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Abstract
β-thalassemias are very heterogeneous in nature, with respect to the molecular basis of the disease. This type of 

disorder is caused by extensive deletions occurring within the β-globin gene locus, present on chromosome number 
11. Due to point mutations, stop codons in the β-globin mRNA is introduced, thus curbing its normal function. This
paper reviews conventional and latest β-thalassemia detection techniques. Amongst the conventional techniques,
the DNA-based piezoelectric biosensors were based on the observation of distinguishable frequency shifts,
resulting from the hybridisation between an oligonucleotide probe which was immobilized on a gold electrode of a
quartz crystal and the complementary strand; present in solution. Q-primer real time PCR (Q-PCR) system utilises
the 5’>3’ exonuclease activity of a DNA polymerase, which cleaves the nucleotides and results in fluorescence.
Amongst the latest detection methods, the capacitive micro-membrane and surface stress based biosensors require
flexible structures, microcantilevers or membranes, where one of their surfaces is functionalized with the probe
biomolecules. The interaction with the appropriate target molecules induces surface stress variations and finally
changes in the deflection of the structure. In bead based biosensors, the natural immobilization of the beads into
the polyacrylamide gel pads allows the beads to acquire unique spatial addresses that is recorded via image, and
thus helps in avoiding labeling or color encoding steps. These techniques are more efficient and overcome the
disadvantages of conventional techniques that were costly, less sensitive and complex too.

Keywords: β-thalassemia; Piezoelectric biosensors; Q-primer real
time PCR; Bead based biosensors; Capacitive micro membrane array

Introduction
Thalassemia is a form of inherited disorders related with non-

functional hemoglobin protein. Mutation or deletion in α or β-globin 
gene that results in shaping of normal and functional hemoglobin 
protein, results in formation of defective hemoglobin molecule that 
ultimately cause anemia [1]. Thalassemia can be classified into two 
types: α-thalassemia and β- thalassemia.

β-thalassemias are very heterogeneous in nature, with respect to 
the molecular basis of the disease. This type of disorder is caused by 
extensive deletions occurring within the β-globin gene locus, present 
on chromosome number 11. Due to point mutations, stop codons 
in the β-globin mRNA is introduced; variety of other mutations also 
affects the splicing sites and sometimes generate new splicing sites [2]. 
β-thalassemia is characterized by absent synthesis of β-globin chains. 
Individuals heterozygous for β-thalassemia are considered as carriers 
and suffer from severities like hypochromia, microcytosis, increased 
hemoglobin A2, and an unbalanced α/β-globin chain synthesis ratio. 
The concentration of hemoglobin protein varies in mild anemic 
cases, as compared to normal persons. Homozygotes or compound 
heterozygotes have intermediate to severe phenotypes. Intermediate 
condition is referred to as thalassemia intermediate, while severe 
condition is referred to as thalassemia major [3].

For the treatment of thalassemia, mainly hyper transfusion is 
prescribed and administration of iron chelating agents can also ensure 
a normal life. But these treatments must be life-long, and most families 
in the developing world cannot afford it due to financial reasons. Bone 
marrow transplantation is also another option, but difficulty lies in 
finding donor, generally only one-third of patients find an appropriate 
HLA-matching donor. Approximately, 200 mutations have been 
detected in patients with β-thalassemia that interfere with normal 
β-globin gene transcription, RNA processing and translation [4].

It is one of the commonest genetic disorders found in humans 
and poses an increasing public health problem in the tropical countries, 

where they occur at a high frequency. The detection of bio-molecules, 
such as DNA or RNA, is a critical process in medical research and 
diagnostics. The proper detection method for diagnostics purpose 
often necessitates detecting several targets simultaneously. Therefore, 
technologies for performing bio-molecular detection must be able to 
interrogate several targets at one time; currently molecular diagnosis of 
β-thalassemia is carried on by different methodologies [5].

Conventional Detection Approaches

The DNA-based piezoelectric biosensors are based on the 
observation of distinguishable frequency shifts, resulting from the 
hybridization between an oligonucleotide probe which was immobilised 
on a gold electrode of a quartz crystal and the complementary strand; 
present in solution [6-9]. Biosensor technology offers the possibility of 
monitoring hybridization in real time, and with high selectivity.

This type of biosensor was initially used in the Mediterranean area, 
where the most common β-thalassemia mutation observed was that of 
C→T substitution in the codon 39 of the gene. This biosensor aimed at 
detecting codon 39 mutation in the β-globin gene, exploiting the DNA 
piezoelectric biosensor principle. In the Mediterranean population, 
this disease is caused mainly by two mutations: the nonsense C→T 

DNA piezoelectric biosensor coupled with polymerase chain
reaction 
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substitution at codon 39 (west Mediterranean area) and the G→A 
substitution at position 110 of intron 1 (east Mediterranean area) [10].

Minunni et al. [11] discussed about the detection of β-globin 
gene mutation based on hybridisation reaction, which was performed 
using an optimised piezoelectric biosensor. A particular probe was 
immobilised on the gold surface, using an optimised procedure [12,13]. 
The immobilized probe recognized a region of the β-globin gene where 
a specific mutation occurs (codon 39). The position of the probe was 
picked out in the region containing codon 39, so that the mutation was 
placed in the centre of the probe sequence. The length of the probe was 
chosen to be of 25 bases [6,14-16]. 

Minunni et al. [11] investigated about the interactions of the 
immobilised probe with a complementary, a non-complementary and 
mismatch synthetic oligonucleotides. The samples were polymerase 
chain reaction (PCR)-amplified DNA samples that were extracted from 
human blood of healthy, β-thalassemia healthy carriers and thalassemic 
patients.

10 Hz AT-cut quartz crystals (14 mm) were treated with gold that was 
evaporated (42.6mm2 area) on both the sides. For the measurements, 
the quartz crystal was put up inside a methacrylate cell such that only 
one side of the crystal was in contact with the solution. The frequency 
variations were continuously recorded using a quartz crystal analyser. 
The resonance frequency was recorded by a computer connected to the 
QCA917 interface. The frequency shifts reported in the paper are the 
difference between two stable frequency values (± 0.5 Hz) [11].

The sequence of the target oligonucleotides (25 mer) complementary 
to the sequence around codon 39 of the β-globin gene where the 
mutation occurs, were immobilised on the gold surface of a piezoelectric 
quartz crystal. The hybridisation between the immobilised probe and 
the complementary strand in solution was detected, recording the 
variations of the crystal frequency (Figure 1).

But it also suffered with the major drawback of being highly 
expensive, due to the use of quartz crystals that contained gold particles. 
Even though the biosensor may be reused, hybridised probes, if remain 
attached, may create false results in further tests [11].

β-Thalassemia microelectronic chip

For better detection of highly heterogeneous distribution of 
molecular defects in the β-globin gene, Foglieni et al. [17] developed 
an automated electronic microchip for fast and reliable detection. 
In this research, the scientist targetted the nine most frequent 
mutations accounting for >95% of the β-thalassemia alleles in 
the Mediterranean area. The microelectronic chip system enables 
deposition and concentration of charged samples to designated test 
sites on a 100-microelectrode formatted cartridge [18-21]. Arrays 
consist of biotin-labeled PCR products amplified from patient DNA, 
and immobilized on test sites through interaction with streptavidin in 
a permeation layer. Hybridization of specific oligonucleotide probes, 
complementary to wild-type and mutant sequences, was visualized by 
fluorogenic indicators.

The β-globin gene regions (promoter, exons 1 and 2, introns 1 and 
2) containing the mutations of interest, was amplified in four PCR 
reactions using optimized sets of primers, in order to analyze all nine 
mutations of interest. The following table shows the location of each 
amplicon. For each set, one of the primers was 5’ biotinylated (Table 1).

For microchip analysis, the scientist used the NMW 1000 Nano-
ChipTM Molecular Biology Workstation and NanoChip cartridges, 
fabricated by Nanogen Inc. [17,19]. Samples were placed on the chip 
through a loader and electrophoresed by positive bias direct current to 
selected pads, where they remained embedded through interaction with 
streptavidin in the permeation layer. The whole process is automated 
and takes ~3.5 h/chip. The dye used for labeling wild type and mutant 
type reporters were 5’ Cy3 and 5’ Cy5 dye, respectively. But for -87C>G, 
for which 3’ 6-carboxytetramethylrhodamine/ Bodipy650/665 labeling 
of the wild-type and mutant reporters, respectively was used [17].

Complete processing of the chip (100 pads) took approx. 4 hours. 
Hybridization and fluorescence detection take approx. 20 min/chip. 
The study of microelectronic chips provides proper detection of 
complex heterozygous mutations, causing β-thalassemia. The scientist 
also modified their technique by developing several alternative 
multiplexing features for large-scale screening applications, thus 
attempting to reduce time and costs. The microelectronic chip system 
allows the scanning of up to four chips (400 samples) in a single day, 
thus enhancing the screening of a large number of samples in a highly 
frequent disease, such as β-thalassemia. However, use of various 
dyes i.e. Cy3, Cy5, 6-carboxytetramethylrhodamine/Bodipy650/665 
increases the complexity of the process, and also increases the cost. 
The other drawback is the fact that a convincing amplification of 
fluorescent signals was obtained when short PCR fragments (up to 
200 bp) encompassing one mutation each, was analyzed individually. 
Larger DNA fragment resulted in a low signal emission; this happened 
probably due to the complex secondary structures interfering with 
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Figure 1: Frequency variations during a hybridisation reaction taking place on 
the surface of the crystal. The analytical signal is taken as frequency difference 
between value at point 1 and 3. (1) Free probe; (2) DNA target comes into con-
tact with the free probe; (3) hybridized probe; (4) regenerating agent; and (5) 
free probe [11].

Amplicon Length Mutation analysis Mutated alleles detected, %
1 303 IVS1-110, cd39 65.5
2 459 IVS1-1, IVS1-6, IVS2-1 25.7
3 259 IVS2-745 5.2
4 255 -87, cd6, cd8 2.7

Table1: Percentage of mutant β-thalassemia alleles that can be detected by each 
amplicon [17].

These DNA-based piezoelectric biosensors have several advantages
and may be used as an alternative to gel electrophoresis and to traditional 
methods of specific DNA sequences detection where labelled probes 
are required. In the conventional approaches, the probes were labelled 
by radioisotope such as 32P or fluorescent tags, but these biosensors do 
not rely on using such labels. Moreover, it consumes fewer amounts 
of expensive reagents and multiple cycles can be performed under the 
same experimental conditions. This property comes from the fact that
these biosensors may be reused by proper washing, by dissociating the
hybrids.
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probe hybridization. In fact, as per the facts stated in the paper of 
Foglieni et al. [17], a single amplicon encompassing all nine mutations 
did not give sufficiently reliable results.

Allele-specific Q-primer real-time polymerase chain reaction

Recently, numerous PCR-based homogeneous genotyping assays 
have been building up for detection purposes. These include DNA 
binding dye-based methods [22], hybridization probe methods [23,24] 
and labeled primer methods [25]. But due to some of the shortcomings 
like amplification of target PCR products as well as nontarget PCR 
products, primer–dimer products and complexity involved in using 
more than one dye resulted in adaptation of a new approach, which 
is based on a novel Q-primer real-time Polymerase Chain Reaction 
(PCR) system.

In this study, scientist designed allele-specific Q-primers for the 
detection of three β-thalassemia mutations [Cd41/42(-TCTT), IVSI 
nt5 (G>C), and IVSII nt654 (C>T)], that have a high carrier frequency 
in Southeast Asia.

The basic principle of the technique was based on the fact that the 
5’>3’ exonuclease activity of a DNA polymerase, cleaves the nucleotides 
that quench BODIPYFL fluorescence at the end of polymerization in 
a Q-primer real time PCR (Q-PCR) system [26], thereby releasing 
its fluorescence. As amplification progresses, more fluorescence was 
emitted. In this experiment, two Q-primers were synthesized which 
had complementarily resemblance to wild-type and mutant alleles 
(approx upto 30 nucleotides). One common reverse primer was used in 
association with the two Q-primers, in separate mutant and wild-type 
PCRs to probe sample DNA. For heterozygotes, both mutant and wild-
type alleles can amplify well, resulting in similar threshold cycle (Ct) 
values. Samples from homozygous patients generated lower Ct values 
from the mutant reaction, than from the wild-type reaction. Thus a 
genotype can be decided based on difference of Ct values (∆Ct) of the 
two Q-PCRs [27].

For the detection of mutant β globin gene in which deletion has 
occurred, two Q-primers were designed with the 30 differential 
sequences matching either the wild-type or the deletion mutant. 
For each sample, two reactions were set up to test the wild-type and 
mutant alleles, respectively. It was found that differences of Ct values 
fall on two distinct groups, with the group with small ∆Ct values 
being heterozygote carriers and the group with large ∆Ct values being 
homozygous non carriers.

This technique requires less time (2 h) as compared to previous 
techniques, like Reverse Dot Blot analysis (2 days). A single-vial 
real-time PCR amplifluor detection system [26] requires use of five 
oligonucleotides, as compared to two oligonucleotides that are required 
in Q- primer based PCR. Reaction volume needs only 1.25 pmol of 
Q-primers per reaction. 

As a homogeneous assay, the system can also be potentially 
adapted in microfluid real-time platforms, and detection of compound 
β-thalassemia mutations in close proximity will also need to be 
demonstrated in the future [27].

Recent Detection Approaches
Capacitive micro-membrane array

Previously, analysis of different mutations using microarray serves 
as a fast and easy genome analysis tool for disease detection [28]. But, 

this technology is expensive and bulky systems are required in order 
to measure the label signal for detection [29]. Thus, microarrays could 
not be miniaturized and cannot be used in point of care diagnostics. 
Moreover, labelling is a costly and time consuming affair. It may also 
interfere with the interaction between the probe and target molecules. 
In order to solve these issues, scientists have come up with new kind of 
biosensors which can be miniaturized and are label-free systems. Such 
biosensors are electrical biosensors and surface stress based biosensors. 

Surface stress based biosensors are usually bimorph microcantilevers 
with optical or piezo resistive readout [30], or alternatively capacitive 
micro-membranes [31,32]. Surface stress based biosensors require 
flexible structures, microcantilevers or membranes, where one of their 
surfaces is functionalized with the probe biomolecules. The interaction 
with the appropriate target molecules induces surface stress variations, 
and finally changes in the deflection of the structure.

Capacitive detection is desirable as it is highly sensitive and requires 
low power consumption, but is not feasible in cantilever biosensors, as 
the electrolyte solution causes faradaic currents between the capacitor 
plates. Therefore, the scientists used a membrane instead of a cantilever, 
leading to the capacitor plates being sealed from the electrolyte solution, 
thereby enhancing reliable capacitive detection. These capacitive 
membranes exploit the variations of the surface stress induced, when 
the probe molecules on the functionalized surface interact with their 
target counterparts. The capacitive sensing elements are parts of a 2D 
array (16×16) and are composed of an ultra thin silicon membrane, 
passivated by a Low Temperature Oxide (LTO) layer that also serves 
for the functionalization of the biosensors. The operation principle 
of the sensors relies on the membrane deflection capability, and the 
translation of the deflection changes into capacitance changes. The 
capacitor plates are the flexible Si membrane that is highly boron doped 
in order to become conductive, and the fixed phosphor doped counter 
electrode [33].

The most frequently encountered (over 90% of total mutations) 
molecular abnormalities related to β-thalassemia oligonucleotides 
are point mutations (substitutions) and short insertions or deletions, 
limited to a few nucleotides. Among these the group of researchers 
selected the CD19 mutation. It is a point mutation (substitution A→G) 
and represents one of the most important and frequent category of 
mutations on β-globin gene. 

The biosensor experiment was able to differentiate complementary, 
as well as single base mismatched β-thalassemia DNA strands. The 
capacitive biosensor array is a direct and a fast method in studying the 
biological interactions. It is also very simple, less costly and is of small 
size. Thus, it may be suitable for point of care applications.

Spatially addressable bead-based biosensor

Biosensors comprising biofunctionalized microbeads play an 
important role in bioanalysis and diagnostic purposes. Owing to the 
property of high surface to volume ratio, the microbeads can bear a 
larger number of bioprobes compared to conventional 2D surfaces. 
Bioassays employing this property of 3D surfaces offer several 
advantages and provide amended performance. It has now become very 
fruitful to perform bioassay in microfluidic devices due to its feature 
of fast reaction kinetics and less reagent consumption. Thus, it is very 
promising to develop biosensors, integrating both microfluidics and 
microbeads for multiplexing and fast analysis of biomolecules [34].

Six common Southeast Asian β-globin gene point mutations, 
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representing both transitions (A/G, C/T) and transversions (G/T, G/C) 
were selected for the study, using these spatially addressable bead based 
biosensors. The sample was taken as β-thalassemic patient’s genomic 
DNA. Allele-specific probes targeting various regions of the β-globin 
gene were surface-bound to polystyrene microbeads. These beads were 
then sequentially spotted onto a polymer matrix, at the surface of the 
biosensor. The polymer matrix causes the first set of spotted beads 
to be immobilized at unique locations (spatial addresses), which was 
recorded via an image. The process was then repeated for spotting and 
distinguishing subsequent bead types, with each bead type carrying 
probes for targeting either the wildtype or mutant allele of a sample. 
This procedure allows the different probe-bead types to be identified, 
without the need for prior encoding of the microbeads. Genomic DNA 
samples were sequentially amplified by duplex-PCR and asymmetric 
PCR, followed by hybridization and detection. Hybridization was 
accomplished within 30 min, and the South East Asian β-globin 
genotype can be determined within 3 hours, demonstrating its potential 
as a simple tool for rapid β-thalassemia carrier screening [35] (Figure 
2).

This figure shows the signal intensity from the wildtype and mutant 
probes used to target each mutation. All seven different samples were 
correctly genotyped using the device. For heterozygous mutations, 
signal intensities from the wildtype probes did not differ significantly 
from that of the mutant probes. In the absence of a mutation, the 
wildtype probe intensities were significantly higher than that of the 
mutant probes. For the homozygous IVSII654 mutation, the mutant 
probe intensity was significantly higher than the wildtype probe. This 
similarity or significant difference between wildtype and mutant probe 
intensities allowed correct identification of the heterozygous mutant 
and homozygous wildtype (or mutant) samples, respectively.

The device does not require time consuming and labor intensive 
steps like color encoding, for distinguishing between different 
bead types [35]. The natural immobilization of the beads into the 
polyacrylamide gel pads allows the beads to acquire unique spatial 
addresses that is recorded via image, and thus helps in avoiding labeling 
or color encoding steps.

Working of these biosensors is simple; it may act as easy-to-use tool 
for rapid (total time<3 h) detection of mutations and may be used for 
detection of diseases, other than β-thalassemia. However, there is need 
for a prior PCR step to generate the amplified targets for hybridization, 
which might make it less attractive as compared to one-step PCR-based 
techniques [35].

Conclusion
Hemoglobinopathies (such as β-thalassemia and sickle cell anemia) 

are the most common hereditary genetic diseases in the world. They 
are caused by defects inherent in the gene coding for β-globin, an 
essential component of the hemoglobin molecule that carries oxygen in 
red blood cells from the lungs to body tissue. Different strategies have 
been reported in this review for detection of β-thalassemia. Recent 
techniques like Capacitive Micro-Membrane Array and Bead based 
Micro Array, combining the concept of biosensors and microfluidics, are 
proving more beneficial as compared to conventional techniques which 
were labor intensive, costly and less specific. More and more research 
needs to be done to design a device that can efficiently detect single 
base mutation in β-globin gene. Devices like bead based biosensor and 
micro-membrane array appear as highly efficient diagnostic devices 
with tremendous potency. These devices may be used in practical 
scenario for efficient and quick detection of β-thalassemia mutations.
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