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A B S T R A C T

Thalassemia (Thal) is an inherited blood disorder endemic to the Mediterranean and Middle East (e.g., KSA and
UAE). This disease is caused by defects in the synthesis of one or more hemoglobin chains in red blood cells
(RBCs). Alpha (α) Thal is caused by a reduced or absent alpha globin segment. Similarly, beta (β) Thal is caused
by a defect in the beta globin segment. We divided the diseases into four groups: α Thal trait, α Thal disease, β
Thal trait, and β Thal disease. The α or β Thal traits are milder variants of these diseases and do not require
treatment; but β Thal disease (and to a lesser extent, α Thal) causes hemolytic anemia, splenomegaly, and bone
deformities and requires repeated lifelong blood transfusions. This paper presents results regarding the identi-
fication of Thal variants using fluorescence spectroscopy of blood biomolecules and atomic force microscopy
analysis of the morphologic features of red blood cells. The combined results provide new insights into the
characteristics of these diseases. Furthermore, this study shows why β Thal disease subjects are often transfusion-
dependent, and α Thal disease subjects are only occasionally transfusion dependent.

1. Introduction

Hemoglobin is critical to the normal function of red blood cells, the
fundamental roles of which are to transport oxygen from the lungs to
tissues and CO2 from tissues to the lungs. A normal hemoglobin mole-
cule comprises two α- like globin polypeptide chains and two β-like
globin chains; each globin molecule is associated with a heme group,
which comprises a porphyrin ring with ferrous iron (Fe+2) at the
center. Each heme binds with one oxygen molecule; thus, the four
hemes of a hemoglobin molecule carries four oxygen molecules [1].

The α chains are encoded on chromosome 16, and the β chains are
encoded on chromosome [11,2]. The most abundant adult hemoglobin
is HbA (α2β2) followed by a much smaller contribution from HbA2
(α2δ2; typically 1.5–3.5% of adult hemoglobin). Fetal hemoglobin HbF
(α2γ2) has a higher oxygen affinity than adult hemoglobin and facil-
itates more efficient oxygen transfer between maternal and fetal cir-
culations. Typically, the synthesis of α-like and β-like chains is

balanced. An imbalance between the production of α and β chains is the
pathophysiological basis of Thal [3].

Two genetic loci exist for α globin; thus, there are four alleles in
diploid cells. Two alleles are maternal and two alleles are paternal. The
severity of α- Thal is correlated with the number of affected α-globin
loci: the more alleles that are affected, the greater the severity of the
disease. When noting the genotype, "α" indicates a functional α- chain,
and '-' indicates a pathological α- chain. Thus, α-Thal silent is (- α/α α).
Three normal α-globin genes are sufficient to permit normal he-
moglobin production without any clinical symptoms. When two alleles
are affected, the condition is α Thal trait. Two α genes permit a nearly
normal production of red blood cells, but a mild microcytic hypo-
chromic anemia is observed. α - Thal trait can exist in two forms: α
-thal-1 (- -/α α) involves a cis deletion of both α genes on the same
chromosome; α -thal-2 (- α/- α) involves a trans deletion of α genes
(this occurs on different chromosomes). When three alleles are affected
(- -/- α) the condition is called hemoglobin H disease. Two unstable
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hemoglobin molecules are present in the blood: hemoglobin Bart’s
(with tetrameric γ chains) and hemoglobin H (tetrameric β chains).
Both molecules are unstable and have higher affinity for oxygen than
normal hemoglobin, when all four alleles are affected (- -/- -) the
condition is called α major. The hemoglobin molecule comprises all
tetrameric γ chains. Infants with α - Thal major are stillborn with hy-
drops fetalis.

Similarly, there are various grades of β Thal disorder. In β thal
minor, only one of the β globin alleles bears a mutation (heterozygous
form, β+/β βo/β). Individuals suffer from microcytic anemia.
Detection usually involves lower than normal mean corpuscular volume
value (< 80 fL). A more severe condition is thalassemia intermedia
(β+/β+ βo/β+). Affected individuals can often manage a normal life
but may need occasional transfusions, e.g., at times of illness or preg-
nancy, depending on the severity of their anemia4. The severest form is
Thal major (Cooley anemia βo/βo). This grade is a homozygous form
and occurs when both alleles have Thal mutations. This is a serious
microcytic, hypochromic anemia. If a subject is left untreated, Thal
major causes splenomegaly and severe bone deformities and progresses
to death before age 20. Treatment consists of periodic blood transfu-
sion, splenectomy for splenomegaly, and chelation of transfusion-re-
lated iron overload [4–11].

While there are broad ranges and gradations in the severity of these
diseases, Thal can be broadly classified by α or β Thal traits and Thal
diseases for the purpose of this discussion. When a male with Thal trait
and a female with Thal trait reproduce, out of four children, one will
live a normal life, two will have chances of becoming a carrier, and one
will be a Thal disease patient. Because of this KSA, the gulf countries of
Turkey and Cyprus have required premarital screening [12]. However,
when a female with Thal disease and a male with Thal disease re-
produce (which is rare), most of their children will likely have Thal
disease and require repeated blood transfusions. This present study is
limited to a set of samples clinically classified as (a) α thal trait, (b) β
thal trait, (c) HbH, and (d) β thal major.

The World Health Organization estimates that 1.5% of the world’s
population is a carrier of Thal [5]. This prevalence rate is region de-
pendent and is quite high among Arab populations. The incidence and
prevalence rates depend upon geographic and cultural characterization.
For example, Thal is more common in border islands (e.g., Maldives) or
peninsular regions (e.g., KSA). In these areas, falciparum malaria had
been rampart and has been considered to influence Thal rates. Simi-
larly, in Arab communities, consanguineous marriages and intrafamilial
unions are more common than in north European or North American
countries [6,7]. Arab nations, with an overall population of approxi-
mately 350 million, have carrier rates of 1–11% for β- Thal, 1–58% for
α- Thal, and 0.3–30% for sickle cell trait [8–12]. Furthermore, the
prevalence rate for α vs. β traits is also region dependent. For example,
the β and α traits are 3% and 24% in Bahrain however in Iraq 4.4% and
1% respectively [11].

It is under this circumstance that the present investigation is im-
portant. Spectral and atomic force microscopy (AFM) assays provide
insight into the composition and structural (morphological) differences
among the four variants of Thal. Laser spectrometery can be developed
as a portable instrument for premarital screening in remote areas.

Optical biopsy is an emerging novel technique and is based on the
interaction of light with biomolecules. When photons of a particular

wavelength interact with biomolecules, most photons are scattered as
radiation with or without shifts in their wavelengths (i.e., Raman or
Raleigh scattering, respectively). A few photons are absorbed by the
biomolecules which results in excited states. The molecules stay at the
excited states for a few nanoseconds and subsequently release energy as
fluorescence radiation. Raman shifts provide unique measures of vi-
brational energy levels and electronic energy levels of fluorescing mo-
lecules. Based on the presence and intensities of these signals, the re-
lative proportions of these biomolecules could be determined. Such
assays provide significant information about disorders or diseases as-
sociated with the tissues or fluids of a particular subject. A number of
related studies have been published for the diagnosis of cancers
[13–18] and blood disorders [19–21], based on the spectral features of
biomolecular components of blood and urine [22,23]. Fluorescence
spectroscopy can be considered for molecular diagnosis.

Atomic force microscopy is another novel technique utilizing light
on a microlever to provide structural and morphological profiles of
samples. The micro-lever tracks the surface of samples. Light reflected
off the lever is received by a photodetector; these light signals are
analyzed with the result of displaying a three-dimensional topography.
Atomic force microscopy can complement or supplement scanning
electron microscopy [24,25].

2. Materials and methods

2.1. Spectrofluorometric analysis

A conventional spectrofluorometer, such as Perkin Elmer (LS 50 or
55), capable of collecting excitation, emission and synchronous spectra
in the range of 200–800 nm. The current spectroscopic experiment was
used to acquire FES of acetone extracts of RBCs from 425 to 700 nm
upon excitation at 400 nm with a spectral width of 10 nm (Xe lamp
source). The same instrument was used to obtain synchronous fluor-
escence excitation spectra (SXS) of different biomolecules of blood
plasma (e.g., tyrosine tryptophan, NADH, and FAD) from 200 to 700 nm
[21]. This was performed using an offset of 70 nm between excitation
and emission gratings [13–19].

Patients were informed about the investigation, and proper consents
were obtained. The authorization for this investigation was obtained
from the Institutional Review Board [E – 17–2267 dated 27 March 17]
King Khalid University Hospital of King Saud University of Riyadh,
KSA. The spectral and AFM study were performed in Research Chair in
Laser Diagnosis of Cancer under the guidelines of Ministry of Higher
Education, King Saud University in Saudi Arabia. The distribution of
subjects and their hematological parameters are given in Table 1.

Among the subjects, the normal controls were friends and relatives
of the KKUH staff. The α or β thal trait subjects were identified in
routine screening for marriage registration certificates. The β thal major
and HbH subjects were regular patients under once or twice per month
transfusions and supervision with or without chelation therapy.

Briefly, 5ml blood were collected i.v. from each subject in an EDTA
(ethylene diamine tetraacetic acid) vial containing standard antic-
oagulant. The collected blood vials were gently rocked five times and
centrifuged for 15min at 3000 rpm to separate plasma from cellular
components. The top supernatant yielded greenish yellow liquid,
plasma which was collected and subjected to SXS. The bottom thick,

Table 1
Hematological parameters of five types of subjects under study.

Samples Type Quantity (Nos) Age Hb g/dL MCV (fl) MCH (pg) HbA% HbA2% p- value

Normal 35 (20 male / 15 female) 14-43 12.56 ± 0.29 87.2 ± 1.81 30.5 ± 0.08 97.2 ± 0.12 2.3 ± 0.14 p<0.10
β TT 28 (18 male/10 female 20-33 11.08 ± 0.78 76.3 ± 1.32 27.4 ± 0.91 94.3 ± 0.78 3.6 ± 0.45 p<0.10
β TD 25(15 male/10 female) 10-23 7.8 ± 0.91 68.9 ± 1.30 23.3 ± 0.46 78.2 ± 0.13 5.4 ± 0.32 p<0.10
α TT 20(15 male/10 female) 20-34 12.01 ± 0.89 81.6 ± 0.91 28.4 ± 0.17 95.6 ± 0.27 2.9 ± 0.39 p<0.15
α TD(HbH) 12(8 male/4 female 10-20 9.87 ± 0.75 76.0 ± 1.12 25.6 ± 0.58 93.2 ± 0.10 3.2 ± 0.85 p<0.15
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semisolid paste of blood containing mostly RBC was lysed with acetone
(1:2 v:v) and centrifuged to obtain a clear, transparent liquid. This
contained the biomolecules for FES fluorescence study [13–19].

2.2. Atomic force microscopy classification

Droplets of erythrocytes of each subject were spread as monolayers
on clean 12-mm diameter round glass cover slips. The smear was al-
lowed to air dry prior to AFM. All AFM images and measurements were
obtained by an AFM (Multimode, Bruker, USA) operating in tapping
mode. A silicon probe with aluminum reflective coating on its back side
(TEPSA, Bruker, USA) was employed in the AFM imaging. The probe
had a spring constant of 20–80 N/m, a tip curvature radius of 8 nm, and
a resonant frequency of 342–394 KHz.

To direct the AFM probe to the desired cells, we used a top-view
optical microscope. To analyze cell membrane alterations, 5–7 cells
from different areas of each smear were randomly selected and
scanned. The experiments were repeated several times to exclude arti-
facts. The AFM images were processed using Nano-Scope Analysis 1.3
(Bruker, USA).

2.3. Statistical analysis

All data were analyzed using Student’s t-test (available in SSP
software). Mean, variance, standard deviation, and p value were cal-
culated in each data set. Significant results were determined among all
data sets.

3. Results

Fig. 1 shows the fluorescence emission spectra (FES) of normal
blood and two inherited blood disorders: (a) normal vs. β Thal trait
(βTT) and (b) normal vs. α Thal trait (αTT). Three major spectral bands
were observed with peaks at 470, 585, and 630 nm. The spectra were
normalized to the intensity at 470 nm (i.e., the background Raman
spectrum of acetone). The intensity ratio between the peaks at 630 nm

and 585 nm (i.e., the neutral and basic forms of porphyrin) is a measure
of oxygen carrying capacity. This measurement was different for all
variants of Thal. To highlight the differences, a ratio parameter, defined
as R1= I630/I585, is given in Table 2.

The presented ratio parameter was the average of number samples
of each variant. The standard deviation was± 8% (p < 0.01); thus,
each variant was unambiguously classified.

Fig. 2 shows the SXS of the plasma of two subjects: (a) normal and
(b) β Thal trait. In the spectra, normalization was not performed be-
cause the SXS spectra varied dramatically between variants (see below
table). To highlight the characteristics features, two ratio parameters
were defined: R2=I270/I290 (i.e., a ratio of the concentrations of tyr-
osine to tryptophan) and R3=I450/I370 (i.e., a ratio of the concentrations
of FAD enzyme and NADH coenzyme). I270 represents the spectral in-
tensity at 270 nm; the other variables follow similar definitions. The
ratio parameters for the different disorders based on the plasma com-
ponents spectra are shown in Table 3.

Each ratio parameter varied by±10% (p < 0.012). Thus, each
disorder was distinguishable. An important non-spectroscopy para-
meter for variant classification is the ratio between plasma volumes to
cellular components volume, as shown in Table 4. Representative AFM
images of normal and Thal RBCs are shown in Fig. 3(a–e). As seen in
Fig. 3(a), healthy RBCs have a biconcave shape with an average dia-
meter of 7.30 ± 0.4 μm, whereas the overall RBC shapes of Thal
samples displayed some degrees of deformities and reduced sizes
(5–6 μm; Fig. 3(b–e)). A significant percentage of RBCs (approximately
27%) from αTT patients displayed various abnormal shapes and sizes,
whereas the remainder of RBCs exhibited normal morphology. The
abnormal cells tended to be spherical, as shown in Fig. 3(b). RBCs taken
from βTT patients exhibited some degree of abnormalities in Fig. 3(c).
However, the overall shapes were only marginally different from those
of healthy RBCs. To highlight the contrast, the morphological appear-
ance of abnormal RBCs from α-thalassemia intermedia (HbH disease)
patients is shown in Fig. 3d. HbH disease manifested as significant al-
terations in shapes and sizes. For the RBCs of patients of βTD, more
than 70% of scanned RBCs were severely distorted and agglomerated,
which increased the probability of vascular occlusions. Though various
abnormalities were observed, elongated RBCs was the most common
(Fig. 3e).

Fig. 4(a–c) shows the topographical ultrastructure of RBC mem-
branes from normal, βTT and βTD subjects. The ultrastructure of the
normal RBC membrane was smooth and almost uniform, whereas for
RBCs taken from βTT patients, surface erosion and unevenness were
evident. For βTD, the ultrastructure of RBC membranes was distorted
with many large holes (Fig. 4c).

4. Discussion

The most common method of Thal diagnosis is CBC coupled with
hemoglobin quantification by electrophoresis or HPLC. Most persons
with the Thal trait are incidentally identified when their complete
blood count shows mild microcytic anemia. The spectroscopic and AFM
investigations of this paper are not intended to replace these conven-
tional methods. Instead, this study adds significant insights to the
characteristics of these inherited disorders.

The ratio parameter R1 = I630/I585 is a measure of the oxygen
carrying capacity of RBCs [15–18]. Hemoglobin (Hb) is an oxygen
carrier. Each Hb has four heme groups. Each heme contains an iron
complex of porphyrins, and each iron atom can bind one oxygen mo-
lecule. This is because a heme group is nonplanar with a central iron
atom extending out by 0.04 nm. By absorbing an oxygen molecule, iron
radius shrinks and reaches a planar alignment with the porphyrin ring.
The oxygen carrier in blood is the iron of porphyrin rings of the RBC
heme groups [26,27].

Endogenous porphyrins and ALA-labeled and metabolized exo-
genous porphyrins exhibit at least two or three peaks one at 585 nm,

Fig. 1. Fluorescence emission spectra (SES) of normal and other types of in-
herited blood disorders (a) normal control vs beta thal trait (βTT) (b) normal vs
alpha thal trait (αTT).
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630 nm, and 670 nm. Such peaks have been observed in a variety of
malignant tissues, blood plasma, and malignant cell lines [16,17].
However, there is considerable disagreement in the identification of
species responsible for each peak. For example, Masilamani et al. [22]
examined porphyrin II in different pH environments and identified
peaks at 585 nm, 630 nm, and 670 nm as the basic, neutral, and acidic
forms of porphyrins. Others have associated these peaks with metallo-
porphyrin [27,28], in particular, zinc porphyrin. Such disagreements
are understandable because porphyrins are complex molecules

observed in equally complex matrices (e.g., malignant tissues and
plasma). In any case, in acetone extracts of RBCs of controls, cancer
patients, and Thal subjects, two peaks (585 nm and 630 nm) are un-
mistakably present at different proportions. The relative intensity ratios
of these peaks have been considered indicators of particular diseases.

For the sake of comparison, we normalized this quantity as 100%
for normal, age-adjusted subjects. The relative value is 70% for βTT and
40% for βTD due to anemia. However, the ratio showed two different
values for αTT. For 40% of αTT subjects, the ratio varied from 0.6 to 0.8
(mean 0.7), and for another set (60%), the ratio varied from 1.2 to 1.8
(mean 1.5 ± 0.2). This was in clear contrast to βTT, for which R1

varied only from 0.6 to 0.8. Of the hundreds studied in a βTT screening,
none exhibited ratios greater than 0.8 [27].

These results may be due to two possible variants to αTT (-α/ -α)
and (–/α α). In the former case (cis type), one α is absent in each
chromosome. In the latter case (trans type), two genes are absent in the
same chromosome. There was no way of determining whether the cis or
trans types manifests for each sample R1< 1. For HbH, all samples
were β chains (R1< 1.5) in most cases (with only 15% less than 1). This
is because HbH is considered abnormal due to a strong affinity for
oxygen and poor delivery to the tissue cells [29]. RBCs in HbH essen-
tially “hoarded” oxygen. This indicated that HbH patients will have
unexpected health issues associated with iron overloading. After
transfusion, βTD/HbH patients would experience “self-iron over-
loading”. Because of this, transfusions are sparingly recommended for
HbH patients.

The next most important blood component is plasma, which carries
essential amino acids, enzymes, and RBC metabolites. The SXS of
plasma provides data. The intensity of the peak at 290 nm is a measure
of the wellness of the subject because it is the characteristic fluores-
cence excitation peak of essential amino acid tryptophan. Healthy RBCs
are normalized to 100, whereas this value is 75 for αTT, 60 for βTT, 30
for HbH, and 5 for βTD. The poor health of βTD patients is evident in
this gradation [30]. Similarly, R2 = I450/I370 is 0.6 for normal cells but
1.2 for βTT cells. R2 is only 1 for αTT, but it is 10 for HbH and 20 for
βTD. I450 is a measurement of FAD, and I370 is that of NADH. The ratio
R2 is a measure of RBC degeneration [31,32].

Increasing values of R2 indicates that αTT and βTT subjects will
have marginal health issues. αTT subjects are relatively healthier than
βTT subjects. However, βTD subjects will have serious hemolysis re-
quiring repeated blood transfusion. Their RBCs have short life spans of
approximately 40–50 days. HbH patients will have significant hemo-
lysis but will not require transfusions. While βTD and HbH patients will
have chronic diseases, the latter will not suffer from dramatic symptoms
as much as the former.

The ratio parameter R3 = I270/I290 is a ratio between tyrosine and
closely related amino acid tryptophan. This is roughly proportional to
the concentrations of immature to mature RBCs [33,34]. αTT subjects
have 50% more immature cells (microcytosis); βTT have approximately
75% and HbH have almost 100%, but βTD have 300% (i.e., RBC in-
efficiency increases in this order).

The ratio parameter R4 is the ratio of plasma volume to cell volume.
R4 is 1.22 for normal cells, 1.7 for βTT, and 3 for βTD. The con-
centration or number of RBCs is lower for β Thal. However, RBC con-
centrations are higher than normal for αTT and HbH. The RBC con-
centration (R4) is almost twice what it is in another inherited blood
disorder, G6PD. HbH and G6PD exhibit similar clinical manifestations
of anemia and increased hemolysis during viral infection or medical
allergic reactions [35].

Table 2
Ratio parameter for different disorders from the RBC fluorescence.

Ratio parameter Normal control αTT(Alpha Thal Trait) αTD(Alpha Thal Disease) βTT(Beta Thal Trait) βTD(Beta Thal Disease)

R1= I630/I585 1 1.6 2.5 0.7 0.5

Fig. 2. Synchronous excitation spectra (SXS) of plasma of two of all five sub-
jects. (a) normal control and (b) beta thal trait (βTT).

Table 3
Ratio parameter for different disorders from the excitation spectra of plasma
components.

Parameter Normal βTT βTD αTT αTD

I peak 100 60 5 80 20
R2=I270/I290 0.6 1.1 1.8 0.9 1.3
R3=I450/I370 0.6 0.9 20 1.0 10

Table 4
Ratio parameter (R4=Vplasma/Vcellular component) for different disorders.

Parameter Normal βTT βTD αTT αTD

R4 1.22 1.5 1.7 0.9 0.7
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In this study, microscopy investigations using AFM showed obvious
morphological differences between normal and Thal RBCs. The mea-
sured sizes of all types of Thal RBCs were smaller than those of healthy
RBCs. A small proportion of αTT or βTT RBCs showed structural ab-
normalities. Decreases in the number of abnormal RBCs may explain
why β (or α) Thal trait is generally asymptomatic. However, there re-
main risks of anemia, iron overload, and blood flow restriction in small
blood vessels. These risks increase with increasing numbers of

abnormal cells and increasing distortion.
Thal RBCs are characterized by their abnormal structures, reduced

deformability, and increased aggregation [36–38]. This study showed
that the aggregation of RBCs is strongly influenced by the degree of
distortion. This observation was confirmed by the formation of larger
clusters in βTD when compared with other types of Thal and by the
high incidence of aggregates in RBCs of βTD with elongated shapes
compared with other shapes, leading to increased thrombotic

Fig. 3. Representative AFM images of the morphological appearance of red blood cells (RBCs) of subjects; (a) normal RBC, (b) RBC of alpha thal trait (αTT), (c) RBC
of beta thal trait (βTT), (d)) RBC of alpha thal intermedia (HbH disease), (e) RBC of beta thal disease (βTD). The scale bar is 1 μm.
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tendencies. The increased aggregation between cells may be attributed
to the appearance of phosphatidylserine (PS) at cell surfaces. The cell
membrane maintains phospholipid asymmetry by ATP activity [39].
Outer membrane leaflets are dominated by cholinephospholipids, such
as phosphatidylcholine, whereas PS is confined to inner leaflets [40].
We expected such asymmetry may be missing in Thal RBCs. Correla-
tions between ATP concentrations, the presence of PS, and RBC shape
were identified.

5. Conclusion

Spectroscopy and AFM investigations on blood components of four
types of Thal (αTT, αTD, βTT, βTD) has provided reasonable explana-
tions for their clinical manifestation based on intrinsic molecular and
morphological characteristics. The severity of these diseases increases
in the order of αTT, βTT, HbH, to βTD. There were one-to-one corre-
spondences between their clinical problems, structures, and spectro-
scopic features. This report provides a plausible explanation for clinical
differences between HbH and βTD based on the abnormal presence of β
components of globins.

Conflicts of interest

The Authors declare no conflicts of interest.

Contributions

SD, KA, VM, and MSA made substantial contributions in terms of
spectroscopic and microscopic analysis, data collection and drafting of
the original manuscript. FA and KF provided the blood samples. DC has
interpreted the hematological data. All authors have read and approved

the final manuscript.

Acknowledgement

The authors are grateful to the Deanship of Scientific Research, King
Saud University for funding through Vice Deanship of Scientific
Research Chairs.

References

[1] J.-O.C. Dunn, M.G. Mythen, M.P. Grocott, Physiology of oxygen transport, Bja Educ.
16 (2016) 341–348.

[2] D.R. Higgs, J.D. Engel, G. Stamatoyannopoulos, Thalassaemia, Lancet. 379 (2012)
373–383.

[3] D.J. Weatherall, Phenotype-genotype relationships in monogenic disease: lessons
from the thalassaemias, Nat. Rev. Genet. 2 (2001) 245–255.

[4] D.J. Weatherall, J.B. Clegg, Inherited haemoglobin disorders: an increasing global
health problem, Bull. World Health Organ. 79 (2001) 704–712.

[5] V. De Sanctis, C. Kattamis, D. Canatan, A.T. Soliman, H. Elsedfy, M. Karimi, S. Daar,
Y. Wali, M. Yassin, N. Soliman, P. Sobti, S. Al Jaouni, M. El Kholy, B. Fiscina,
M. Angastiniotis, Thalassemia distribution in the old world: an ancient disease seen
from a historical standpoint, Mediterr. J. Hematol. Infect. Dis. 9 (2017) e2017018.

[6] A.H. Bittles, H.A. Hamamy, Consanguinity and endogamy in Arab countries,
Genetic Disorders Among Arab Populations, 2nd ed., Springer, Heidelberg, 2009 ed
Teebi A.

[7] H.A. Hamamy, N.A. Al-Allawi, Epidemiological profile of common haemoglobino-
pathies in Arab countries, J. Community Genet. 4 (2013) 147–167.

[8] L. AlGazali, H. Hamamy, S. Al-Arrayad, Genetic disorders in the Arab world, BMJ.
333 (2006) 831–834.

[9] A. Haj-Khelil, S. Denden, N. Leban, H. Daimi, R. Lakhdhar, G. Lefranc, J. Ben
Chibani, P. Perrin, Hemoglobinopathies in North Africa: a review, Hemoglobin. 34
(2010) 1–23.

[10] H.A. Hamamy, A. Alwan, Hereditary disorders in the Eastern Mediterranean
Region, Bull. World Health Organ. 72 (1994) 145–154.

[11] N.A. Al-Allawi, S.D. Jalal, A.M. Mohammad, S.Q. Omer, R.S. Markous, Β -tha-
lassemia intermedia in Northern Iraq: a single center experience, Biomed Res. Int.
(2014) 262853.

[12] N.A. AlHamdan, Y.Y. AlMazrou, F.M. AlSwaidi, A.J. Choudhry, Premarital

Fig. 4. The surface ultra structure of RBC (a) normal (b) beta thal trait (β TT) and (c) beta thal disease (βTD). Scan size 500 nm×500 nm.

K.E. AlZahrani, et al. Photodiagnosis and Photodynamic Therapy 27 (2019) 149–155

154

http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0005
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0005
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0010
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0010
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0015
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0015
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0020
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0020
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0025
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0025
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0025
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0025
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0030
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0030
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0030
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0035
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0035
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0040
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0040
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0045
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0045
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0045
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0050
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0050
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0055
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0055
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0055
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0060


screening for thalassemia and sickle cell disease in Saudi Arabia, Genet. Med. 9
(2007) 372–377.

[13] R.R. Alfano, Y. Yang, Stokes shift emission spectroscopy of human tissue and key
biomolecules, IEEE J. QuanElec. 9 (2003) 148–153.

[14] R. Nirmala, Fluorescence spectroscopy of neoplastic and non-neoplastic tissues,
Neoplasia 2 (2000) 89–117.

[15] V. Masilamani, M.S. AlSalhi, T. Vijmasi, K. Govindarajan, R. Rathan Rai, M. Atif,
S. Prasad, A.S. Aldwayyan, Fluorescence Spectra of blood and urine for cervical
cancer detection, J. Biomed. Opt. 17 (2012) 098001–098006.

[16] M. AlSalhi, V. Masilamani, T. Vijmasi, H. Al-Nachawati, A.P. VijayaRaghavan, Lung
Cancer detection by native fluorescence spectra of body fluid - a preliminary study,
J. Fluoresc. 2 (2011) 637–645.

[17] M.S. AlSalhi, A.M. Mehmadi, A.A. Abdo, S. Prasad, V. Masilamani, Diagnosis of
liver Cancer and cirrhosis by the fluorescence spectra of blood and urine, Technol.
Cancer Res. Treat. 11 (2012) 345–351.

[18] M. Atif, M.S. AlSalhi, S. Devanesan, V. Masilamani, K. Farhat, D.A. Rabah, A study
for the detection of kidney cancer using fluorescence emission spectra and syn-
chronous fluorescence excitation spectra of blood and urine, Photodiagnosis
Photodyn, Ther. 23 (2018) 40–44.

[19] V. Masilamani, M.S. AlSalhi, S. Devanesan, F.H. Algahtani, K.M. Abu-Salah,
I. Ahamad, P. Agastian, Spectral detection of sickle cell anemia and thalassemia,
Photodiagnosis Photodyn. Ther. 10 (2013) 429–443.

[20] V. Masilamani, S. Devanesan, F. AlQathani, M. AlShebly, H.H. Daban, D. Canatan,
K. Farhat, M. Jabry, M.S. AlSalhi, A novel technique of spectral discrimination of
variants of sickle cell anemia, Dis. Markers (2018) 5942368.

[21] S. Devanesan, M.S. AlSalhi, M. Ravikumar, K. Perinbam, S. Prasad, H.A. Abbas,
S.R. Palled, K. Jeyaprakash, V. Masilamani, Fluorescence spectral classification of
iron deficiency anemia and thalassemia, J. Biomed. Opt. 19 (2014) 027008.

[22] V. Masilamani, K. Al-Zhrania, M.S. AlSalhi, A. Al-Diabb, M. Al-Ageily, Cancer di-
agnosis by autofluorescence of blood components, J. Lumin. 109 (2004) 143–154.

[23] S. Devanesan, A. Fatma, M.S. AlSalhi, K. Jeyaprakash, V. Masilamani, Diagnosis of
thalassemia using fluorescence spectroscopy, auto-analyzer, and hemoglobin elec-
trophoresis-A prospective study, J. Infect. Public Health (2019), https://doi.org/10.
1016/j.jiph.2019.02.018.

[24] D. Alsteens, E. Dague, C. Verbelen, G. Andre, V. Dupres, Y.F. Dufrêne, Nanoscale
imaging of microbial pathogens using atomic force microscopy, Wiley Interdiscip,
Rev. Nanomed. Nanobiotechnol. 1 (2009) 168–180.

[25] C. Steffens, F.L. Leite, C.C. Bueno, A. Manzoli, P.S. Herrmann, Atomic force mi-
croscopy as a tool applied to nano/biosensors, Sensors Basel (Basel) 12 (2012)
8278–8300.

[26] T. Korolnek, I. Hamza, Like iron in the blood of the people: the requirement for

heme trafficking in iron metabolism, Front. Pharmacol. 5 (2014) 126.
[27] R. Margalit, S. Cohen, Spectral and chemical evidence for the formation of zinc-

porphyrin in aged, initially metal-free, porphyrin-IX solutions, J. Inorg. Biochem.
25 (1985) 187–195.

[28] H.D. Zhang, Y.J. Ma, Q.F. Liu, T.Z. Ye, F.Y. Meng, Y.W. Zhou, G.P. Yu, J.P. Yang,
H.Q.S. JiangWang, G.P. Li, Y.Q. Ji, G.L. Zhu, L.T. Du, K.M. Ji, Human erythrocyte
lifespan measured by Levitt’s CO breath test with newly developed automatic in-
strument, J. Breath Res. 12 (2018) 036003.

[29] J. Harewood, A.M. Azevedo, Alpha Thalassemia (Hemoglobin H Disease) [Updated
2019 Feb 24]. In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing;
2019 Jan-. Available from: https://www.ncbi.nlm.nih.gov/books/NBK441826/.

[30] Y.M. Abdulrazzaq, A. Ibrahim, A. Al-Khayat, K. Dawson, Beta-thalassemia major
and its effect on amino acid metabolism and growth in patients in the United Arab
Emirates, Clin. Chim. Acta 352 (2005) 183–190.

[31] S. Voskou, M. Aslan, P. Fanis, M. Phylactides, M. Kleanthous, Oxidative stress in β-
thalassaemia and sickle cell disease, Redox Biol. 6 (2015) 226–239.

[32] A.A. Heikal, Intracellular coenzymes as natural biomarkers for metabolic activities
and mitochondrial anomalies, Biomark. Med. 4 (2010) 241–263.

[33] T. Fujiwara, GATA transcription factors: basic principles and related human dis-
orders, Tohoku J. Exp. Med. 242 (2017) 83–91.

[34] J.D. Crispino, M.S. Horwitzm, GATA factor mutations in hematologic disease,
Blood. 129 (2017) 2103–2110.

[35] A. Alaarg, R.M. Schiffelers, W.W. Van Solinge, R.Van Wijk, Red blood cell vesicu-
lation in hereditary hemolytic anemia, Front. Physiol. 4 (2013) 365.

[36] V.B.B. Yashar, Y. Barenholz, E. HyAm, E.A. Rachmilewitz, A. Eldor,
Phosphatidylserine in the outer leaflet of red blood cells from β‐thalassemia pa-
tients may explain the chronic hypercoagulable state and thrombotic episodes, Am.
J. Hematol. 44 (1993) 63–65.

[37] T. Hovav, A. Goldfarb, G. Artmann, S. Yedgar, G. Barshtein, Enhanced adherence of
beta-thalassaemic erythrocytes to endothelial cells, Br. J. Haematol. 106 (1999)
178–181.

[38] I. Dulińska, M. Targosz, W. Strojny, M. Lekka, P. Czuba, W. Balwierz, M. Szymoński,
Stiffness of normal and pathological erythrocytes studied by means of atomic force
microscopy, J. Biochem. Biophys. Methods 66 (2006) 1–11.

[39] M.P. Wautier, E. Héron, J. Picot, Y. Colin, O. Hermine, J.L. Wautier, Red blood cell
phosphatidylserine exposure is responsible for increased erythrocyte adhesion to
endothelium in central retinal vein occlusion, J. Thromb. Haemost. 9 (2011)
1049–1055.

[40] R.F. Zwaal, A.J. Schroit, Pathophysiologic implications of membrane phospholipid
asymmetry in blood cells, Blood. 89 (1997) 1121–1132.

K.E. AlZahrani, et al. Photodiagnosis and Photodynamic Therapy 27 (2019) 149–155

155

http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0060
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0060
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0065
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0065
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0070
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0070
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0075
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0075
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0075
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0080
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0080
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0080
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0085
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0085
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0085
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0090
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0090
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0090
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0090
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0095
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0095
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0095
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0100
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0100
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0100
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0105
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0105
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0105
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0110
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0110
https://doi.org/10.1016/j.jiph.2019.02.018
https://doi.org/10.1016/j.jiph.2019.02.018
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0120
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0120
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0120
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0125
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0125
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0125
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0130
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0130
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0135
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0135
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0135
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0140
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0140
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0140
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0140
https://www.ncbi.nlm.nih.gov/books/NBK441826/
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0150
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0150
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0150
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0155
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0155
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0160
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0160
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0165
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0165
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0170
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0170
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0175
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0175
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0180
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0180
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0180
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0180
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0185
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0185
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0185
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0190
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0190
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0190
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0195
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0195
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0195
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0195
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0200
http://refhub.elsevier.com/S1572-1000(19)30240-6/sbref0200

	Facile spectroscopy and atomic force microscopy for the discrimination of α and β thalassemia traits and diseases: A photodiagnosis approach
	Introduction
	Materials and methods
	Spectrofluorometric analysis
	Atomic force microscopy classification
	Statistical analysis

	Results
	Discussion
	Conclusion
	Conflicts of interest
	Contributions
	Acknowledgement
	References




