in the extended array. The
exciton model is based on the quantum mechanical precept
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Fig. 3. Micro-Raman spectra recorded of hemozoin within the food vacuoles of P. falciparum trophozoites at different excitation wavelengths.
The asterisks highlight bands in the 780 nm spectrum that appear dramatically enhanced relative to vio (1623 cm™') compared to the other

wavelengths investigated.

that electronic energy is distributed throughout the aggregate
[28]. This arises because interactions between induced transi-
tion dipole moments form a superposition of states resulting
in an electronic band of states that enables the movement of
electrons throughout the aggregate [28]. Akins et al. [28] dem-
onstrated that the enhancement of Raman scattering is con-
comitant with the formation of aggregates for a variety of
N-protonated porphyrins [29-31]. They advanced the theory
of aggregated enhanced Raman scattering by incorporating
molecular excitonic concepts in a quantum theory analytical

expression for aggregated molecules. The enhancement of vi-
brational modes can be explained in terms of an increase-size
effect and near-resonance terms in the polarizability [28]. Ex-
citonic coupling will essentially split the electronic states into a
broad band of states with different geometries, energies, and
oscillator strengths. The Raman intensities for a particular
wavelength will then reflect the extent of the excitonic cou-
pling [19]. The hemozoin and B-hematin porphyrin array en-
ables delocalized electrons to migrate between porphyrins via
the propionate linkage. The polarizability ellipsoid of the he-
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Fig. 4. Photomicrograph and corresponding Raman image of the 1374 cm™' band clearly showing the parasite’s food vacuole along with spec-
tra of hemozoin, B-hematin and hematin all acquired using 780 nm excitation. The arrow highlights the totally symmetric mode v4 at 1374

cm

mozoin and B-hematin arrays would be much larger than
monomeric hematin, consequently the magnitude of the Ra-
man scattering for normal modes would be enhanced. In an
extended array, where the porphyrin multimers are linked
together by hydrogen bonds to form chains, the polarizability
ellipsoid could conceivably extend the length of chain. The
oscillatory field necessary to induce a dipole moment in this
extended array may require long excitation wavelengths thus
providing a plausible explanation for the extraordinary en-
hancement observed at 780 nm.

The formation of hemozoin appears to prevent heme tox-
icity to the parasite and is thought to be the primary target for
quinoline and non-iron porphyrin drugs [32]. The quinolines
are thought to ‘cap’ hemozoin formation by binding to the
heme through m-m stacking of the aromatic structures [9].
Other anti-malarials that accumulate in the food vacuole in-
clude the artemisinins, aryl-alcohol anti-malarials, and the
anti-malarial peroxides, which are thought to exert their ac-
tivity through the interaction with heme [9]. Such heme-drug
interactions could conceivably be monitored in the functional
red blood cell with this approach, either directly by detecting
Raman scattering from the drug in the food vacuole, or in-
directly by observing changes in the relative intensity of the
hemozoin bands. In the latter case such enhancement differ-

ences may reflect a reduction in excitonic coupling if the drug
of interest indeed ‘caps’ the formation of hemozoin. Studies
investigating the action of chloroquine on hemozoin forma-
tion in vitro are currently under way in our laboratory.
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