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Abstract—We report an absorption-based hyperspectral imag-
ing and analysis technique to resolve unique physicochemical char-
acteristics of subcellular substances in single erythrocytes. We con-
structed a microscope system installed with a spectral light engine
capable of controlling the spectral shape of the illumination light
by a digital micromirror device. The hyperspectral imaging sys-
tem and the sequential maximum angle convex cone algorithm
allow us to extract unique spectral signatures (i.e., endmembers)
for different types of hemoglobin, such as oxyhemoglobin, methe-
moglobin, and hemozoin, and scatter from cell membrane in single
erythrocytes. Further statistical endmember analysis, conducted
on the hyperspectral image data, provides the abundances of spe-
cific endmembers, which can be used to build intracellular maps of
the distribution of substances of interest. In addition, we perform
modeling based on Mie theory to explain the scattering signatures
as a function of scattering angle. The developed imaging and anal-
ysis technique enables label-free molecular imaging of endogenous
biomarkers in single erythrocytes in order to build oxymetric stan-
dards on a cellular level and ultimately for in vivo as well.

Index Terms—Absorption spectra of hemoglobin, endmember
analysis, erythrocyte (red blood cell), hyperspectral imaging, label-
free molecular imaging, scattering signature, sequential maximum
angle convex cone (SMACC) algorithm, spectral light engine.

I. INTRODUCTION

HYPERSPECTRAL imaging effectively employs broad-
band illumination and/or spectroscopic detection of pho-

tons after their interaction with specimens. Hyperspectral imag-
ing can be performed on varying levels of dimensional com-
plexity. The most common approach consists of spatial co-
ordinates (x, y) with a third coordinate in the spectral do-
main λ. The latter is generalized to refer to wavelengths at
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which either specimens are interrogated (e.g., λexcitation ) or
post-interrogating signals are analyzed (e.g., λemission ). Higher
order dimensional dataset or “cubes” can be constructed by
adding additional dimensions, such as the z-axis for confocal
fluorescence microscopy, and other spectral dimensions (e.g.,
λexcitation , λemission , λtransmission , λscattering ). Hyperspectral
imaging has been used in many biological and biomedical ap-
plications using bioluminescence or fluorescence, both in vitro
and in vivo [1]–[6]. For instance, in fluorescence microscopy,
spectral tuning of the optical components, such as excitation
and emission filters and detectors, is necessary to enhance sig-
nals against background autofluorescence [7] or against other
fluorophores to minimize the spectral overlap in the signal [8].
Recently, hyperspectral imaging of endogenous biomarkers has
been of increasing interest for a variety of applications. Exam-
ples include label-free imaging of chemical species in cells and
tissues [9], [10], optical spectroscopic biopsy of diseases [11],
and real-time in vivo monitoring of oxygenation states of tis-
sues and organs under a surgical procedure [12], [13]. However,
previous approaches have been limited either to fluorescence-
based systems or to macroscopic measurements. In this paper,
we construct a wide-field hyperspectral microscope and per-
form absorption-based hyperspectral imaging on single cells
using endogenous chromophores.

Erythrocytes or red blood cells are the most common type of
cells in the blood, and they are the principal oxygen carriers to
body tissues. Erythrocytes contain high concentrations of cyto-
plasmic hemoglobin (Hb), prominent solute and ion transport
systems, and deformable submembrane cytoskeleton networks,
allowing for the delivery of oxygen to tissues, and survive re-
peated passage through capillaries. Hb is an iron-containing
oxygen-carrying protein present in erythrocytes of all verte-
brates and in the tissues of some invertebrates. Hb in the pul-
monary vein is in an oxygenated state and transports oxygen
from lungs or gills to the tissues in the body. Oxyhemoglobin
(oxyHb) releases oxygen to the tissues to be converted to de-
oxyhemoglobin (deoxyHb) which collects carbon dioxide to be
exchanged with oxygen from the air or water. The absorption
spectra of oxyHb and deoxyHb are different and, therefore, have
been used as indicators to assess oxygenated states of tissues
and organs [2], [14]. OxyHb can be converted to methemoglobin
(metHb) after interactions with water molecules by releasing su-
peroxide as a by-product [15]. The iron in heme group of metHb
is in the ferric (Fe3+ ) state while that in oxyHb is in the ferrous
(Fe2+ ) state. MetHb is not capable of carrying oxygen and has
a different absorption spectrum from that of oxyHb. In normal
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Fig. 1. Schematic of the hyperspectral transmittance microscope.

human blood, 1–2% of Hb exists in the form of metHb and the
reduction of metHb depends on the reduced diphosphopyridine
nucleotide-dehydrogenase reduction system [16]. A higher per-
centage is found in individuals suffering methemoglobinemia
caused by a genetic disorder or exposure to certain chemicals.

Another form of Hb analyzed in this study is hemozoin
found in human erythrocytes infected by malaria parasites which
consume Hbs as a major nutrient source. Digestion of Hb
releases toxic-free heme (α-hematin, ferriprotoporphyrin IX)
which can be polymerized into β-hematin in the form of in-
soluble microcrystalline material called hemozoin or malaria
pigment [17]–[19]. The molecule consists of an unusual poly-
mer of hemes linked between the central ferric ion of one heme
and a carboxylate side-group oxygen of another. The hemes
are sequestered via this linkage into an insoluble product, pro-
viding a unique way for the malaria parasite to detoxify the
free heme. The spectral signatures of the hemozoin have been
studied by Fourier transform infrared [19] and Raman spec-
troscopy [20], [21].

In this study, we demonstrate that our absorption-based hyper-
spectral imaging system can spectrally resolve different types
of Hb in single erythrocytes. The hyperspectral microscope
system collects transmittance intensities of erythrocytes in the
(x, y, λillumination) 3-D data cube format. Then, we normalize
the intensities with a blank signal and convert the data cube
to have absorption intensities. A data analysis algorithm based
on spectral angle measurement extracts endmembers of unique
spectral signatures of different types of Hbs and other features
in single cells [22], [23]. In addition, a simple Mie scattering
model is considered to correct for attenuation due to wavelength-
dependent scattering effects.

II. METHODS

A. Hyperspectral Microscope Setup

The hyperspectral microscope setup, schematically shown in
Fig. 1, was constructed using a Zeiss Axiovert 100 inverted

Fig. 2. Comparison of the spectrally dependent excitation intensity as a func-
tion of wavelength before and after the adjustment of the excitation light inten-
sity by adjusting DMD arrays. The adjustment effectively normalized the light
intensity between 450 and 700 nm.

microscope.1 Details of design and analysis of the hyperspec-
tral microscope have been published elsewhere [24]. In brief,
a tunable light engine (OL490, Gooch and Housego, Orlando,
FL) was coupled to the microscope via a liquid light guide and
collimator. The collimator was attached in place of the bright
field or arc lamp housing. The objective focus was adjusted
by an MS-2000 stage controller (Applied Scientific Controller,
Eugene, OR). In contrast to previous work [24], the results pre-
sented in this paper were collected solely with a Zeiss 63×
achroplan objective lens in transmission mode. This objective
exhibits negligible changes (∼20 nm) in the focal position as a
function of the illumination wavelength (380–780 nm), elimi-
nating the need for chromatic aberration correction in the z-axis
during data collection.

A Hamamatsu ORCA2 charge coupled device (CCD)
(Hamamatsu Corporation, Japan) camera was used to collect
(x, y) transmission images at a wavelength (λillumination) tuned
by the light engine. The dynamic range of each image pixel of
the CCD camera was 16 bit with zero gain. For cell imaging, a
sequence of 61 images were collected corresponding to wave-
length segments of 5 nm from 400 to 700 nm. All instruments
were synchronized using a LabVIEW program (National Instru-
ments, Austin, TX), with the camera controlled via HCImage
(Hamamatsu Corporation, Japan). The bandwidth of the illu-
mination wavelength was experimentally determined to be ap-
proximately 10 nm [24]. The transmittance spectral profile of
the spectral light engine through a blank cover slip was ini-
tially measured by the ORCA2 camera and is shown in Fig. 2.
Since the light source, optics, and camera all exhibit spectrally
dependent properties (e.g., power, transmission, and sensitiv-
ity), a reference hyperspectral data cube was used to normalize
the intensity profile of the detected signal. This normalization
provides constant illumination intensity from 450 to 700 nm,
expanding the dynamic range in the measurement of absorption

1Certain commercial equipment, instruments, or materials are identified in
this paper. Such identification does not imply recommendation or endorsement
by the National Institute of Standards and Technology, nor does it imply that
the materials or equipment identified are necessarily the best available for the
purpose.
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coefficient of specimens in this wavelength range. The normal-
ized spectral profile was used to calculate the absorption spectra
of single cells.

The transmittance Tλ and the absorbance Aλ at each wave-
length are calculated by the following equations:

Tλ =
I − Idark

I0
(1)

Aλ = − log(Tλ) (2)

where I0 is the intensity of the incident light from the spectral
light engine, I is the intensity of the light collected by the ob-
jective, and Idark is the intensity of the stray light collected by
the objective.

B. Image Correction Processing to Remove Background Signal
From the Light Engine

The spectral profile of the illuminating light was controlled
by a digital micromirror device (DMD) array chip onto which
spectrally dispersed light was projected. A DMD chip consisted
of 1024 × 768 microscopic mirrors. The mirrors were individ-
ually addressable and rotate ±10◦ (i.e., total rotational angle
of 20◦) to “ON” or “OFF” state. In the ON state, the light
was reflected into the lens, and consequently, the corresponding
pixel contributed in illuminating the sample. In the mirror array,
each column corresponds to a narrow spectral bandwidth, and
the number of “ON” mirrors within this column determines the
intensity of that specific bandwidth. Ideally, in the OFF state,
the light is entirely directed away from the sample into a light
trap. However, in reality, there existed a nonnegligible amount
of stray light in the OFF state due to the reflection by mirrors
and other areas of the chip. Therefore, we acquired “dark” noise
images to subtract the background stray light from the original
images and, therefore, to correct the dataset both spatially and
spectrally. A dark noise image was collected with all the mirrors
in the “OFF” position. The corrected hyperspectral dataset was
further processed and analyzed using MATLAB (MathWorks,
Natick, MA), ImageJ, and ENVI (ITT Visual Information Solu-
tion, Boulder, CO).

C. Preparation of Hb Solutions and Erythrocytes

A Hb solution was prepared by dissolving human-derived
ferrous-stabilized Hb A0 (Sigma-Aldrich, St. Louis, MO) in 1×
phosphate-buffered saline at a concentration of 2 mg/mL. For
oxidization of the Hb solution, sodium nitrite (NaNO2) was
added to make a final concentration of 100 mM and incubated
for 30 min at 37 ◦C.

For the preparation of erythrocytes, O+ blood was pur-
chased from The Interstate Blood Bank and processed using
Sepa-cell R-500 leukocyte-reduction filter (Baxter, Deerfield,
IL). Erythrocytes were washed three times with RPMI1640
base media (Invitrogen, Carlsbad, CA) and stored at 4 ◦C un-
til used. Plasmodium falciparum (Pf) 3D7 line parasites were
grown in RPMI1640 media containing 25 mM HEPES pH.7.4
(Carbochem, EMD Chemicals, Inc. Gibbstown, NJ), 2 mg/mL
sodium carbonate (Invitrogen, Carlsbad, CA), 0.1 mM hypox-

anthine (Sigma-Aldrich, St. Louis, MO), 10 mg/L Gentam-
icin (Invitrogen, Carlsbad, CA), and 5 mg/L Albumax II (In-
vitrogen, Carlsbad, CA) at 5% hematocrit at 37 ◦C in a 5%
O2 , 5% CO2 , 90% N2 atmosphere. The culture with matured
trophozoite stage parasites was applied onto clean coverglasses
(18 × 18 mm, #1.5, Thomas Scientific, Swedesboro, NJ) coated
with collagen (Chrono-PAR, Chrono-log, Havertown, PA) and
fixed with 13.5 mg/mL dimethylsuberimidate (Sigma-Aldrich,
St. Louis, MO) in a 38.1 mg/mL sodium borate buffer containing
0.2 mg/mL MgCl2 using an established methods [25]. To accel-
erate Hb degradation from normal Hb to metHb, we treated
erythrocytes with 1 mM NaNO2 in HEPES buffered serine for
30 min at 37 ◦C [26]. After treatment, erythrocytes were washed
three times with HEPES and resuspended in RPMI1640 media.

D. Extraction of Spectral Endmembers From
Hyperspectral Cubes

In principle, a spectrum of multicomponent scene can be
described as a linear superposition of spectra of “pure” indi-
vidual substances called “endmember.” In this study, the ab-
sorption spectrum of a chemical component present in cells is
an endmember. In the presence of scattering, additional end-
member may be required to consider the wavelength-dependent
scattering contribution to measured transmission spectra. Here,
we extracted endmembers from hyperspectral dataset collected
from erythrocytes under different conditions. The endmember
spectra were then used as the reference spectra in measuring the
abundance of substances spatially in unknown scenes. The main
substances of interest in this study include oxyHb, metHb, and
hemozoin. The spectra of those substances are accompanied by
the inherent scatter and background.

The images for this study were evaluated using the sequen-
tial maximum angle convex cone (SMACC) algorithm using
ENVI image analysis software [22], [23]. SMACC extracts the
endmembers from the data cube without a priori knowledge of
absorption spectra of the pure substances. It searches for extreme
vectors, those that cannot be derived by a positive linear com-
bination of other vectors, sequentially. Each additional extreme
vector is selected by searching for the vector with the great-
est angle from the cone formed by the other selected vectors.
For each extreme vector which is identified as an endmember,
a grayscale abundance image is generated. The abundance im-
age shows the spatial relationship of the proportion of a given
endmember on a pixel-by-pixel basis.

The parameters for the SMACC analysis were selected to
return up to N endmembers (N = 3, 4, or 5 depending on the
sample), positive only by coalescing redundant endmembers at
a spectral angle mapper (SAM) coalesce value of 0.15 radians.
From this, a set of N eigenspectra and corresponding abundance
images were obtained. These eigenspectra were then recom-
bined as a linear combination in proportion to the grayscale
abundance images, resulting in a product that spectrally resem-
bles the original data cube. The net result is a data cube which
is intended to have the same level of spatial and spectral com-
plexity as the original.
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Fig. 3. Change in absorption spectra of Hb solution after treatment with
NaNO2 . The adjacent two characteristic peaks at 545 nm and 575 nm in Hb
solution disappeared after treatment. Also, the large peak at 415 nm slightly blue-
shifted after treatment. These spectral changes suggest that oxyHb is converted
to metHb by the oxidizing agent, NaNO2 .

III. RESULTS AND DISCUSSIONS

A. Absorption Spectra and Abundance Maps for OxyHb and
metHb in Erythrocytes

Prior to the analysis of single-cell images, we measured hy-
perspectral data cubes from bulk Hb solutions, either in the
absence or in the presence of an oxidizing agent NaNO2 . Ab-
sorption spectra of the Hb solutions are shown in Fig. 3. The
spectrum of the Hb solution shows three characteristic peaks of
the oxyHb at 415, 545, and 575 nm. Upon the addition of NaNO2
to the Hb solution, the characteristic peaks of the oxyHb between
525 and 575 nm disappeared. In addition, the peak observed at
415 nm in the Hb solution shifted to a lower wavelength and ab-
sorption at 630 nm increased significantly [15]. These spectrum
changes are unique characteristics of the metHb where the oxy-
gen molecules were effectively removed from Hb, as NaNO2
transformed the iron in the heme group from a ferrous (Fe2+ )
state to a nonoxygen-binding ferric (Fe3+ ) state.

A hyperspectral data cube of erythrocytes treated with NaNO2
was analyzed to directly obtain endmembers of oxyHb and
metHb. Fig. 4(a) shows an averaged image over the entire data
cube of the hyperspectral images achieved as the wavelength of
the transmission light is varied from 400 to 700 nm in 5 nm in-
crements. Upon treatment of the erythrocytes with NaNO2 , they
developed small protruded round features as shown in Fig. 4(a).
The morphological change in cell membrane was possibly in
response to a hypertonic environment of NaNO2 in the buffer.

The treatment with NaNO2 for a relatively short period of
time resulted in partial conversion of oxyHb to metHb, so we
could obtain mixed population of cells whose major form of Hb
is either oxyHb or metHb. We chose a pixel within 11 different
cells [numbered 1 to 11 in Fig. 4(a)] and analyzed their spec-
tral profiles. The profiles were classified into two absorption
spectra windows. Pixels chosen within cells from 1 to 6 showed
a typical oxyHb spectrum with two local maxima at 545 and
575 nm [black lines in Fig. 4(b)] while the others showed a typ-
ical metHb spectrum without them [red lines in Fig. 4(b)]. Two

reference spectra for oxyHb [#2 in Fig. 4(b)] and metHb [#7 in
Fig. 4(b)] were selected from these absorption spectra, and SAM
analyses were conducted to find the pixels matching each refer-
ence spectrum, and the results are shown in Fig. 4(c)–(h). SAM
compares every pixel in the scene to a reference spectrum. The
reference spectrum and each unknown pixel spectrum are con-
sidered as vectors and the angle between the two is determined.
A smaller value for an SAM result corresponds to a smaller an-
gle between the vectors and also a closer match. Since it is the
angle between the vectors being evaluated, this method is not
sensitive to variations in brightness. For the graphical represen-
tation in this paper, the darker color represents a closer match
between the reference and the unknown pixel.

The eigenstate abundance maps of oxyHb and metHb over the
entire spectral range of the measurement demonstrated cell-to-
cell variation as shown in Fig. 4(c) and (d), respectively. These
images also show that the abundance of each eigenstate was
reversed when the same cells are compared. This result qual-
itatively confirmed that the conversion from oxyHb to metHb
was underway. Interestingly, the reversal of the abundance ap-
peared to be more significant as the algorithm was applied only
for wavelengths 400–450 nm [see Fig. 4(e) and (f)], where the
metHb spectra were expected to show a blue-shift. This im-
plied that the peak shift in this wavelength range was a stronger
indicator to differentiate the eigenstate of metHb from that of
oxyHb. However, limiting the analysis within this wavelength
region can also be unfavorable because the abundance map con-
tains a strong forward-scattering signal at shorter wavelengths,
resulting in a strong signal around the edge of cells and any
topographic feature. Fig. 4(g) and (h) demonstrates that these
forward-scattering signals stand out in the cells where the eigen-
state abundance signals become comparable to or weaker than
the forward-scattering signal. In this paper, forward-scattering
contributions are addressed further with a simulation in a sub-
sequent section.

B. Endmember Extraction From Uninfected and Pf-Infected
Erythrocytes: oxyHb, Hemozoin, and Membrane Scattering

Our initial study on NaNO2 treated erythrocytes provided a
potential platform for generalized measurements and analyses
for erythrocytes containing more complex characteristic eigen-
states. To this end, Pf-infected erythrocytes were prepared and
mixed with uninfected erythrocytes to demonstrate the capa-
bility of separating infected erythrocytes from uninfected ery-
throcytes by hyperspectral imaging and analysis. With a priori
information on the regions of interest either in uninfected or in
infected erythrocytes, three characteristic eigenstate endmem-
bers were extracted from the (x, y, λ) dataset corresponding to
each region. Uninfected erythrocytes have biconcave shape and
contain no special feature while infected erythrocytes lose their
biconcave shape and contain hemozoin formed from Hb con-
sumption and heme biocrystallization by parasites. The absorp-
tion spectra extracted from the dark region [blue in Fig. 5(b)]
of the Pf-infected erythrocyte were in good agreement with the
results on isolated Pf-produced hemozoin spectra reported else-
where [27], validating the endmember extraction algorithm in
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Fig. 4. (a) Averaged intensity map calculated from all the absorption spectra of erythrocytes treated with NaNO2 . (b) Absorption spectral profiles from randomly
selected pixels within the cells. Each number corresponds to the pixel position in the image. The local maxima between 525 nm and 580 nm, which appear in cells
1 to 6, are unique characteristics of oxyHb. Absorption spectra in cells 7 to 11 do not show those maxima. These spectra were plotted by y-axis offset of 0.2 unit in
the absorbance value. (c) and (d) Spectral angle maps were calculated by the extracted spectra of #2 (for C) and #7 (for D), respectively, for the entire wavelength
range. (e) and (f) Spectral angle maps were calculated by applying the extracted spectra of #2 (for E) and #7 (for F), respectively, for the wavelength range of 400
to 700 nm. (g) and (h) Magnified views of the enclosed regions of (e) and (f), respectively.

this study. In addition, the absorption spectra extracted from a
region [red in Fig. 5(c)] of uninfected erythrocytes rich in oxyHb
exhibited typical absorption spectra of oxyHb molecules, which
further confirmed the validity of the algorithm.

While the assignment of these two endmembers correspond-
ing to the hemozoin and oxyHb were trivial, the origin of the
high intensity signal seen as a “halo” observed just outside the
perimeter of the cell [green region in Fig. 5(c)] is not clear.
The absorption spectra obtained from the “halo” [see Fig. 5(f)]
resembled that of metHb. However, the signal contributing to
the halo may be independent of the spectral characteristics of
the intracellular components because it is present outside of the
cell and its intensity and extension depended on the shape and
morphology of the cell. Therefore, it may imply that the spec-
tral signature was associated with the wavelength-dependent
scattering as the incoming illumination light was transmitted
through and scattered off the cell membrane.

C. Modeling of the Scattering Signal

The diameter of a single erythrocyte is about 7 μm, and the
thickness decreases from 2 to 1 μm, from the edge to the center
of the bioconcave-shaped cell, suggesting that the Mie scatter-
ing theory may be applied to explain the scattering intensity as
a function of scattering angle [28]. However, in Mie scattering
theory, the scattering intensity of a plane wave illuminating an
object with a size comparable or larger than the wavelength of
the light is solved at a distance much larger than the wavelength,
the so-called far-field zone. Therefore, the interpretation of the
scattering involving signal contrast in microscopy using Mie the-
ory is not trivial since the imaging plane in microscopy overlaps
with the volume of the scattering object. In microscopy, when a
focal volume passes through the field of a scattering object, the
collection of this scattered light depends on the spatial position
of the focal volume relative to the scatterer, the numerical aper-
ture which determines the range of collection angles, and the
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Fig. 5. (a) Averaged intensity map calculated from all the absorption spectra of the mixture of uninfected and Pf-infected erythrocytes. An infected cell in the
blue box, shown in panel (b), also contains a dark object, a heme crystal formed by malaria parasite inside the cytoplasm. An uninfected cell in the red box, shown
in panel (c), also shows typical bioconcave shape and appears dark due to the absorption by hemoglobin present in the cytoplasm. (b) Region of interest (colored
in blue) from which several absorption spectra from randomly selected pixel positions within the region are shown in panel (d). (c) Region of interest from which
several absorption spectra from randomly selected pixel positions within the red and green regions are shown in panels (e) and (f), respectively.

magnification of the signal onto the detector which determines
the solid angle collected by each pixel at the detector.

To estimate the scattering properties of a cell in microscopy
data, a simple ray-tracing model of the MiePlot simulation pack-
age [29] was applied to a 7-μm diameter sphere of refractive
index of 1.41 to mimic the Hb-filled erythrocyte cytoplasm [30].
The model includes the effects of surface reflection, wavelength-
dependent absorption of the scattering, and interference between
rays. In this model, a beam of light incident upon the surface of
the sphere is treated as a bundle of parallel rays that are reflected,
absorbed, and/or refracted by the sphere. Treating the incident
light at each wavelength as monochromatic coherent light, the
intensity of the light scattered in a particular direction depends
on the relative amplitudes of each ray and on the phase delay
caused by propagation paths through the sphere. The angle of
incidence θi is defined by

θi = 2i − 2 sin−1
(

sin i

n

)
+ (p − 1) · 180◦ (3)

where i is the angle of incidence defined between the field
propagating vector and the radial vector from the center to the
point of incidence of the ray on the surface, n is the refractive
index of the sphere, and p = 0, 1, and 2 correspond to external
reflection and diffraction off the surface of the sphere, direct
transmission through the sphere, and internal reflection within
the sphere, respectively.

Fig. 6 shows total scattering intensities of scattering angle ver-
sus wavelength for a plane wave transmitting through a 7 μm
diameter sphere with the refractive index of 1.41 in a sphere
model. Modeling the cell with a curved reflecting surface at the
interface between water (n = 1.33 at 20 ◦C) and the cell, the
scattering intensities superposed for p = 0, 1, and 2 or for p = 1
only are calculated and shown in Fig. 6(a) and (b), respectively.
The scattering intensity of the incident beam through the sphere
(for p = 1) may be used to estimate the wavelength-dependent
absorption by intracellular Hb. For clarity, Fig. 6(c) displays
scattering angle-dependent intensities for several wavelengths
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Fig. 6. (a) Total scattering intensity of scattering angle versus wavelength for a plane wave transmitting through a 7 μm diameter sphere with a refractive index
of 1.4. Contributions corresponding to external reflection, diffraction, direct transmission, internal reflections up to the second degree are summed. (b) With the
same parameters, total scattering intensity of scattering angle versus wavelength, the contribution corresponding to the direct transmission (p = 1) through the
sphere is calculated. (c) Total scattering intensities versus scattering angle at several different wavelengths. (d) Schematic diagram of the light-collection efficiency
according to the position of objective’s focal volume. (e) Calculated scattering intensities of light collected by an objective lens at several different wavelengths.
The scattering intensity is estimated by integrating the scattering signal falling within the collection solid angle of the objective and is plotted as a function of the
position of a focal plane, determined by the distance z from the center of a sphere. The inset shows the data points and the Gaussian fit of the wavelength-dependent
attenuation calculated from the scattering intensities for different wavelengths at z = 1.88 μm which is a experimentally estimated distance to the focal plane from
the center plane of the sphere.

of the incident light superposed for p = 0, 1, and 2 or for p =
1 only. From these angle-dependent scattering light intensities,
the scattering light intensity collected within the focal volume at
different sample coordinates was estimated. Fig. 6(d) describes
the collection of scattered photons into a light-collecting aper-
ture of a focal volume for an oil immersion objective (NA =
1.4, i.e., angular aperture of 67.5◦) that scanned along a vertical
line near the edge of the sphere. The effective solid angle within
which the scattered photons were collected into the focal vol-
ume was defined by the solid angle that overlapped only with the
angular aperture of the objective. As the focal volume moves
away from the substrate, this effective solid angle decreased,
resulting in the decreased intensity of scattered light collected
into the focal volume. The collected scattered light intensity as
a function of the position of a focal volume aperture at different
wavelengths is displayed in Fig. 6(e). In optical microscopy, the
depth of field is estimated by

d =
λ · n
NA2 +

n · e
M · NA

(4)

where λ is the wavelength of light, n is the refractive index of
the medium (1.515 for oil), NA (1.4) is the objective numeri-
cal aperture, e (≈0.3 μm) is the smallest distance that can be
resolved by a detector that is placed in the image plane of the ob-
jective, and M (60) is the lateral magnification of the objective.
Accordingly, d ≈ 0.77·λ = 0.39 μm for λ = 0.5 μm. Fig. 6(e)
shows that when the focal plane was adjusted within 1.95 μm
below the center of the sphere (which is a reasonable approxi-
mation for the imaged plane in focus), the collected scattering
intensity decreased as λ decreased with a resultant increase in
the calculated absorption signal for shorter wavelength light. For
instance, the wavelength-dependent scattering intensity at z =
1.89 μm showed that the intensities at λ < 500 nm was smaller
than those at longer wavelength to result in calculated absorp-
tion spectrum [inset in Fig. 6(e)] which resembled the absorption
spectra obtained from the “halo” region seen in Fig. 5(f).

In this study, the absorption by cytoplasmic Hb is not included
since the scattered signal for p = 1 which corresponds to direct
transmission of the light through the sphere falls outside the
angular aperture of the objective [see Fig. 6(c)]. However, for
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Fig. 7. Endmember extraction and their abundance maps. (a) Averaged in-
tensity map calculated from the data cube of the mixture of uninfected and
Pf-infected erythrocytes used for the endmember extraction. (b) Three most
distinctive endmembers for oxyHb, hemozoin, and membrane scattering were
extracted with the SMACC algorithm from regions with known morphologi-
cal information. Their abundance maps show the localization of each signature
spectrum and confirm that the endmember 1, 2, and 3 corresponds to hemozoin,
oxyHb, and scattering signature, respectively.

more precise analysis, this sphere model needs to be replaced
by a model using a biconcave erythrocyte shape, and the contri-
bution due to wavelength-dependent absorption by intracellular
Hb may not be negligible. On the other hand, the sphere model
in this study qualitatively describes the contribution of scatter-
ing signatures to the hyperspeactral data cube of erythrocytes.
Calculation based on biconcave erythrocyte shape is beyond the
scope of this study.

D. Automatic Endmember Extraction From Uninfected and
Pf-Infected Erythrocytes by the SMACC Algorithm

In the previous section, we extracted each eigenstate end-
member for oxyHb, hemozoin, and membrane scattering based
on the morphological information. Instead, here we applied
the SMACC algorithm to automatically extract the top three
dominant endmembers from a data cube of the entire image
of mixed uninfected and infected erythrocytes without a priori
information on the spatial distribution of hemozoin and oxyHb
[see Fig. 7(a)]. Fig. 7(b) displays three distinctive endmembers,
which are identified by the algorithm. It is noteworthy that the
spectral shapes of hemozoin, oxyHb, and scatter-induced ab-
sorption are recovered as endmember 1, 2, and 3, respectively,
confirming that the SMACC algorithm successfully extracted
the key absorption spectral features of major components in un-
infected and infected erythrocytes. For further validation, the
abundance of each endmember was calculated and is displayed
in Fig. 8(c)–(e) using endmember 1, 2, and 3, respectively. Com-
paring with Fig. 5, each abundance map matches to each se-
questered region of hemozoin, oxyHb, or scattering based on a
priori information on the localized distribution of each compo-
nent. These results demonstrate the validity of our algorithm to
localize the key elements of hemozoin and oxyHb in the mixture
of infected and uninfected erythrocytes.

To examine the general utility of our approach, we evaluated
the presence and the abundance of these elements in a different
image data cube of erythrocytes by applying the previously col-

Fig. 8. (a) Bright-field image of erythrocyte sample. A Pf-infected cell is
located on the top-right corner mixed with uninfected cells. Abundance maps
obtained with the endmembers for (b) hemozoin, (c) oxyHb, and (d) scattering
signature on a hyperspectral cube of mixed uninfected and infected erythrocytes.
The arrows indicate representative areas for each substance.

lected endmembers for hemozoin, oxyHb, and scattering signa-
ture [spectra shown in Fig. 7(b)]. Fig. 8(a) shows the averaged
intensity image for the data cube. The Pf-infected cell is dis-
tinguishable from other uninfected cells due to the hemozoin,
the crystallized heme formed from digested Hb by parasites.
Fig. 8(b) shows that the analysis successfully correlated the
hemozoin area that appears as a dark color in the abundance
map because the difference in spectral angle of the given area
to reference hemozoin spectrum is small. Likewise, other abun-
dance maps clearly showed signatures of oxyHb absorption in
uninfected erythrocytes and scattering as indicated by arrows in
Fig. 8(c) and (d), respectively.

IV. CONCLUSION

We have demonstrated the use of a hyperspectral micro-
scope to enable spectroscopic identification of the key biological
molecules, oxyHb and hemozoin, in uninfected and Pf-infected
erythrocytes. The identification of absorption spectra of these
endmembers was demonstrated and validated using SMACC
endmember extraction and abundance map calculation algo-
rithms applied to the hyperspectral data cube obtained from
samples where uninfected and Pf-infected erythrocytes coexist.
Further application of the hyperspectral imaging and algorithm
on a new set of mixed uninfected and Pf-infected erythrocytes
demonstrates the possibility of image-based pathology to screen
single Pf-infected cells in human blood sample for the early
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detection of malaria infection. This method may be applied to
a variety of diagnostics assays to screen blood-borne pathogens
at the early stage.
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