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1 Introduction

Malaria is a global disease, affecting tropical and sub-
tropical regions of Africa, Asia, and South and Central
America. It is transmitted through the bite of the Anophe-
les mosquito. Infected individuals have an acute fever,
chills, headache, and vomiting. The following are some
stark statistics about the disease: (1) close to a quarter bil-
lion individuals suffer from the disease at any given time,
(2) an estimated 781,000 individuals died from the disease
in 2009, (3) a child in Africa dies of the disease every 45
seconds, and (4) 20% of all childhood deaths in Africa are
caused by the disease [1].

To date there are limited methods for diagnosis of the
disease. The gold standard for malaria diagnosis is micros-
copy of Giemsa-stained blood smears. This approach in-
volves blood collection, slide preparation, and manual
counting of infected cells. Routine detection limits for
microscopy are approximately 50-100 parasites/uL [2,3].
Even with well-trained microscopists, false positives and
negatives can occur, leading to variability in diagnosis.
The requirements for training and equipment limit the ap-
plicability of this technique to reasonably resourced medi-
cal settings.

Molecular methods are suitable alternatives to micros-
copy. These include the rapid diagnostic tests (RDTs) for
malaria, which are based on the immunochromatographic
assay [4]. RDTs are based on the use of monoclonal anti-
bodies directed against malaria antigen. RDTs are by na-
ture qualitative, require some manual sample handling,
and require a cold chain for transport. Other methods for
malaria detection include the polymerase chain reaction
[5], fluorescence thin blood smears [6], and flow cytome-
try [7,8]. Unlike the RDTs, these other methods all require
specialised and costly equipment. At present, all these
approaches still require blood draws, which carry the risk
of blood-borne pathogen transmission.

The development of a malaria diagnostic test based on
malarial hemozoin (HZ) can take advantage of its biophys-

ical properties. Hemozoin is formed from the heme groups
released by the Plasmodium parasite upon digestion of
hemoglobin. B-haematin (BH) is the chemically synthe-
sised form of malarial hemozoin. It is identical to malarial
hemozoin, chemically, structurally, and spectroscopically
[9,10]. Both have the chemical composition of (Fe''-
protoporphyrin-I1X),, have identical X-ray diffraction pat-
terns [11], and have identical crystal structures [12]. Due
to the oxidation of iron from Fe** to Fe’*, hemozoin pos-
sesses paramagnetic properties. Furthermore, both have
identical Fourier transform infrared [10] and absorbance
spectra [13,14]. Their identical characteristics make them
interchangeable for studies.

Malarial hemozoin’s crystal properties have been stud-
ied. In particular, the crystal is birefringent [15]. When
light passes through the crystal, it is doubly refracted, re-
sulting in two rays. This property can be utilised to diag-
nose malaria via polarised light microscopy. Infected red
blood cells with hemozoin have unique scattering profiles
[16], which can be measured with dark-field microscopy
in conjunction with cross-polarisation imaging. Hemozoin
and infected red blood cells have unique light scattering
properties [17,18]. Elastic and backscattered light have
unique profiles for the infected cells. Refractive index
maps of infected red blood cells results in unique profiles,
in part due to the presence of hemozoin [19]. Light scatter-
ing and polarisation studies, however, have been focused
on thin smears of blood cells. The optical properties of
hemozoin in bulk solutions are less well studied.

Bulk solution studies are important because they are
done on size scales required for non-invasive detection,
such as across a finger or earlobe. Most notably, this in-
cludes monitoring the magnetically-induced dichroism of
malaria hemozoin using polarised light [20,21]. This ap-
proach utilises the Cotton-Mouton effect upon application
of an applied magnetic field and the orthogonal polarised
light for detection. This method has been utilised success-
fully with BH and HZ in solution and also blood samples
with lysed cells, but not on bulk, turbid solutions with in-
tact cells [22]. For these polarisation-based approaches,
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the challenge is accounting for rapid depolarisation of light
as it is transmitted through tissue and blood samples.

2 The idea

The idea behind our GCE grant (Round 4, 2010) was to
develop a non-invasive method for diagnosing malaria. In
order to do this, we sought to identify a novel optical prop-
erty of B-haematin that gives it a robust optical signature.
The optical signature needs to be readily detected with
light-emitting diodes (LEDs) and photodiodes, which are
compatible with low-cost operation in the developing
world. The product is envisioned to be similar to a com-
mercial fingertip pulse oximeter, which can be purchased
for $20 and can be utilised for thousands of tests with a
single battery.

We hypothesised that measurement of light attenuation
is a potential approach to detect malarial hemozoin. For
instance, light attenuation is utilised by conventional pulse
oximeters to measure heart rate and oxygen saturation.
Calculations based on the Beer-Lambert law suggest that
only high levels of hemozoin, greater than 5 pg/mL, are
detectable. These calculations, however, utilise the as-
sumption of non-turbid media. Light attenuation has dra-
matically different traits in blood, a turbid and highly scat-
tering media. It is conceivable that hemozoin in blood
would have unexpected attenuation traits. In this grant, we
sought to investigate the effects of BH in blood on light
attenuation. The presence of unique light signatures, espe-
cially detectable through light attenuation would allow for
the development of a simple LED-based method of malari-
al hemozoin detection, which can potentially be used as
the basis for non-invasive diagnosis, through finger detec-
tion.

3 Results

Here, using B-haematin, a chemically and spectroscopical-
ly identical form of hemozoin, we demonstrate that -
haematin in blood leads to larger than predicted light atten-
uation enhancement when compared to attenuation values
for blood or B-haematin alone. We discovered greater than
expected light attenuation when low concentrations of f-
haematin are mixed with blood. The attenuation is much
greater than the sum of the attenuations for BH and blood.
We term this phenomenon, “synergistic attenuation en-
hancement” (SAE), which allows for ultrasensitive detec-
tion of BH in human blood. This synergistic attenuation
enhancement is significant and measurable down to 6 pg/
mL of B-haematin, a concentration equivalent to a few
Plasmodium-infected erythrocytes per pL. This lower limit
of detection is 10° better than what may be suggested by
the Beer-Lambert law. Wavelength dependence is ob-
served, with the SAE effect greater at shorter wavelengths.
The effect is observed with both a conventional spectro-

photometer as well as a custom photodiode device that
utilizes an LED and two photodiodes. With both methods,
we demonstrate the SAE effect is present and significant
for detection of BH at levels required for malaria diagno-
sis. The data shows that ultrasensitive bulk detection of B-
haematin in blood is possible.

3.1 Synergistic attenuation enhancement
Conventionally, absorbance of light through a non-
scattering media is the sum of its constituent parts accord-
ing to the Beer-Lambert law, which states that the total
absorbance of the media is the sum of the individual ab-
sorbances. It is also well known that blood and other par-
ticulates have non-linear effects due to the effects of multi-
ple scattering centres based on their respective size and
refractive indices [22,23]. Thus for particulates, the total
attenuation is from the sum of its absorbance and scatter-
ing contributions. For blood it has been shown that optical
densities (ODs) for non-hemolysed blood are much differ-
ent than hemolysed blood at certain wavelengths [23,24].
It is possible, therefore, that introduction of another partic-
ulate into a blood suspension can lead to changes in multi-
ple scattering and measurable differences in OD. We per-
formed a series of experiments to assess the SAE effect by
spiking-in BH into blood.

In the first experiment, we characterised the light atten-
uation of BH and blood. To characterise the light attenua-
tion of a BH and blood mixture, we measured the attenua-
tion of a 4% hematocrit (Hct) blood sample and a titration
of BH separately and subsequently as a mixture. For the 4
mm path length cuvette, this hematocrit was utilised so
that measurements could be taken without saturating the
OD reading of the spectrophotometer. In later experi-
ments, we worked with whole blood and other blood con-
centrations. For this experiment, a frosted glass cuvette
was utilised to diffuse light similar to various finger mod-
els developed for pulse oximetry [25]. Clear cuvettes gave
similar results except that the frosted cuvettes increase the
baseline scattering of the system and do not change the
observed signal changes. The experiments were performed
with a commercial spectrophometer using a 645 nm wave-
length. The expected value, based on summation of the
attenuations, is from the BH titration in 1x phosphate buff-
ered saline (1x PBS) and the test blood sample. The ex-
pected versus the actual attenuation is shown in Fig. 1A.
The corresponding percentage light transmission %T is
plotted in Fig. 1B. The measurements for the expected
attenuation are the sum of the blank blood samples and the
BH titration in 1x PBS. The attenuation for the expected is
only measurable at greater than ~5 pg/mL of BH. In con-
trast, when BH is spiked into blood, there is a significant
attenuation enhancement. The lowest concentration tested,
6.7 pg/mL BH in blood was detectable with a p-value <
0.005 (Fig. 10).
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We performed visible wavelength attenuation spectral
measurements on BH in 1x PBS and also in blood. The
measurements for BH in 1x PBS are shown in Fig. 1D.
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Figure 1. Synergistic attenuation enhancement of f-haematin in
blood, measured with a conventional spectrophotometer. (A)
Attenuation (OD) at 645 nm versus B-haematin concentration
measured with a SpectraMax M2. B-haematin spiked into blood
gives rise to enhanced attenuation. Error bars = SEM, N = 3. The
red line is the actual signal whereas the black line is the expected
signal based on the extinction coefficient of BH. (B) Light trans-
mission versus B-haematin concentration. (C) p-value of differ-
ences between samples for OD versus [BH] graph. (D) Absorb-
ance spectra of oxygenated hemoglobin (HbO,), deoxygenated
hemoglobin (Hb) overlayed with B-haematin spectra. The BH
extinction coefficient (¢) is expressed with the concentration term
in pg/mL. HbO, and Hb spectra from http://omlc.ogi.edu/. (E)
OD and AOD versus wavelength of 0.67 pg/mL B-haematin in
blood. Error bars =+ SEM, N = 3. The black line is the spectra
prior to spike-in, the red line after spike-in with BH, and the blue
line the difference between the two spectra. (F) p-value versus A
of unpaired two-tailed #-tests between spectra.

The measurements show that BH has a small attenuation
peak at approximately 640 nm, consistent with previous
findings in the literature [26]. Other than this small peak
there are no significant distinguishing peaks. The spectrum
is shown with those from oxygenated and deoxygenated
hemoglobin. This peak is a unique feature for BH when
compared with spectra for hemoglobin. Based on its ex-
tinction coefficient this peak should be detectable at great-
er than ~5 ng/mL of BH. The equivalent percentage para-
sitemia may be estimated from the BH concentration and

depends on the parasite stage, tissue distribution, and free
hemozoin. Concentrations of BH at the ug/mL level most
likely correspond to the higher range of clinically observed
parasitemia levels (see Discussion). To assess the spectral
features of a spiked blood sample, we performed spectral
measurements of blood alone and blood with 670 ng/mL
BH (Fig. 1E). Without the SAE effect, we would expect
that at the measured concentration the difference between
the spiked blood sample and the original blood sample
would yield almost no difference at all the wavelengths
measured. Instead, we observed that the entire spectra
shifted up with the spiked sample. The AOD trace, which
measures the difference between the two spectra, shows
attenuation enhancement across wavelengths from 500 nm
to 1000 nm. The AOD varies with wavelength. For in-
stance, at 545 nm, AOD is 0.035 and at 645 nm, it is 0.021.
The magnitude of the measured AOD was lower than those
in Fig. 1A-C, which was likely due to the lower blood con-
centration (1% hematocrit) used to keep the spectropho-
tometer within range for the full spectra. The spectral re-
sults show that the SAE effect is greatest at blood’s most
strongly absorbing regions. There are two distinct peaks
between 500 and 600 nm, which are similar to those found
in HbO,. A small hump is seen at 630-640 nm, which
could be related to the BH peak. An increased effective
path length for light traveling through the blood/BH mix-
ture, such as in multiple scattering, can potentially account
for this observation. The p-value, as determined by an un-
paired two-tailed -test, between the two spectra is plotted
versus the wavelength (Fig. 1F). The majority of the dif-
ferences have p-values < 0.005, indicating high statistical
likelihood for a real difference between the spectra with
and without BH. The p-value for 545 and 645 nm, two
wavelengths utilised in our custom LED device, described
later, are 0.0044 and 0.00024, respectively.

3.2 Multiple wavelength
ments

spike-in experi-

Spike-in time course experiments were performed with
multiple wavelengths for 1% and 50% hematocrits. The
50% hematocrit was whole human blood. Based on the
spectral data, the SAE effect should be greater in the green
region than the red or infrared regions. The raw data from
each of the wavelengths for the 1% Hct experiments exhib-
it the SAE effect shortly after BH spike-in (Fig. 2A). Mul-
tiple data points were taken prior to the spike-in as a base-
line. Ratios of the wavelengths for 545 nm to the other
tested wavelengths exhibited an increase after the spike-in
(Fig. 2B). This indicates that the SAE effect is greater at
545 nm than the other red and infrared wavelengths. The
red to infrared ratios do not exhibit this increase (Fig. 2C).
These multiple wavelength time course experiments allow
us to verify the signal repeatability prior to the BH spike-
in. This allows verification that the blood samples are
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Figure 2. Time course spike-in experiments with f-haematin. (A) BH spiked-in to a final concentration of 0.67 pg/mL in 1% hemato-
crit. The time of spike-in is indicated on the graph by the vertical dashed line. Four different wavelengths are recorded versus time: 545,
645, 805, and 940 nm. (B) Ratiometric wavelength analysis of the BH spike-in time course experiment in (A). The wavelength A ratios
are shown for 545:645 nm, 545:805 nm, and 545:940 nm. (C) Ratiometric wavelength analysis of the time course experiment in (A) for
ratios of 645:805 nm, 645:940 nm, and 805:940 nm. (D) BH spiked-in to a final concentration of 0.67 pg/mL in whole human blood at
50% hematocrit. Data points taken at 5 min intervals and are shown for four wavelengths before and after spike-in. (E) Ratiometric
wavelength analysis of the time course experiment in (D) for ratios 545:645 nm, 545:805 nm, and 545:940 nm. (F) Ratiometric wave-
length analysis of the time course experiment in (D) for ratios 645:805 nm, 645:940 nm, and 805:940 nm. (G) Negative control spike-in
experiments of BH into 1x phosphate buffered saline (1x PBS) to a final BH concentration of 0.67 pg/mL. (H) Ratiometric wavelength
analysis of the time course experiment in (G) for ratios of 545:645 nm, 545:805 nm, and 545:940 nm. (I) Ratiometric wavelength analy-
sis of the time course experiment in (G) for ratios of 645:805 nm, 645:940 nm, and 805:940 nm. All error bars = SEM, N = 3.

equilibrated with room air and are not deoxygenating over
time. The experiments were repeated with whole human
blood at 50% hematocrit in a clear 0.25 mm path length
cuvette. The shorter path length was required in order to
remain within range on the spectrophotometer. The SAE
effect was observed for the whole blood experiments as
well. The raw data highlights the increase in signal upon
spike-in of the BH (Fig. 2D). The ratios of 545 nm to the
longer wavelengths exhibited an increase (Fig. 2E), where-

as the longer wavelength ratios were constant (Fig. 2F).
The multiple wavelength assessment is consistent with the
spectral characteristics of the SAE effect. The overall mag-
nitude of the A ratios, before and after spike-in, is greater
for 50% hematocrit than 1% hematocrit. This could be due
to the increase in scattering centres. Negative control ex-
periments were performed by spiking in BH into 1x PBS
instead of blood. The results of the time course are shown
in Fig. 2G. No observable differences in the measured OD
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were present before and after the spike-in. None of the A
ratios yielded any observable differences (Fig. 2H-I).
These experiments highlight the differences when BH is
spiked into saline versus blood.

3.3 90° light scattering studies

Previous work in the field has shown that infected red
blood cells and hemozoin have unique light scattering
properties [17,18,27,28]. In contrast with these studies,
which performed examinations on thin smear samples,
typically under a microscope coverslip, our light scattering
studies were performed on bulk, in cuvette solutions. We
examined light scattering at 90° to assess whether the in-
crease in OD is from increased scattered light. An increase
in light scattering would lead to an observed decrease in
attenuation. In our experiments, the incident beam was
directed to a frosted side of the cuvette with a 4 mm path
length and collected at 90° through a clear window. Data
was collected with 4% hematocrit blood and spiked with
BH to a final concentration of 670 ng/mL. A decrease in
scattered light is observed for 545 and 570 nm (Fig. 3A).
The light scattering does not change significantly before
and after spike-in for 645 nm and 805 nm (Fig. 3B). Simi-
lar to the attenuation measurements, the shorter wave-
lengths resulted in a greater change of signal than 645 or
805 nm. The results are analysed using a grouped analysis,
as shown in Fig. 3C-D for the various wavelengths as-
sessed. The values before the spike-in and after spike-in
are represented and their p-values calculated to determine
the presence of significant differences between the groups
using an unpaired #-test. For both the 545 and 570 nm
wavelengths there is a statistically significant difference
before and after BH spike-in (p< 0.0001). In contrast, the
longer wavelengths, 645 and 805 nm do not have statisti-
cally significant changes (p=0.1704, p=0.1829 respective-
ly). A similar type of group analysis was performed to
examine the various A ratios, which is shown in Fig. 3E-F.
The ratios 545:645 nm, 570:645 nm, and 570:805 nm re-
sulted in statistically significant differences (p=0.0003),
whereas the ratios 645:805 nm, 545:805 nm, and 545:570
nm resulted in no significant differences. Unlike the atten-
uation measurements, the 545:805 nm ratio did not result
in a significant change. This could be because light scat-
tering is a less sensitive method of measuring the SAE
effect. Overall, these results, like the attenuation measure-
ments, show wavelength dependence, with the 545 and
570 nm wavelengths exhibiting a greater change in signal
upon spike-in. The measured decrease in light scattering
gives further insight into the mechanism of the SAE effect.
For 0° and 90°, a greater amount of light is absorbed,
which could result from multiple scattering, resulting in a
longer effective path length required for light to travel
through the sample. Furthermore, it is differentiated from
resonance light scattering [29,30], which gives rise to

measurable increased 90° light scattering based on elec-
tronically coupled chromophore arrays.
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Figure 3. [-haematin spike-in 90° light scattering experiment.
(A) Time course of 90° light scattering measurements of BH
spiked into blood at 1% hematocrit. The final BH concentration
is 0.67 pg/mL. The vertical dashed line represents the time of BH
spike-in. The vertical axis represents arbitrary units (A.U.), or the
amount of scattered light as measured by the photomultiplier tube
on the SpectraMax M2. (B) 645 and 805 nm time course of 90°
light scattering measurements of BH spiked into blood. Measure-
ments performed concurrently with those shown in (A). (C)
Grouped plots of the data points before and after the spike-in for
the light scattering experiments. 545 and 570 nm are shown. The
p-value is calculated for each wavelength data set before and
after spike-in using an unpaired #-test. (D) Grouped plots for 645
and 805 nm before and after spike-in for the light scattering ex-
periments. (E) Grouped ratiometric wavelength analysis of the
experiment. The wavelength ratio 545:645 nm, 570:645 nm, and
570:805 nm are compared before and after the spike-in. The p--
values comparing before and after the spike-in are shown. (F)
Grouped ratiometric wavelength analysis for the ratios 645:805
nm, 545:805 nm, and 545:570 nm. The p--values comparing
before and after the spike-in are shown.
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3.4 Design of custom LED scanner for

measurements

Based on the SAE measurements, ratiometric measure-
ments of a green wavelength to a red or infrared wave-
length allow detection of BH in blood. We selected two
wavelength ranges for assessing the SAE effect, 540-550
nm and 640-650 nm. Any one of the other wavelength
pairs that gave a significant change could have been select-
ed. 545 nm is one of the isosbestic points of hemoglobin
and thus allows a suitable reference regardless of hemoglo-
bin oxygenation. 805 nm is another isosbestic point that
could be utilised, allowing for a ratio of two isosbestic
points as the measurement method. In our tests, since oxy-
genation was not varied, we could utilise any one of the
three wavelengths tested (645, 805, and 940 nm). We se-
lected 645 nm as the second wavelength since this allowed
us to use a single white LED as the illumination source.
Based on our results using conventional spectrophotome-
try, we reasoned that by electronically amplifying the light
transmission ratio between 540-550 nm and 640-650 nm,
the device could readily detect the presence of trace
amounts of BH in human blood due to the SAE effect.

3.5 LED scanner overview

We built a custom handheld reader for measuring light
transmission at two wavelengths. Figure 4A-B shows the
experimental apparatus utilised for the measurements. The
apparatus has a blackened cuvette insertion slot, batteries,
electronics, light-emitted diode (LED), photodiodes, fil-
ters, and data acquisition card. The device utilises a single
Ce’:YAG phosphor-based white LED for illumination.
This broadband source has a primary emission peak at 405
nm and a spectrum that goes to 750 nm. Colour filters for
green and red are placed in front of the photodiodes. The
output from the photodiodes is amplified via a two-stage
op amp circuit (Fig. 4C). Each stage is based on a low
drift, low power instrumentation amplifier. The total am-
plification between the two photodiodes is the product of
the gain from each stage and can be adjusted independent-
ly.
3.6 p-Haematin detection using LED scan-
ner

Cuvettes containing B-haematin and blood or with blood
alone were inserted into the reader and the voltage reading
from the two-stage amplifier obtained. Blackened cuvettes
with 1 cm path lengths and clear windows were utilised for
the experiment. 4% Hematocrit was utilised, a 1 in 10 dilu-
tion of whole blood, in 1x PBS. The dilution was required
to allow light to pass through to the photodiodes. This con-
centration is similar to the amount of blood contained in
human tissue, in which blood is 8% of the tissue volume.

A hematocrit of 50% would mean that 4% of the volume is
occupied with blood cells. At 4% hematocrit this allowed
us to approximate the light levels as would be through a 1
cm path length of human tissue. Figure 4D shows the raw
data from experiments at 500 ng/mL BH. The raw data
shows exchange of a normal sample with a spiked sample
in two different cuvettes. The results show blood and f-
haematin samples having different voltage readings. Dur-
ing the cuvette change large voltage changes are observed
since one photodiode is transiently blocked while the other
is fully exposed to the light. Upon insertion of the cuvette
the voltage reading correctly identifies the sample. We
estimated the minimum readout time to be 1-2 seconds.

0.0002% Equivalent Parasitemia
BH blood BH blood

v flv L vl

voltage (V)
I
S
=

46

time (s)

) L)
D. time (s) E.

No p-Hematin
46 p-Hematin Spike-In
blood || [blood | | blood | ploo 1410

I ' YAl -

time (s) F.

1xPBS Spike-In Controls

time (s)

Figure 4. B-haematin spike-in experiments performed in a cus-
tom-built LED device. (A) Photograph of the device with LED,
cuvette slot, batteries, PC board, and DAQ card. (B) Detailed
image of the OFS body comprising cuvette, cuvette holder, green
filter, red filter, photodiodes, and white LED. (C) Electrical cir-
cuit diagram of the two-stage difference amplifier. R1 = 1kQ, R2
=100 or 147Q. (D) Detection of f-haematin in human blood at
0.2% equivalent parasitemia levels. Calculation of equivalent
parasitemia level described in text. Voltage versus time data trace
with alternating blood and B-haematin cuvettes. The -haematin
reads at a more positive voltage. (E) Data trace for a different
sequence of cuvette loads showing detection of PB-haematin at
0.2% equivalent parasitemia levels. Experiments performed with
gain = 17k. (F) B-haematin spike-in at 0.0002% equivalent para-
sitemia. (G) Negative control with blood only in both cuvettes.
(H) Spike-in experiment of -haematin shows statistically signifi-
cant detection (p < 0.0001) from 0.0002% (0.0005 pg/mL) to
1.0% (2.5 pg/mL) equivalent parasitemia levels. Error bars +
SEM (N = 12-17). Experiments performed with gain = 17k. (I) 1x
PBS spike-in control experiment with 1x PBS only into blood.
No statistically significant differences in the spike-ins and blood
only (p = 0.5562 and p = 0.9851 for first and second spike-in,
respectively). Experiments performed with gain = 25k.
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The loading sequence was varied in different cases, which
had no effect on the correct identification of the f-
haematin sample (Fig. 4E). The equivalent parasitemia
level was calculated based on an estimation of 0.3 pg
hemozoin (HZ) per infected RBC [31-33]. The amount of
hemozoin depends on the parasite stage but we utilised this
number as the average. For 4.2x10° cells per pL, 0.4%
equivalent parasitemia corresponds to 5.0 ng HZ per mL.
Since we utilised 10-fold diluted whole human blood, we
utilised a B-haematin cuvette concentration of 0.5 pg/mL
to maintain the same relative concentration of -haematin
in red blood cells. A 1000-fold lower concentration sample
was tested under the same experimental conditions (Fig.
4F). Clear changes are observed between the 500 pg/mL
BH sample and the control blood sample. With a 0.3 pg
HZ/cell, this corresponds to a 0.0004% estimated para-
sitemia level. Controls with blood only in both cuvettes
were performed, showing equivalent signal levels for both
cuvettes (Fig. 4G).

3.7 Spike-in titration for LED scanner

The device’s detection capabilities were further examined
by spike-in titration experiments. A human blood sample
was split equally between two identical blackened cuvettes
with clear windows. These cuvettes were tested against
each other to rule out any differences in cuvettes and cu-
vette insertion. Increasing amounts of P-haematin were
added to one of the cuvettes and the difference measured
between that and blood only sample. Various sample con-
centrations, spanning 500 pg/mL (estimated to be 0.0004%
parasitemia at 0.3 pg HZ/infected cell) to 2.5 ug/mL
(estimated to be 2.0% parasitemia at 0.3 pg HZ/infected
cell) were assessed. The ratio of the first cuvette’s voltage
V, to the second cuvette’s voltage V, was utilised as a
normalised measure of the signal to correct for any voltage
drift. The results from the test are shown in Fig. 4H. All
tested concentrations of P-haematin were detected with
statistical significance of p< 0.0001 using an unpaired two-
tailed t-test. The V,/V, ratio was equivalent for 0.0004%,
0.004%, and 0.04%. The ratio followed a linear trend for
the higher concentrations. Negative spike-in controls with
I1x PBS only were assessed. These controls were per-
formed to rule out any differences from the addition of 1x
PBS and also to exclude the possibility that mixing of the
sample would lead to any detectable differences between
the two samples (Fig. 4I). From the 1x PBS spike-in con-
trols, no statistically significant (p=0.5562, 0.9851) differ-
ences between the spike-ins and the blood only samples.

4 Discussion

Based on the above results we developed a model for syn-
ergistic attenuation enhancement. -Haematin in blood
gives rise to an unexpected synergistic attenuation en-

hancement AOD when compared to attenuation values for
blood or B-haematin alone. Conventionally, absorbance of
light through a medium is the sum of its constituent parts.
In our measurements, we observe that the total attenuation
coefficient a, of our mixtures can be represented as the
following:

a, =a; +a; + a; £ 1

where a; is attenuation coefficient of f-haematin, a, is the
coefficient blood, and a; is the synergistic attenuation co-
efficient for both together. This AOD varies with wave-
length, is statistically significant, and likely due to multiple
scattering between B-haematin and blood. Multiple scat-
tering arises when a photon travels through a turbid media
and it encounters more than one scattering centre. The
presence of BH in blood increases the number of scattering
centres (Fig. 5A) and thus the amount of multiple scatter-
ing.

For blood and B-haematin alone, their attenuation coef-
ficient is the sum of both scattering and absorbing compo-
nents. Written individually for B-haematin, this is as fol-
lows:

oy =y, +a
1 1ia 1z Eq. 2

where a;, is the attenuation component due to absorption
and ay is due to light scattering. For a suspension of BH
and blood, this equation is represented as:

e, = @y, Ty, +a,, +a,, +ag
Eq. 3

where a; is the coefficient for synergistic attenuation en-
hancement AOD. The presence of a; effectively decreases
the probability pthat an incident photon can have a free
path / passing through the media.

h _ -
p=f=est
q.

where /; is the intensity at a distance / from the location
where the beam enters the medium and /, the incident in-
tensity [34]. The light transmission through the sample is:

—pl

I'=—=¢g

I
I
¢ Eq.5

where [ is equal to /;. Equations to this point assume that
is completely isotropic so that its g, the anisotropy factor,
is equal to zero. This is a reasonable assumption because
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while individual BH crystals are anisotropic, their net ori-
entation in solution is random in the absence of external
forces.

Using our understanding of a, and our experimental
results, we developed a model of our custom reader. Our
devices measures the ratio of light intensity on both detec-
tors, expressed as:

Bas _ goTtlses) HEe(eas) ]
"!-545-

Eq. 6

where 4 is the equal to the ratio of the incident intensities,
Lyisa5y/Tos45), which can be determined from the spectra of
the LED light source. Is,s is the intensity at the first detec-
tor with a 540-550 nm bandpass filter and the Ig45 is the
intensity at the second detector with 640-650 nm bandpass
filter. o, can be estimated for each of the wavelength rang-
es since the attenuation for blood and BH were measured
independently and o can be estimated from the measured
AODs. The light on each detector is converted into voltage
based on the photodiode responsiveness, op amp electron-
ics, and system noise.

blood only

ol @ o ———
0.95
RBC 2“‘ X
> 0.90. X actual
blood + BH : — « (0.018, 0.023)
N — «(0,0)
T T o o J
0.001 0.01 0.1 1 10
P N [ B-hematin (pg/mL)
A. B.

Figure 5. Possible mechanism and model of synergistic attenua-
tion enhancement of BH in blood. (A) Multiple scattering of light
in blood in the absence and presence of BH. BH, a highly scatter-
ing crystal, increases the amount of multiple scattering in the
mixture. (B) Mathematical model of the SAE effect. The red line,
az (0, 0), shows the expected result of V,/V, without the SAE
effect. The blue line shows the SAE effect utilizing values o
(0.018, 0.023). 03 (645 nm, 545 nm) = o3 at 645 nm and 545 nm
wavelengths, respectively.

In Fig. 5B, plots with and without a; are compared
with the actual data. In the absence of synergistic attenua-
tion enhancement, the voltage ratio V;/V, is asymptotic
with 1 as the BH concentration decreases. In the experi-
mental data, V;/V, approaches 0.96. This can be accounted
for by incorporating a; (645 nm) = 0.018 and a; (545 nm)
= 0.023. These values and their relative ratios are con-
sistent with the spike-in experiments performed using con-
ventional spectrophometry (Fig. 1B) and also our LED
device (Fig. 4H). Both the experiments and the model sug-
gest that once a particular concentration of BH is reached

in blood, a; accounts for a consistent increase in light at-
tenuation. Once the concentration of BH reaches approxi-
mately 5 pg/mL, attenuation due to its measured extinction
dominate.

Our observation is consistent with total optical density
OD,,; = ODy..; + OD s, where OD.,; is the measure of the
coherent and incoherent scattering and OD,,; is the absorp-
tion [35], which is linear with respect to hematocrit and
BH concentration. Our observed 40D is a direct contribu-
tion from the scattering contribution, which is dependent
on photodiode aperture, particle size, particle composition,
wavelength, cell refractive index, and plasma refractive
index [36,37].

5 Conclusions

Here, we describe data showing the presence of BH in
blood leads to synergistic attenuation enhancement. This is
observed down to pg/mL concentrations of BH. Based on
calculations of the extinction of BH, at least 10°-fold great-
er concentrations of BH are required for detection. This
enhancement in attenuation is due to synergistic effects
with blood. The presence of the SAE effect with BH in
blood means that light transmission through a bulk solu-
tion can be utilised to detect the presence of malarial BH.
The presence of the SAE effect was verified using an LED
-based custom scanner, consisting of components typically
found in a pulse oximeter. The experimental results agree
with a model for SAE.

While work needs to be done on exploring the basis for
the SAE effect, the unique scattering characteristics of BH
and HZ are likely contributory. These crystals are polydis-
perse, birefringent, and are between 300500 nm in length
and 50-150 nm in width [38]. For solutions of BH and HZ
without blood, the Mie solution to Maxwell’s equations
can be applied to the observed scattering and to distinguish
stages of extracted parasites [17,18,39]. Based on refrac-
tive index maps of Plasmodium falciparum [20], HZ has a
greater index of refraction than erythrocyte contents and its
hemoglobin. The optical properties of HZ lead to unique
light scattering properties, which have been measured us-
ing elastic scattering methods[17] and studied via com-
bined dark-field and cross polarisation imaging [27]. These
scattering studies have been largely performed on blood
smears, which is different than bulk solutions.

In bulk samples, there are more blood cells, thus more
scattering centres, and increasing the odds of multiple scat-
tering. Multiple scattering can increase the effective path
length of light travelled through the sample and lead to
increased attenuation as observed for both orthogonal di-
rections. Based on Twersky’s analytical multiple scattering
theory of biological suspensions [37], multiple scattering is
based on particle size, wavelength, plasma refractive in-
dex, and cell refractive index. In our test system, the BH
crystals have different sizes and refractive indices than
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blood cells. Whether or not these changes are sufficient to
explain the SAE effect remains to be studied. Although
BH crystals are scattering centres, there is no net observed
increase in light scattering at 90° because it is likely light
is absorbed by neighbouring red blood cells, which is
based on the absorbance spectra of the blood cells. When
compared with the expected detection sensitivity of BH in
blood, there is a 10°-fold enhancement of the attenuation.
The magnitude of this effect is dependent on the concen-
tration of blood. The greater the blood concentration, the
greater the effect, based on comparison of the mass attenu-
ation coefficient for BH in 1% Hct diluted blood, BH in
50% Hct whole blood, and various analyses of A ratios. An
increasing concentration of blood leads to a greater num-
ber of scattering and absorbing centres. Confounding fac-
tors to the SAE have been ruled out. This includes oxygen-
ation changes upon hemozoin addition. In the metabolism
of hemoglobin to hemozoin, Fe-*" is reduced to Fe**,
which cannot bind oxygen [31]. Also, the purity of the BH
samples was verified by FTIR (Supplemental data). Com-
plete blood count measurements before and after spike-in
show no changes, ruling out platelet aggregation and any
other cell-level changes (Supplemental data). In all our
time course experiments the SAE effect reaches a maxi-
mum after a timescale of minutes. At present, possible
explanations include equilibration of the BH with the
blood sample, binding of the BH to the cells, internalisa-
tion of the BH by cells, or surface adsorption to the cu-
vette. To rule out localisation of BH in cells, we performed
polarised microscopy on mixtures of blood and BH, which
yielded no obvious areas of localisation (data not shown).
Our BH spike-in experiments and BH titration in 1x PBS
rule out the SAE effect arising from surface adsorption of
BH to the walls of the cuvette (Fig. 2G-I, Supplemental
data).

The high sensitivity of our method likely corresponds
to a low parasitemia level. Of the ~ 1.8 fmol of Fe(II)PPIX
in a blood cell 25-30% is converted to hemozoin, which
corresponds to 0.3 pg HZ/RBC for an estimation of para-
sitemia [31-33]. At the lowest tested BH concentration of 6
pg/mL, this is 20 infected cells/mL. This corresponds to
0.020 infected cells/uL. We typically utilised 10-fold dilut-
ed blood for our experiments so this would correspond to
0.2 infected cells/uL in a whole blood sample. This value
is well below the WHO recommended 100 parasites/pL.
The estimation of hemozoin per infected RBC varies based
on the parasite stage and likely varies between individuals
and the progression of the disease. The ring, trophozoite,
schizont, and gametocyte stages all contain hemozoin,
although in different amounts. This has been explored re-
cently in an article using depolarised side scatter to quanti-
fy the amount of hemozoin in peripheral blood of infected
individuals versus cell culture [40]. For instance, the pig-
mented trophozoite stage has a higher hemozoin concen-
tration than the ring stage. This paper raised the concern

that most circulating intra-erythrocytic P. falciparum con-
tain little or no hemozoin. The trophozoites and schizonts,
however, can remain bound to endothelial cells in the cir-
culatory system to account for the differences between
malaria culture and extracted blood from infected patients.
Free hemozoin has also been measured in plasma; for in-
stance, high plasma hemozoin has been shown to suppress
erythropoiesis [41]. The total hemozoin concentration is
thus the sum of the content inside infected peripheral
blood cells, infected sequestered blood cells, and plasma
hemozoin, which requires further study. A non-invasive
detection method would interrogate all hemozoin in the
tissue, regardless of sequestration, and thus would offer
advantages over methods that require interrogation of
hemozoin in blood obtained by fingerstick or venipuncture
[42-48].

The findings here are consistent with a minimally inva-
sive diagnostic method. One approach for minimal inva-
sive diagnosis is ratiometric wavelength analysis of trace
amounts hemozoin in a small drop of blood although this
would be subject to sequestration issues previously dis-
cussed. Another approach is non-invasive detection. For
this, there are several considerations. The scattering from
tissues may have additional effects on SAE. Light penetra-
tion through the skin also needs to be considered. The
wavelengths 645, 805, or 940 nm are similar to those uti-
lised in pulse oximetry. The 540-550 nm range requires a
shorter path length, such as the tip of the finger or earlobe.
The effects of melanin are unlikely to impact the device
since it is not strongly absorbing at our wavelengths. The
addition of tissue, integument, blood vessels, and bone
adds additional baseline attenuation to the signal such that:

a, =a, +a,+a;+a, Eq.7

where «, is the attenuation coefficient of BH, a, is the co-
efficient of blood, a3 is the SAE coefficient, and a4 is the
tissue coefficient. In our experiments, we observed the
SAE effect with and without frosted glass windows on the
cuvette. The frosted glass is an analog for a4. While this is
the case work needs to be performed on actual tissue.
Based on analogous spectral [26] and structural studies
[12] of B-haematin to hemozoin, our experiments present-
ed are directly applicable to the detection of hemozoin
released extracellularly with ruptured schizonts in the
erythrocytic cycles. Additional work is needed to study the
optical effects of intracellular hemozoin. Different species
of Plasmodium have demonstrated differences in hemozo-
in morphology [38], which may lead to different AOD
changes. Plasmodium is not the only organism that synthe-
sizes hemozoin. For instance, Schistosoma mansoni syn-
thesises a similar heme polymer [49]. A diagnostic ap-
proach using SAE needs to be performed in context of the
potential sources of hemozoin and the overall clinical pic-
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ture. In order for a minimally-invasive device to be practi-
cal, it also needs to account for blood oxygenation, which
can be confounded by conditions such as methemoglo-
binemia [50]. For cost-effectiveness, the device needs to
utilise mass produced components, such as photodiodes
and LEDs.

6 Future Perspectives

The next steps in our research include building and testing
a LED scanner on Plasmodium infected samples and tissue
-based samples. Multiple areas need to be addressed in-
cluding further work on the mechanism of the SAE effect
and implementation in actual clinical settings. Our GCE
grant catalysed this new effort and research area.
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Annex: Materials and Methods

p-haematin synthesis: We utilised a protocol previously
described in the literature [51-53]. The P-haematin was
synthesised by a contract chemical synthesis company
(AsisChem, IN). In brief, a solution of haemin (0.2 g,
0.31 mmol) was heated to 37°C in 0.4M NaOH aqueous
(12.6 mL) and water (11.2 mL). Glacial acetic acid was
added drop-wise (12.2 mL) and the resulting solution was
stirred at 37°C for 2 hours. The reaction mixture was al-
lowed to cool to room temperature and the resulting pre-
cipitate was washed exhaustively with distilled water,
DMSO, and ethanol. The material was dried to give 150
mg of B-haematin. The product was confirmed by FTIR
for a characteristic 1662.5 cm™ peak. The absorbance
spectra of B-haematin was measured at 50 pug/mL in 1x
phosphate buffered saline (PBS) using a Spectramax M2
(Molecular Devices, CA).

Spectroscopy: All spectroscopic measurements were per-
formed with a commercial combination cuvette and mi-
croplate reader (SpectraMax M2, Molecular Devices,
CA). The device was warmed up for at least 15 minutes
prior to each use. Quartz cuvettes (Starna, CA) with path
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lengths of 10 mm and 4 mm were utilised. Various combi-
nations of frosted and clear cuvettes were utilised. The
cuvettes were rinsed with 1x PBS and air-dried prior to
use. Special care was taken to ensure that all glass surfac-
es were clean prior to measurements. This was done by
rinsing the inside and outside of the cuvettes with ethanol
followed by three dH,O washes. The cuvettes were air-
dried prior to use. Spike-in and titration experiments were
performed to ensure that measurements were taken with
the same cuvette in an identical orientation. The absolute
optical densities (OD) of the measurements were recorded
using Softmax Pro software (Molecular Devices, CA).
Anonymous human blood samples with K,EDTA as an
anticoagulant were purchased from Innovative Research
(Novi, MI). Blood was equilibrated to room air and tem-
perature for an hour prior to the experiments. Blood dilu-
tions were performed with 1x PBS with 5.5 mM
K,EDTA. For the time course experiments, data points
were taken at timed intervals, in sets of three data points.
For each spike-in, the sample was mixed with a 1 mL pi-
pette up and down to avoid incorporation of any air bub-
bles. The BH samples utilised were either synthesised or
purchased (Invivogen, CA). BH stock concentrations were
made by sonicating 1 mg of crystal in 1 mL of 1x PBS for
8 hours at 37°C. The result was a dark suspension of BH
crystals. Samples were vortexed vigorously prior to use.
Sample titrations were obtained from these stock solu-
tions. p-Values for the experiments were performed with
GraphPad Prism (GraphPad Software, CA) using an un-
paired t-test. Data was plotted with GraphPad Prism or
MS Excel.

Light scattering experiments: 90° scattering experi-
ments were performed using the SpectraMax M2 by set-
ting the excitation wavelength equal to the emission
wavelength and using the photomultiplier tube orthogonal
to the excitation source. The cuvette was taped off using
black photographic tape (3M, MN) to prevent detector
saturation and also effect of bubbles near the top of the
cuvette. A small, square-shaped hole was cut in the tape
and utilised as the aperture for the excitation source. The
centre of the hole was 0.65 inches from the bottom of the
cuvette to match the location of the excitation source. A
similar exit aperture was placed in front of the PMT to
prevent detector saturation. Data was acquired at defined
time intervals, in sets of three data points. Blood and BH
samples are identical to the attenuation experiments. Sam-
ples were periodically mixed by pipetting up and down to
prevent settling. The BH spike-in was performed in an
identical manner to the attenuation experiments. Triplicate
measurements were performed for each data point. Data
collection was done with Softmax Pro and analysed with
GraphPad Prism and MS Excel.

LED scanner custom apparatus: The main body of the
optical finger scanner hardware comprises a 6000 med 3
mm white LED with a 20 degree viewing angle (FCB
Electronics, MI), two PDB-C609-2 large area blue en-
hanced silicon photodiodes (Advanced Photonix, MI), a
540-550 nm bandpass 3™ Millennium filter (Omega Fil-
ters, VT), a 640-650 nm bandpass 3™ Millennium filter,
and a self-masking semi-micro blackened cuvette (Starna,
CA). The optomechanical enclosure was printed in a pho-
toplastic using a VFlash 3D modeler (3D Systems, SC).
The output from each photodiode is connected to an input
terminal of an AD620 instrumentation op amp for differ-
ential amplification. The first amplification stage has
50.4x gain. The output from the first op amp is amplified
by a second AD620 for a total of greater than 10° signal
amplification. The instrumentation op amps are powered
by two 9V batteries in series, with the 9V connection
point serving as the virtual ground. The LED is separately
powered by two AAA batteries. The LED is digitally con-
trolled by a transistor and its intensity adjusted by a 100Q
CT6ERI101 trimmer. The amplified voltage output is con-
verted to a digital signal by a NI-6008 USB 2.0 data ac-
quisition (DAQ) card (National Instruments, TX) connect-
ed to a Toshiba Portege R835 with an Intel Core i3 pro-
cessor running LabVIEW 2009 Professional. Custom Lab-
VIEW software was utilised to collect and save the data.
For data analysis, digital filtering with a low pass filter at
1 Hz was utilised to remove high frequency noise. Data
was averaged over 1 second for each condition.

LED scanner spike-in experiments: The synthesised f3-
haematin, in powder form, was resuspended in 1x PBS to
a final concentration of 1 mg/mL. The suspension was
sonicated at 37°C for 8 hrs until there were no visible par-
ticulates. BH was serially diluted 10-fold for the various
titration points. Anonymous whole human blood samples
(Innovative Research, MI) were obtained for testing in
K,EDTA BD Vacutainer tubes. 1.5 mL of 4% Hct human
blood (v/v) in 1x PBS was pipetted into identical self-
masking blackened semi-micro cuvettes with 1 cm path
lengths (Starna, CA). The lower blood concentration was
utilised to approximate the transmission of light through a
finger. To control for any cuvette or insertion differences,
two blank samples with blood only were measured se-
quentially and the voltage level recorded. Increasing con-
centrations of f-haematin was spiked into one of the cu-
vettes and the measurement protocol repeated. Special
care was taken to avoid blood settling in the tube by in-
verting the tubes frequently. Stray light was avoided by
performing the experiments in the dark and blocking any
sources of light.

Data analysis for LED scanner experiments: A custom
LabVIEW programme was utilised to analyse the raw
data. Data over 1s was averaged to obtain a voltage meas-
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urement for each cuvette reading. For measurements at a
given concentration, the voltage difference between the f3-
haematin and the blood only samples were recorded. The
mean, standard deviation (SD), and standard error of the
mean (SEM) of these voltage differences were tabulated.
The p-values of the measurements were determined using
an unpaired two-tailed t-test between the blanks and the
spike-in titrations. The level of estimated parasitemia was
determined from the ratio of B-haematin to blood cells.
This approach ensured a fixed amount of BH per red
blood cell (RBC) for parasitemia calculations. Error prop-
agation performed using conventionally accepted tech-
niques and statistics were performed with GraphPad
(GraphPad Software, CA) and MS Excel.
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