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Abstract. Raman spectroscopy was performed on optically trapped red blood cells (RBCs) from blood samples of
healthy volunteers (h-RBCs) and from patients suffering from P. vivax infection (m-RBCs). A significant fraction of
m-RBCs produced Raman spectra with altered characteristics relative to h-RBCs. The observed spectral changes
suggest a reduced oxygen-affinity or right shifting of the oxygen-dissociation curve for the intracellular hemoglobin
in a significant fraction of m-RBCs with respect to its normal functional state. C©2011 Society of Photo-Optical Instrumentation
Engineers (SPIE). [DOI: 10.1117/1.3600011]
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1 Introduction
Malaria is often associated with the development of a severe
anemic condition in patients, which causes more than half of
the mortality resulting from the disease.1 The pathogenesis of
malarial anemia is complex and not well understood. Since the
destruction of the parasitized red blood cells (p-RBCs) can only
account for less than 10% of the overall red blood cell (RBC)
loss in malaria patients,2, 3 the accelerated destruction of the
nonparasitized RBCs (np-RBCs) is believed to be the primary
cause behind development of the severe anemic condition in pa-
tients. The reduced deformability of np-RBCs,4–12 which may
lead to failure in passing through splenic clearance or phago-
cytosis by spleen cells due to biochemical changes induced by
parasite metabolites,2 are some of the factors that could trigger
early removal of np-RBCs in malaria patients. Apart from the
accelerated destruction of np-RBCs, other factors like dysery-
thropoiesis or ineffective erythropoiesis, reduced hemoglobin-
oxygen affinity or disturbed metabolic pathways in RBCs may
also contribute to the development of malarial anemia and the
associated hypoxia condition. Further studies on np-RBCs are
therefore required to get answers to these questions.

Spectroscopic techniques and in particular Raman scattering
has been found to be useful for investigating RBCs in malaria
infected blood samples. For example, the use of confocal
Raman spectroscopy could shed new lights on the electronic
structure of hemozoin, a by-product of hemoglobin (Hb)
catabolization by the malaria parasite and also an important
target site for anti-malarial drugs.13, 14 Significant differences in
Raman spectra have been reported for p-RBC and np-RBC in
continuous in-vitro culture.15, 16 Therefore, Raman spectroscopy
may help in understanding the altered properties of RBCs
in malaria patients (m-RBCs). Raman optical tweezers17, 18

are particularly appropriate for probing subtle changes in
m-RBCs as acquisition of Raman spectrum from RBC optically
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trapped in buffer media helps avoid perturbations arising due
to the immobilization of the cells on substrate.19 Further, as
optical tweezers can trap objects away from cover glass surface,
background from the substrate/immersion medium can be effec-
tively reduced compared to typical Raman micro-spectroscopy
measurements leading to an improvement in the signal to noise
ratio (SNR) of the Raman spectra.

Here, we report a Raman spectroscopy study of m-RBCs col-
lected from patients suffering from the P. vivax infection, using
Raman optical tweezers. The results show marked differences in
the Raman spectra of a significant fraction (∼30%) of m-RBCs
relative to their normal counterpart (h-RBC). These changes
are consistent with the possibility that the m-RBCs were in-
completely oxygenated, even when they were kept in ambient
oxygen, i.e., an excess of oxygen.

2 Materials and Methods
A schematic of the experimental set-up is shown in Fig.
1(a). The 785-nm cw beam from a Ti:Sapphire laser (Mira
900, Coherent Inc), pumped by a 532-nm diode pumped
solid state laser (Verdi-5, Coherent Inc.), was used for both
trapping the cells and exciting the Raman spectra. The use of
a near infrared laser beam for trapping/excitation reduces the
absorption-induced degradation of the RBCs and also helps
minimize the fluorescence background. The laser beam was
filtered to obtain a smooth profile [Fig. 1(b) and 1(c)] and then
introduced into a home-built inverted microscope equipped
with a high numerical aperture (NA) objective lens (Olympus
60×, NA 1.42), forming an optical trap. For trapping and
acquisition of Raman spectra, we used a laser power of ∼2
mW at the specimen plane. The laser spot size at the focus
was ∼1 μm and the RBCs were trapped ∼15 μm above
the bottom cover plate of the sample holder. A holographic
notch filter (notch filter 1), was used to reflect the 785-nm
trapping/excitation beam, which was incident on it at an angle of
∼12 deg. The Raman signal backscattered from the trapped
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Fig. 1 (a) Experimental set-up. The solid line shows the trapping/excitation beam, whereas the dotted line indicates the Raman signal. For removing
high-frequency noise from the laser beam profile, a spatial filter assembly consisting of a pair of convex lenses having 50- and 300-mm focal length
and a 50-μm diameter pinhole placed at the focal point of the first lens was used. (b) Original beam profile and (c) the beam profile after spatial
filtering, as measured using a monochrome CCD camera.

RBC was collimated by the objective lens and passed back along
the same optical pathway. The notch filter 1 transmits the Raman
signals above 800 nm, which are then passed through a 100-μm
confocal pinhole to reject most of the off-focus Rayleigh
scattered light. It was thereafter passed through another notch
filter (notch filter 2) that further removes the Rayleigh-scattered
laser light. The beam was then focused onto the entrance
slit of an imaging spectrograph (Shamrock SR-303i, Andor
Technology plc). The spectrograph was equipped with either
a 600 lines/mm grating or a 1200 lines/mm grating blazed at
an wavelength of 900 nm and incorporates a back-illuminated
CCD (iDus DU420-BR-DD, Andor Technology plc) camera
thermoelectrically cooled down to − 80 oC. To allow for
observation of the trapped RBC, a green-filtered halogen
illumination source and a video CCD camera system were used.

Calibration of the spectrometer was performed using toluene
(Spectroscopic grade, Aldrich) and the assignment of the peaks
was made from standard spectra. The spectral resolution of our
Raman system is about 6 cm− 1 with 600 lines/mm grating and
the Raman spectra can be recorded in the range from ∼500

to 2100 cm− 1. With 1200 lines/mm grating, the resolution is
∼4 cm− 1 and spectra could be recorded in the range 950 to
1600 cm− 1. To remove the presence of the background from
the RBC spectra, the background was acquired without a cell in
the optical trap. This was subtracted from the original spectra
to produce the Raman spectra of the trapped RBC. Further
removal of the background could be obtained using the Lieber
and Mahadevan-Jansen iterative polynomial fitting method20

for better visualization of the spectra. It is pertinent to note that
for all of the analysis presented in the paper, Raman spectra in
the region 600 to 1700 cm− 1 is used and an identical cropping
window of 550 to 1750 cm− 1 was used while applying the
polynomial baseline fitting. This is done to ensure that nature
of the fitted polynomials have minimal variation from spectra
to spectra so that the position of zero is closely matched for
all of the spectra. As will be discussed in Sec. 3, the spectral
changes observed in our study were noted to be related to
the oxy/deoxy conformational changes of heme from a planar
to a nonplanar form. Therefore, to quantitatively compare
the related spectral changes, we normalized the spectra with
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respect to the phenylalanine band (1001 cm− 1). The choice of
a phenylalanine band for the normalization was made because
previous studies on the changes observed in Raman spectra
of RBCs arising due to oxy-deoxy transitions21–24 suggest that
the changes in the Raman spectra are primarily in the bands
arising due to heme as it undergoes significant conformational
changes during the process. It is also pertinent to note here
that the changes in the membrane of the malaria affected RBCs
(Refs. 2, 4, 10, and 25) can also lead to changes in the intensity
of the phenylalanine band. However, previous works suggest
that the contribution of membrane proteins to the Raman bands
of RBCs is minimum compared to the contribution from intra-
cellular hemoglobin.21–24 In view of this, it appears a reasonable
assumption that the intensity of phenylalanine band can function
as a normalizer. All of the measurements of the peak intensities
of the Raman bands were carried out on the normalized spectra.

Blood (1 ml) was collected by venipuncture from healthy vol-
unteers and malaria patients in glass tubes containing ethylenedi-
aminetetraacetic acid ethylenediaminetetraacetic (5.4 mg/3 ml)
as an anticoagulant. RBCs were separated from these anticoag-
ulated blood samples by centrifugation at 3000 rpm for three
minutes. The separated RBCs were then washed with phosphate
buffer saline and suspended in 1.5-mM phosphate buffer con-
taining 290-mM sucrose. This buffer maintains the osmolarity
of the suspending media and inhibits the adherence of cells
to glass surface.26 The cell sample was kept in the open on a
laminar flow table (which was earlier sterilized using UV radi-
ation and chemical cleaning of the working surface) for about a
one-hour period before recording their Raman spectra. Appro-
priate dilutions of the cells in buffer solution were then used for
experiments.

Raman spectra were recorded from blood samples collected
from five healthy donors and five patients suffering from the
P. vivax infection. For the malaria samples investigated, the
number of p-RBCs, as confirmed from acridine orange staining,
was ∼1 to 2% of all cells (m-RBCs), and therefore, all of the
RBCs studied from malaria infected samples were treated as
np-RBC type. While for each blood sample collected from
healthy donors, Raman spectra were recorded from ∼15 RBCs;
for blood samples collected from malaria patients, Raman
spectra were recorded from at least 50 cells in each sample.
This was done to account for the much larger cell-to-cell
spectral variations in the spectra of RBCs from blood samples
of malaria patients.

3 Results and Discussions
In Fig. 2(A) we show the Raman spectra recorded between
600 and 1700 cm− 1, from h-RBCs held under optical trap
∼15 μm above the substrate. The excitation laser power and the
acquisition time were ∼2 mW and ∼30 s, respectively. Curve
(a) is the spectra recorded when the h-RBC was in the trap, (b) is
the background with h-RBC removed from the trap region, and
curve (c) is the background subtracted Raman spectrum, suitably
magnified for viewing. In Fig. 2(B) we show the correspond-
ing spectra from an h-RBC adhering on the glass substrate. In
conformity with previous reports,18, 19 an improvement in SNR
can be seen for the trapped cell over the fixed cell. For the
spectra presented here, SNR is ∼16 dB for the fixed cell and
∼22 dB for the optically trapped cell.

There are several reports21, 22, 27 on photoinduced changes
in the Raman spectra of RBC. In the micro-Raman spectro-
scopic study carried out by Wood et al.21 using the same laser
wavelength and similar focusing geometry (spot diameter ∼1 to
2 micrometer), no photoinduced changes could be observed with
18 mW of laser power for exposure duration up to 200 s. We
chose a laser power level of ∼2 mW over a time duration of
30 s that is much lower than the safe limit of exposure indi-
cated in previous studies.21, 27 To further ensure authentic Ra-
man spectra that is not influenced by photoinduced alterations,
we carried out time lapsed measurements on the Raman spectra
of RBCs at different power levels. The recorded time lapsed
Raman spectrum at 2 mW of trap beam power over 30-second
period is shown in Fig. 2(C). The time lapsed Raman spectra of
trapped RBCs over a period of 30 s and with trapping power of
∼2 mW revealed no changes in the spectra or the background
level, indicating absence of any photoinduced changes of the
cells. This result is consistent with our estimate of the <1 oC
rise in temperature of the cell for laser power of ∼2 mW based
on the work of Peterman et al.28 At 5 mW laser power, signifi-
cant changes in the Raman spectra (like increase in the intensity
of the Raman bands at 975, 1244, and 1366 cm− 1 and the
baseline offset and a decrease in the intensity of 1546 cm− 1

band) were observed for exposure time of more than
70 s [Fig. 2(D)]. For 2 mW laser power, no changes were ob-
served even for hundreds of seconds of exposure. Therefore,
for all of the experiments reported in the manuscript, the laser
power used was 2 mW and the exposure duration was kept lim-
ited to 30 s. Notably, the spectra presented in Fig. 2(D) were
recorded with the 1200 lines/mm grating and therefore resulted
in a slight wavenumber shift of the peaks compared to the spec-
tra recorded using 600 limes/mm grating used in the rest of the
experiments. Details of these studies have been presented in our
earlier publication.29 It is also pertinent to note that cells held
under the optical trap can undergo some positional fluctuations,
which was estimated to be <50 nm (<1% of cell diameter) for
the trap conditions used in our studies. Since RBCs are fairly
homogeneous structures, these small fluctuations in the cell po-
sition are not expected to contribute to significant changes in
the Raman spectra. However, the use of low trap beam power
results in poor SNR of spectra recorded from individual cells.
To address this aspect, we collected spectra from about 100 cells
and used the mean spectrum of each class of cells (h-RBCs or
m-RBCs) that had much improved SNR for analysis.

To show the interclass variability of the Raman spectra of
h-RBCs and m-RBCs, we show representative Raman spec-
tra collected from five individual h-RBCs and m-RBCs in
Figs. 3(a) and 3(b), respectively. The spectra of h-RBCs are
similar and display fairly uniform peak distribution and inten-
sities from one cell to another. However, for m-RBCs, large
variability was observed. While the spectrum of the ∼70% of
the m-RBCs was similar to that for h-RBCs, ∼30% of m-RBCs
show a decrease in the intensity of the low spin (oxygenated-Hb)
marker Raman band at 1223 cm− 1 along with a concomitant
increase in the high spin (deoxygenated-Hb) marker band at
1210 cm− 1 present in the methine C-H deformation region. We
designate the m-RBCs with Raman spectra similar to h-RBCs as
nonmodified m-RBCs (nm-m-RBCs) and the other as modified
m-RBCs (m-m-RBCs). The mean spectrum for h-RBCs, nm-m-
RBCs, and m-m-RBCs averaged over all of the spectra collected
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Fig. 2 (A) (a) Raman spectra of h-RBC optically trapped ∼15 μm above the glass substrate, (b) is the background, and (c) is the subtraction between
(a) and (b). (B) (a) Raman spectra of h-RBC adhered to the glass substrate, (b) is the background without h-RBC, and (c) is the subtraction between
(a) and (b). The data shown are the mean of spectra collected from five cells in each case. The acquisition time with each single cell was ∼30 s with
∼2 mW excitation. (C) Time- lapsed Raman spectra of trapped h-RBCs along with the background. Acquisition time for each spectra was 10 s with
∼2 mW excitation. The presented spectra are the mean of the spectra from five h-RBCs. (D) Time-lapsed Raman spectra of a trapped RBC with a
higher excitation power of ∼5 mW over a duration of ∼2 min. The spectra were recorded using 1200 lines/mm grating. Raman bands showing
significant temporal changes are indicated by arrows. Also the baseline level is seen to increase with time.

from five healthy donors and five malaria patients is shown in
Figs. 4(A)(a)–(c), respectively. One can see the significant im-
provement in SNR: ∼34 dB as compared to ∼22 dB for indi-
vidual cell spectra.

It is worthwhile to note that although the blood samples col-
lected from P. vivax-infected patients were having ∼1 to 2% par-
asitized or infected cells (the level of parasitemia considered to
be significant as per World Health Organization guidelines30, 31),
it is well known that apart from the fraction of red cells invaded
by the parasites, a large fraction of nonparasitized cells may also
have altered characteristics in malaria patients. Such changes
may be directly induced by exo-antigens/chemicals released
by the parasites32–34 or dyserythropoiesis resulting from the

infection.35, 36 With the SNR available in the present study, sig-
nificant changes in the Raman spectra were observed in ∼30%
of the red blood cells of the blood samples from malaria infected
patients studied in the present experiment.

Apart from the prominent changes observed for methine hy-
drogen deformation doublet at 1210 and 1223 cm− 1, the spec-
tra from m-m-RBCs show changes in Raman bands at 1366/
1356 cm− 1 (ν4) and the spin marker bands in the region 1500 to
1700 cm− 1. In Table 1, we show the assignment of these Raman
bands based on the work of Abe et al.37 and Wood et al.21

In Fig. 5, we show a scatter plot of the intensities of the
Raman bands at 1210 and 1223 cm− 1, 1356 and 1366 cm− 1,
and 1546 and 1636 cm− 1 for h-RBCs and m-m-RBCs. The left
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Fig. 3 Representative Raman spectra as collected from (a) h-RBCs and (b) m-RBCs. Each of the spectra were acquired over 30 s with ∼2 mW of
excitation at 785 nm. All of the spectra were smoothened using a Savitzky-Golay filter for removal of noise. The spectra from h-RBCs show nearly
uniform spectral characteristics. However, the Raman spectra from a significant fraction of m-RBCs have characteristics different from that of the
h-RBCs. The most noticeable changes in methine deformation bands at 1210 and 1223 cm− 1 are indicated by arrows.

column shows the intensities of these bands in the mean Raman
spectrum obtained from m-m-RBCs and h-RBCs. In the right
column, the normalized intensities of the Raman bands for all
h-RBCs and m-m-RBCs studied are presented to show inter-
and intraclass scatter in data. Notably, the numbers presented in
the scatter plots are the peak intensities of the relevant Raman

Fig. 4 (A) Mean Raman spectra of (a) h-RBCs, (b) nm-m-RBCs, and
(c) m-m-RBCs. Spectra were recorded from 15 cells from each healthy
donor and nearly 50 cells from each malaria patient. (B) Percentage of
m-m-RBCs from each malaria patient.

bands. Since the Raman bands at 1210 cm− 1, 1223 cm− 1 and
1356 cm− 1, 1366 cm− 1 in Figs. 5(a) and 5(b), respectively,
have well separated peaks, the peak intensities of these bands
measured directly from the spectrum were used in the related
scatter plots. However, the eight spin marker Raman bands in the
region 1500 to 1700 cm− 1 are closely spaced and strongly over-
lapped. The peak position of these bands cannot be determined
directly from the spectra. In this case, multiple peak fitting was
applied. The previous reports by Wood et al.21, 23 show that the
Raman spectrum of RBCs is dominated by intracellular Hb and
that Hb Raman spectrum in the range 1500 to 1700 cm− 1 has
eight bands that can be denoted as ν38, ν11, ν19, ν37, ν(C=C)vinyl,
ν(C=C)vinyl, ν10, and Amide I.21, 23 Eight Lorentzian peaks al-
lowed independent variation in terms of intensity, width and po-
sition were used to obtain the best fit profile to the experimental
data. It can be seen that the fitted profile approximate quite well
with the observed data. Therefore, the peak intensities of the
fitted Lorentzian profiles were used in the related scatter plot.

The ratio between the Raman bands at 1210 and 1223 cm− 1

in the mean spectrum from m-m-RBCs were observed to have
an average value of ∼1:0.79, different from the value of 1:1.13
observed in the mean spectrum from h-RBCs [Fig. 5(a)]. The
intensities of the Raman bands for each h-RBCs and m-m-RBCs
are shown in the right column. The relative intensities of the Ra-
man bands can be clearly seen to be well distinguishable for the
h-RBCs and m-m-RBCs. Further, for mean Raman spectra from
m-m-RBCs, we also observed partial shifting of the Raman band
at ∼1366 to 1356 cm− 1 in comparison to h-RBCs mean spec-
tra [Fig. 5(b)]. The intensities of 1356 and 1366 cm− 1 Raman
bands for each h-RBCs and m-m-RBCs are shown in the right
column. For spin marker bands in the 1500 to 1700 cm− 1 region,
major changes can be seen for the 1546 cm− 1 peak (ν11) and
1636/1633 cm− 1 peak (ν10) and, therefore, intensity for these
peaks for each h-RBCs and m-m-RBCs are shown in the right
column of Figs. 5(c) and 5(d). While intensity of the peak at 1546
cm− 1 is found to be enhanced in the case of m-m-RBCs with
respect to that for h-RBCs, the opposite can be seen for the Ra-
man band at 1636 cm− 1. The 1636 cm− 1 band for h-RBCs was
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Table 1 Assignment and spectral position (cm− 1) of the Hb Raman bands showing significant changes between h-RBC and m-m-RBC. For
comparison, bands observed by Wood et al. (Ref. 21) are also shown.

Hb band position Hb band position Deoxy-Hb band position Oxy-Hb band position

Band assignment Local coordinates (cm− 1) in m-m-RBC (cm− 1) in h-RBC (cm− 1) (Ref. 14) (cm− 1) (Ref. 14)

ν5 + ν18 δ(CmH) 1210 1210 1213 1212

ν13 or ν42 δ(CmH) 1223 1223 1223 1226

ν42 δ(CmH) 1245 1245 1248 1248

ν4 ν(pyr half-ring)sym 1356/1366 1366 1356 1371

ν11 ν(CβCβ ) 1546 1546 1548 1547

ν10 ν(CαCm)asym 1633 1636 Absent 1639

also found to be shifted to 1633 cm− 1 in the spectra from m-m-
RBCs. However, this shift is below the resolution of the set-up (6
cm− 1) and thus not significant. The differences in intensity ra-
tios for the Raman bands between h-RBCs and m-m-RBCs were
found to be significant to a p value of <0.05 for all cases (a–c).

The available Raman data of model porphyrin
compounds37, 38 suggests that the abovementioned changes
can be attributed to changes in the oxygenation status of the
intra-erythrocytic Hb. The most striking change in the spectra
recorded from m-m-RBCs is the change in the ratio of the
intensities of the 1210 and 1223 cm− 1 peaks. While Salmaso
et al.39 have assigned the 1223 cm− 1 band to ν13 and the
band at 1210 cm− 1 to ν5 + ν8, the 1223 cm− 1 has also been
assigned to ν42.38 These modes are associated with C-H in
plane vibrations of methine hydrogen. Proximity to the protein
subunits influences the deformation angle and consequently a
change in intensities between the planar oxygenated (oxy-Hb)
and nonplanar deoxygenated (deoxy-Hb) Hb structure. It is
known that the doublet located at 1245 and 1223 cm− 1 in
the spectra of low spin heme (oxy-Hb) get shifted to 1223
and 1210 cm− 1 in the spectra of high spin heme (deoxy-
Hb).21, 24 Studies carried out on RBCs subjected to periodic
oxygenation and de-oxygenation cycles have also revealed
significant enhancement of the intensity of the 1210 cm− 1

band for deoxy-Hb.21 Therefore, observed elevated intensity at
1210 cm− 1 for m-m-RBCs over h-RBCs suggests a complete
or partly deoxygenated state of a significant fraction (∼30%) of
the m-RBCs in P. vivax-infected blood samples.

It is pertinent to note that the RBCs used in our experiments
were collected by venipuncture and will therefore be initially in
a deoxygenated state. However, for normal functional state of
Hb, these should almost completely get transformed into an oxy-
genated condition upon exposure to atmospheric oxygen.23 The
Raman signatures of m-m-RBCs, on the other hand, suggest that
a significant number of red cells from blood samples of malaria
infected patients were only partially oxygenated or remained
deoxygenated even after exposure to atmospheric oxygen. This
could be further verified by studying the relative intensities
of the bands at 1366 and 1356 cm− 1. The bands appearing
between 1366 cm− 1 (oxy-Hb) and 1356 cm− 1 (deoxy-Hb)
assigned to local co-ordinate ν4 (Refs. 24, 37, and 40) involve
pyrrole half ring stretching vibration and are known as oxidation

state markers. The oxygen molecule upon binding to deoxy-Hb
withdraws an electron from the ferrous [Fe(II)] ion leaving the
metal in a low spin ferric [Fe(III)] state in oxy-Hb and results
in an increase in vibrational wavenumber of the ν4 mode.23, 24

We observed partial suppression of the band at 1366 cm− 1 for
m-m-RBCs and a corresponding enhancement of the band at
1356 cm− 1, suggesting a partially de-oxygenated state of the
cells.

The bands in the region between 1500 to 1700 cm− 1 are
known to serve as spin state markers. The normal mode at
1546 cm− 1 (ν11) primarily consists of Cβ–Cβ bond stretching,
which is strongly influenced by the conformational transitions
and, hence, show significant change in intensity between the pla-
nar oxy-Hb and nonplanar deoxy-Hb structures and is known to
be the most intense band in the deoxygenated form.21, 41 In our
study, we also observed significant enhancement in intensity at
this band for m-m-RBCs. We also observed a partial suppres-
sion of the ν10 band (1636 cm− 1) for m-m-RBCs, which is also
suggestive of the presence of partially oxygenated Hb inside the
cells.21

To summarize, the observed changes in the Raman bands in
m-m-RBCs suggest a reduction of Hb-oxygen affinity, which
are consistent with the results of a previous study on P. berghei
infected mice.42 It is known that metabolic acidosis, a com-
mon complication of malaria, can cause a lowering of blood pH
(down to ∼7.2 to 7.0) in malaria patients.2, 43 This can affect the
oxygen affinity of Hb via the Bohr effect. However, in our study,
RBCs collected from malaria patients and healthy persons were
suspended in an identical phosphate buffer solution (pH ∼ 7.4)
and stabilized for ∼1 h before recording the Raman spectra.
Therefore, a pH change induced shift of oxygen dissociation
curve cannot account for the observed spectral changes. An-
other potential cause that can effect an altered Hb-oxygen affin-
ity is the intracellular concentration of 2,3-Diphosphoglycerate
(2,3-DPG), an important metabolite in RBCs, involved in the
stabilization of the deoxy-form of Hb. Also, dyserythropoiesis
or ineffective erythropoiesis has been reported in adults with
P. vivax malaria, which correlated well with the severity of the
anemic condition.35 Such dyserythropoeisis may often consist
of megaloblastosis,36, 44 which has been known to be associated
with an increased level of 2,3-DPG and consequent decrease of
Hb-oxygen affinity.45
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Fig. 5 Raman bands showing significant intensity differences in the spectra recorded from m-m-RBCs over that recorded from h-RBCs. Left column:
(a) and (b) Relative intensity of bands in the mean Raman spectra of h-RBCs (dark line) and the mean spectra for m-m-RBCs (faded line). The mean
Raman spectra (dark line) for ∼1500 to 1700 cm− 1 region and the fitted peaks for (c) h-RBCs and (d) m-m-RBCs are shown. Right column: Scatter
plot showing intensities of the Raman bands for all of the h-RBCs and m-m-RBCs studied. It can be seen that the Raman band intensities for h-RBCs
and m-m-RBCs are well separated.
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4 Conclusion
Employment of Raman optical tweezers facilitated means for
single-cell level evaluation of the oxygenation state of the RBCs
from malaria patients. The Raman spectroscopic studies car-
ried out on optically trapped red blood cells collected from
blood samples of healthy volunteers (h-RBCs) and from pa-
tients suffering from the P. vivax infection (m-RBCs) reveal that
a significant fraction of m-RBCs produced Raman spectra with
altered characteristics relative to h-RBCs. The observed spectral
changes suggest a reduced oxygen-affinity or right shifting of
the oxygen-dissociation curve for the intracellular hemoglobin
with respect to its normal functional state. Recently, P. vivax
malaria has been reported to cause a severe anemic condition
and acute respiratory distress syndrome in patients, which may
result in a hospital stay and even mortality.46, 47 Raman spectro-
scopic study of m-RBCs in blood sample of P. vivax-infected
patients may provide a useful means for estimation of compli-
cation that may result from altered oxygen loading capability of
RBCs in malaria patients.
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