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Abstract Raman spectroscopy has been proposed as a tool
for diagnosis of human blood diseases aiming a quick and
accurate diagnosis. Sickle cell disease arises in infancy and
causes a severe anemia; thus, an early diagnosis may avoid
pathological complications such as vasoocclusion, hemolytic
anemia, retinopathy, cardiovascular disease, and infections.
This work evaluated spectral differences between hemoglobin
S (HbS) and hemoglobin A (HbA) to be used in a diagnostic
model based on principal components analysis. Blood sam-
ples of patients with a previous diagnosis of sickle cell disease
were hemolyzed with water, centrifuged, and the pellet was
collected with a pipette. Near-infrared Raman spectra
(830 nm, 200 mW) were obtained from these samples, and a
model based on principal components analysis and
Mahalanobis distance were used to discriminate HbA from
HbS. Differences were found in the spectra of HbS and HbA,
mainly in the 882 and 1,373 cm−1 (valine, HbA) and 1,547
and 1,622 cm−1 (glutamic acid, HbS). The spectral model
could correctly discriminate 100 % of the samples in the
correspondent groups. Raman spectroscopy was able to detect
the subtle changes in the polypeptide chain (valine and
glutamic acid substitution) due to the sickle cell disease and
could be used to discriminate blood samples with HbS from

HbA with minimum sample preparations (hemolysis with
water and centrifugation).
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Introduction

Sickle cell disease (SCD) affects millions of people through-
out the world and is particularly common among those whose
ancestors came from sub-Saharan Africa, Spanish-speaking
regions in the Western Hemisphere (South America, the Ca-
ribbean, and Central America), Saudi Arabia, and India [1]. In
the USA, the exact number of people living with SCD is
unknown, but it is estimated to affect 90,000 to 100,000
Americans [2]. Many hemoglobin variants are associated with
a distinct geographic distribution. For example, hemoglobin S
(HbS) is typically associated with areas in both eastern and
western Africa as well as areas in Saudi Arabia and India, and
in localized pockets all around the Mediterranean Sea. Varia-
tions in the prevalence of HbS from within a country or
geographic region are due to the presence of malaria, popula-
tion isolates, altitude, and miscegenation [3]. In Brazil, SCD is
being detected in approximately 3,500 newborns yearly [4],
and recent estimates indicate that about 5.0 to 6.0 % of the
population carries the HbS gene [5]. The ethnic origin of the
Brazilian population is heterogeneous and unevenly distribut-
ed; around 2.5–40 million slaves were brought to Brazil from
Africa through the slave trade in the 1500s to 1800s and were
distributed in nearly all regions of the country [6–8].

Globin, the apoprotein of hemoglobin, shelters the iron-
bearing porphyrin heme ring, where reversible oxygen bind-
ing occurs and permits the molecule to operate efficiently in
oxygen transport; it is defined as hemoglobin A (HbA). Mu-
tations can alter the primary amino acid sequence of globin
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polypeptides and sometimes result in clinically significant
diseases called hemoglobinopathies [3, 7, 8]. HbS results from
a point mutation in the sixth codon of the beta-globin gene,
such that at the sixth position, glutamic acid is replaced by
valine [9, 10].

HbS polymerizes when it is deoxygenated, and when a
critical amount of HbS polymer accumulates within a sickle
erythrocyte, cellular injury occurs and a sufficient number of
damaged erythrocytes cause the phenotype of sickle cell dis-
ease recognized by hemolytic anemia and vasoocclusion [3, 7,
8, 11, 12]. The hemolytic anemia and vasoocclusive events are
found in varying degrees in all disease genotypes, but some
genotypes are clinicallymore severe than others. This is due in
large part to variation in the cellular concentration of HbS and
the propensity for polymer formation, which is highly de-
pendent on HbS concentration [13–16]. Therefore, early
detection and characterization of the hemoglobinopathies
is essential so that appropriate counseling can be provided
to couples and families who may be at risk of severe
hematological consequences [17].

The most traditional and largely used methods of iden-
tifying and studying normal and mutant hemoglobin are
the electrophoretic methods. The most used is cellulose
acetate electrophoresis, also called alkaline electrophore-
sis, as it is performed at a pH of 8.6. At this pH, the
hemoglobin molecule is negatively charged, and it will
move toward the positive pole when placed in electric
field. With hemoglobin variants, the amino acid substitu-
tion alters the overall charge of the molecule (due to a
charge difference in the new amino acid side change), then
it will have an electrophoretic mobility different from HbA
as observed on cellulose acetate electrophoresis [18]. De-
spite the precise results in identifying the HbS, electropho-
resis is a complex technical procedure, employing several
reagents and time consuming. Optical techniques such as
Raman spectroscopy could address this problem, by low-
ering costs and allowing screening examinations in a rapid
way.

Raman spectroscopy has revealed to be an effective tool as
a biomedical and bioanalytical technique, promising interest-
ing application even for regular clinical use [19]. Raman
spectroscopy can be employed to unveil the biochemical
constitution of tissues with little sample preparation, in vivo
and in real time [20]. The Raman scattering is a fundamental
process in which energy is exchanged between light and
matter [21]. When irradiated by a monochromatic laser beam,
the molecule’s electronic cloud can be polarized. A change in
the polarizability alters the energy of the scattered photon, thus
causing a shift in the frequency of the scattered light depend-
ing on the molecular vibrational frequency. The scattered light
is then collected by a spectrometer and displayed as the
relative number of photons in each shifted frequency in a
particular range [20].

Raman spectroscopy is particularly suitable for
implementing the optical blood analysis techniques [20].
Campbell and Durek [22] provide detailed spectral informa-
tion than the broad overtone bands of NIR absorption spectra.
This is particularly important for complex biological systems
such as blood [20]. Despite the relatively small cross-sections
for Raman scattering, instrumentation advances have promot-
ed rapidly increasing interest in, and have begun to reveal the
benefits and capabilities of, Raman spectroscopy for blood
analysis [20]. Biochemical assays based on Raman spectros-
copy could be used for testing blood components and metab-
olites in the serum for clinical analysis as glucose, urea, total
protein, albumin, cholesterol and triglycerides [20, 23, 24],
doping control [25–27], detecting antibodies in cat’s sera [28],
and even monitoring heparin levels in blood during surgeries
[29].

More specifically, studies involving human hemoglobin
investigated possible solution-phase conformational changes
in HbC compared with HbA. Intrinsic fluorescence combined
with UV resonance Raman data demonstrated a weakening of
the Trpß15-Serß72 hydrogen bond that most likely leads to a
displacement of the α-helix A away from the α-helix E [30].
Hirsch et al. [30] presented data based upon allosteric pertur-
bation monitored by front-face fluorescence, ultraviolet reso-
nance Raman spectroscopy, circular dichroism, and oxygen
equilibrium studies that confirm and significantly expand
previous findings suggesting solution-active structural differ-
ences in liganded forms of HbS and HbC distal to the site of
mutation. The liganded forms of these hemoglobin are of
significant interest because HbC crystallizes in the erythrocyte
in the oxy form, and oxy HbS exhibits increased mechanical
precipitability and a high propensity to oxidize showed that
for hemoglobin the uncovering of solution-active structural
differences at the tetrameric molecular level and, distal to the
site of the ß6 mutations when compared with HbA. Their
results suggests that point to A-helix alterations that may be
the likely candidate in the primary mechanism driving oxy
HbC to crystallize and causing destabilization of oxy HbS,
which, under deoxy conditions, may give rise to the polymer-
ization process [31]. Juszczak et al. [32] reported for the first
time the specific conformational changes for a homogeneous
population of ligand-bound adult deoxy human HbA generat-
ed by introducing CO into a sample of deoxy-HbA with the
effector, inositol hexaphosphate, encapsulated in a porous sol-
gel by UV resonance Raman [32].

Wood et al. [33] studied resonance Raman spectra of
oxygenated and deoxygenated functional erythrocytes record-
ed using 785 nm laser excitation. They concluded that it can
be used as a nondestructive molecular probe that has potential
as an analytical and diagnostic tool for a variety of erythrocyte
disorders. The technique may also have applications in mon-
itoring heme perturbation in response to in vivo drug therapy
within functional erythrocytes [33].
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This work proposes the use of Raman spectroscopy for
diagnosis of sickle cell disease in blood analysis. We intended
to identify the spectral differences in the blood samples of a
group of subjects with sickle cell anemia compared to a group
of non-anemics (control) in order to detect spectral changes
related to the HbS compared to the HbA related to the changes
in the polypeptide chain induced in the β-globin, which has a
crucial role in determining the clinical profile; this means that
the highest concentration of this is a more serious disease.
Then, a model based on principal components analysis (PCA)
and Mahalanobis distance (MD) is presented to discriminate
samples of the subjects with HbS from the ones with HbA,
aiming a future diagnosis of hemoglobinopathies.

Material and methods

This study was approved by the Research Ethics Committee
from UNICASTELO (protocol no. 64133). About 5 mL of
blood from 22 subjects (both gender, average age of 21.1±
14.9) were collected in test tubes containing EDTA 10 %,
which were divided as follows: 19 subjects with sickle cell
disease (HbS) and 3 normal subjects (HbA). The blood sam-
ples were centrifuged at 1,500 rpm for 5 min, and then were
resuspended in saline, three times until translucent. Then,
hemolysates-washed red blood cells were obtained by adding
deionized water; debris were separated by centrifugation. The
samples were placed in cryogenic tubes and stored at 8 °C for
spectral analysis.

For Raman spectroscopy, the samples were passively
warmed up to room temperature and placed in an aluminum
sample holder with a vessel of 5 mm diameter and about
0.1 mL volume. Spectra were taken with the laser directed to
the vessel, perpendicular to the holder’s surface, through a
Raman probe connected to a Raman spectrometer. The spec-
trometer (model Dimension P-1 Raman, Lambda Solutions,
Inc., MA, USA) is composed by a semiconductor laser
(830 nm, 350 mW, adjustable power) coupled to the Raman
probe (model 830 Vector Probe, Lambda Solutions, Inc.) that
is used to illuminate sample and collect the scattered light. The
probe is connected to an imaging spectrograph with diffrac-
tion grating (1,200 lines/mm) and Peltier-cooled, deep
depleted/back illuminated CCD camera (−75 °C), which col-
lects high-resolution Raman spectrum from the sample in the
fingerprint region (400–1,800 cm−1). The laser power was
adjusted to 300 mW, and the integration time to collect the
Raman signal was set to 3 s X 10 accumulations for all samples.

Triplicate spectra were obtained from each sample, which
were averaged after preprocessing. Spectra were preprocessed
to remove the undesired background fluorescence using a
seventh-order polynomial fitted over the spectral range of
400–1,800 cm−1 and subtracted from the gross spectrum, as
described elsewhere [34], and normalized to the intensity of

the Raman peak at 1,640 cm−1 (weak Raman band of water),
averaged and plotted with the aim to identify spectral differ-
ences between HbA and HbS.

After preprocessing, the spectra dataset was submitted to
PCA, which is a multivariate statistical technique that trans-
forms a set of original, correlated variables (spectra) to a set of
uncorrelated variables called principal components (the prin-
cipal components vectors and scores) based on the maximum
variance [35]. PCA can be used to group spectra according to
their similar variances, since each principal component is
orthogonal to each other, so a unique spectral characteristic
is present in each component. The first principal components
vectors bring the most relevant spectral features presented in
the dataset, whereas the principal components scores (PCs)
bring the intensity of each principal component vector in each
spectrum of the dataset [35]. Then, one could use the scores to
discriminate spectra from individuals of a population accord-
ing to variation of the spectral characteristics (using a suitable
discriminant analysis) or use them to correlate the spectral
information of the sample (using a regression line) [36].
Principal components were calculated using MATLAB 7.0
(The MathWorks Inc, MA, USA).

The term discriminant analysis refers to several different
types of analyses; it is a classification method. It assumes that
different classes generate data based on different Gaussian
distributions (normally distributed) [35]. Classificatory dis-
criminant analysis is used to classify observations into two
ormore known groups on the basis of one ormore quantitative
variables. Classification can be done by either a parametric
method or a nonparametric method in the discrimination
procedure. A parametric method is appropriate only for ap-
proximately normal within-class distributions. The method
generates either a linear discriminant function (the within-
class covariance matrices are assumed to be equal) or a qua-
dratic discriminant function (the within-class covariance ma-
trices are assumed to be unequal). It has used the “classify.m”
function from MATLAB’S Statistics package, where the in-
dependent variables were the principal component’s scores of
the two clinical groups, being the most relevant scores iden-
tified by calculating the t test (5 % significance level); the ones
with lower significance was chosen. Mahalanobis discrimi-
nant function was used to classify discrimination capability
using the PC scores [36].

Results

Figure 1 presents the mean Raman spectra of hemoglobin
blood samples from normal (HbA) and with sickle cell disease
(HbS) subjects and EDTA that was used as anticoagulant. The
main spectral differences of HbA compared to HbS samples
can be found in the shift positions of 882 and 1,373 cm−1,
which are assigned to valine (Val) that present greater intensity
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in HbS spectra, and in the positions of 1,547 and 1,622 cm−1,
which are assigned to glutamic acid (Glu), with prominent
bands in the spectra of hemoglobin A. The Raman spectra of
EDTAwere not seen in the spectra of hemoglobin.

In order to identify and discriminate the spectral differences
among HbA and HbS, the discrimination based on PCA
technique and Mahalanobis distance was used. The 66 spectra
were divided into two groups: HbA (normal) and HbS (sickle
cell disease). PCA identified the first three principal compo-
nents with higher relevance for discrimination, which exhib-
ited more than 95 % of the spectral variance. ANOVA (5 % of
significance) was applied to the scores of these PCs to verify
which one could introduce greater power of HbA and HbS
discrimination. Figure 2 (left) presents the scores of these first
three PCs, and, as seen by the statistical analysis, the PC1 and
PC2 were effective in discriminating HbS and HbA (p<0.05).
PC3 was not effective in discriminating these Hb variations
(p>0.05). In addition, the principal components loading vec-
tors of PC1 and PC2 (Fig. 2, right) showed features that are in
accordance with the structural modification of hemoglobin,
featured bands on PC1 (882 and 1,373 cm−1 bands) are
assigned to valine with greater intensity in patients with sickle
cell disease. However, the spectral features in the PC2 (1,547
and 1,622 cm−1 bands) are assigned to glutamic acid, which
are present in greater intensity in normal patients. The differ-
ences in the Raman bands of valine (at 882 and 1,373 cm−1)
and glutamic acid (at 1,547 and 1,622 cm−1) were clearly seen
in PC1 and PC2, and were correlated to the known changes in
the polypeptide chain. PC3 presented a spectral feature that is
not relevant for discriminating among HbA and HbS.

Figure 3 presents binary scatter plot of PC1 and PC2,
which were found to be relevant for the discrimination be-
tween HbA and HbS groups. The diagnosis line is based on
the Mahalanobis distance between the data in the groups
formed by the covariance ellipse of the two groups, which
could distinguish the groups of sickle cell disease and normal
subjects. PCA/DA was able to discriminate the HbS from
HbAwith 100 % accuracy.

Discussion

The present work aimed to evaluate whether Raman spectros-
copy was able to discriminate the presence of mutant hemo-
globin (HbS) or normal hemoglobin (HbA) in samples of
patients with facilforme disease. Raman spectroscopy is an
optical technique with advantages over traditional biochemi-
cal techniques; it has been used as a tool for the spectroscopic
study of the most different organic and inorganic compounds
demonstrating being a high-tech tool to be used in the diag-
nosis of diseases that affect humans [37]. In order to identify
the changes of various biomolecules that are found in biolog-
ical fluids like blood and urine, Raman spectroscopy has great
sensitivity in detecting chemical compounds present in these
biological samples [38, 39].

Hirsch et al. [30] presented a comparison of the UV reso-
nance Raman spectra of the liganded (CO) forms of HbA
compared with HbC. All differences can be attributed to the
Trp (W3)α14/β15 band since no other spectral differences are
observed [30]. Others studies involving human hemoglobin
and Raman spectroscopy aim to identify the molecular struc-
ture because the function is directly related to it is molecular
conformation [31–33].

In HbA, glutamic acid is substituted by valine HbS [40].
Spectral differences of HbS samples were compared to HbA
(Fig. 1), are related with the bands 882 and 1,373 cm−1, and
are assigned to Val that are present in greater intensity in HbS
average spectra. However, predominant bands in the spectra
of HbA (1,547 and 1,622 cm−1) are assigned to Glu. These
data are in line with the expected, since sickle cell disease is
characterized by the substitution of adenine for thymine
(GAG > GTG), encoding valine instead of glutamic acid in
position 6 of globin chain, with production of HbS [9].

In order to identify and discriminate the spectral differences
among hemoglobin A and HbS, PCA technique was used and
PC1 and PC2 presented statistically significant difference for
discrimination of HbS and HbA. Indeed, PC1 and PC2 spec-
tral vectors presented features according to the structural
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modification of hemoglobin, PC1 are related to bands at 882
and 1,373 cm−1, and PC2 are related to bands at 1,547 and
1,622 cm−1.

The diagnostic line based on PCA/Mahalanobis could cor-
rectly discriminate 100 % of the samples in the correspondent
groups. On the basis of this information and the development
of new studies, it is possible in the future that Raman

spectroscopy can be used in clinical practice as a useful tool
in the diagnosis of sickle disease. It is critical that future
research using Raman spectroscopy with biological material
may be performed and compared with the conventional tech-
niques, such electrophoresis that have already been adopted
for the diagnosis of hemoglobinopathies.

The main disadvantages of electrophoresis are complex
technical procedures that include electrophoresis apparatus
and support (gel), and voltage source; requires several re-
agents (buffer); and it is a time-consuming process that takes
about 30 min (electrophoretic running), besides the fact that it
has a relatively high cost and requires a well-experienced
laboratory staff [41] with costs ranging from about US$
10.00 to US$ 20.00 [42, 43] per running. By using dispersive
spectrometer in the near infrared (785 or 830 nm), a Raman
spectrum of biological sample could be collected and proc-
essed in real time with total time exposure as low as 2 s, with
signal-to-noise ratio suitable for disease diagnosis [44, 45].
The possibility of performing real-time diagnosis without the
use of reagents or extensive preprocessing could bring advan-
tages to the Raman technique terms of both rapidness and cost
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compared to electrophoresis, allowing screening examinations
in a rapid way.

In conclusion, this work showed that near-infrared Raman
spectroscopy was capable of identifying the subtle changes in
hemoglobin in blood of subjects with sickle cell anemia, as the
exchange of amino acids (glutamic acid and valine) in protein
structure globin chain is a constituent of hemoglobin due to
this genetic disorder. The differences in the Raman bands of
valine (at 882 and 1,373 cm−1) and glutamic acid (at 1,547 and
1,622 cm−1) were clearly seen and were correlated to the
known changes in the polypeptide chain. PCA/DA was able
to discriminate the HbS fromHbAwith 100% accuracy. It has
been shown that Raman spectroscopy could be developed to
the intent of the identification of predominant HbA in normal
individuals and HbS from patients with sickle cell disease.
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