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At present, 33 blood groups representing over 300 antigens are listed by the International Society of
Blood Transfusion (ISBT). Most of them result from a single nucleotide polymorphism (SNP) in the corre-
sponding DNA sequence, i.e. approx. 200 SNPs. In immunohematology laboratories, blood group determi-

Keywords: nation is classically carried out by serological tests, but these have some limitations, mostly in term of
Blood group multiplexing and throughput. Yet, there is a growing need of extended blood group typing to prevent
DNA biochip alloimmunization in transfused patients and transfusion accidents. The knowledge of the molecular bases
mrt?;g;y of blood groups allows the use of molecular biology methods within immunohematology laboratories.

Numerous assays focused on blood group genotyping were developed and described during the last
10 years. Some of them were real biochips or biosensors while others were more characterized by the
particular molecular biology techniques they used, but all were intending to produce multiplex analysis.
PCR techniques are most of the time used followed by an analytical step involving a DNA biosensor, bio-
chip or analysis system (capillary electrophoresis, mass spectrometry). According to the method used, the
test can then be classified as low-, medium- or high-throughput. There are several companies which
developed platforms dedicated to blood group genotyping able to analyze simultaneously various SNPs

Polymerase chain reaction

or variants associated with blood group systems.
This review summarizes the characteristics of each molecular biology method and medium-/high-
throughput platforms dedicated to the blood group genotyping.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Today, 33 blood group systems representing over 300 antigens
are listed by the ISBT. Most of them have been cloned and
sequenced [1,2] which means that the molecular bases of these
blood group systems are known and mostly result from single
nucleotide polymorphism (SNP).

Red Blood Cells (RBC) carrying a particular antigen can elicit an
immune response if they are introduced in the blood circulation of
someone who lacks this antigen. It is the antibody produced during
the immune response which is problematic and is involved in do-
nor/patient transfusion incompatibility, materno-fetal incompati-
bility and autoimmune hemolytic anemia. This immune response
can be immediate or delayed and, in some cases, lead to death.
That is the reason why antigen-negative blood is required for a safe
transfusion. The method of reference for testing blood group
antigens has been for decades the hemagglutination technique.
However, this gold standard method has certain limitations
(immunological reagent availability and specificity) when it comes

* Corresponding author.
E-mail address: christophe.marquette@univ-lyon1.fr (C.A. Marquette).

1046-2023/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ymeth.2013.09.011

to the determination of minor or rare blood group antigens in order
to fulfill perfect matching between patient and donor [3].

The classical method for blood group typing is hemagglutina-
tion. This technique is simple and well established for all major
blood groups, with specificity, sensitivity and security appropriate
for clinical diagnostic environment. However, when it comes to ex-
tended blood group typing, this technique has some limitations [3]
(see Table 1).

Reagents are specialized and must be obtained from immunized
patients or donors (polyclonal and monoclonal antibodies) or from
immunized mice (monoclonal antibodies). Reagents’ cost is
increasing, and many antibodies are not available, or are weakly
reactive which is not suitable for the growing need of blood prod-
ucts typed for a large number of antigens. This limit led to a rela-
tively low number of donors typed for larger number of antigens,
which limits the establishment of an antigen-negative inventory.
In addition, antigens may often be too weakly expressed on the
surface of the RBCs to be detected by serology and discrepancies
in serologic activity can occur between different manufacturer’s re-
agents [4]. Finally, even if all the necessary antibodies required to
determine all the blood group systems were available, there would
remain the following problems:
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Table 1
Limitations of serology.

Technical limitations
Manual data entry
Reagents specialized and obtained from immunized patients or mice
The cost of commercially licensed reagent increases
Many antibodies are not commercialized or weakly reactive
Not adapted to a high-throughput or high-content typing

Clinical limitations
Difficulties to phenotype a recently transfused patient or a multi-trans-
fused patient, or when RBCs are coated with IgG
Difficulties for the D-typing of the Rh blood group
When a silencing gene is involved
Indirect indication of the risk and severity of anemia or HDFN (Hemolytic
Disease of the Fetus and Newborn)

- It is difficult to type recently transfused patients [5], multi-
transfused patients like those with sickle cell disease [6], or
those who RBCs are coated with IgG [4].

- D-typing is difficult due to the high number of antigens pro-
duced by the RHD gene [7].

- Cases where the phenotype does not exactly represent the
genotype, due to silencing alleles, for example for the Duffy
blood group [8].

- Hemagglutination only gives an indirect indication of the risk
and severity of anemia or HDFN [9].

The knowledge of the molecular bases of most of the blood
group systems allows the use of new tools like DNA based assays.
One type of existing DNA-based assays uses DNA biosensors or
microarrays (solid phase or suspended beads arrays). They are
potentially high-throughput tools allowing testing a large number
of donors on a large number of antigens [3]. Moreover, they help
overriding the limitations of serology, replacing the immunochem-
ical reagents by synthetic and reproducible probes. These methods
usually associate a multiplex PCR step followed by detection with
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specific probes corresponding to the analyzed polymorphisms.
Indeed, two thirds of all blood group antigens are defined by single
nucleotide polymorphisms (approximately 200 SNPs) [10]. In this
situation, a solution based on multiplex PCR which can analyze
several parameters at the same time is required. The Fig. 1 gives
an overview of the different techniques used to predict a blood type.

The purpose of this review is to summarize the different exist-
ing molecular biology methods which allow extended blood group
genotyping. After seeing how DNA-based assays can be helpful, we
will describe the principles of PCR-based assays applied to blood
grouping and then summarize the different existing DNA biosen-
sor/microarray-based platforms.

2. Classical PCR-based assays

This technique has revolutionized the field of molecular genet-
ics, allowing the reproduction of a specific DNA sequence in an
exponential way. After the isolation of DNA, the PCR reaction con-
sists in three steps as represented on the Fig. 2.

(1) Denaturation: To dissociate the double stranded DNA and to
obtain two simple strands. This step is usually performed at
95 °C during 30 s.

(2) Annealing: During this step, specific primers hybridize on
their complementary sequences. The classic range of tem-
perature is 55 °C-65 °C, depending on the melting tempera-
tures of the primers.

(3) Extension: Between 68 °C and 72 °C, the DNA polymerase
synthesizes strands complementary to oligonucleotides
present in the reaction mix. The duration of this step
depends on the length of the amplified fragment. The typical
velocity of the DNA polymerase is 1 kb/minute.

These three steps are repeated approximately 30 times, which
result in a number of DNA copies which increases in an exponential
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Fig. 2. Principle and major steps of the Polymerase Chain Reaction (PCR).

way. Before the beginning of the first cycle, one step of initial dena-
turation is usually performed to enable long fragments to dissoci-
ate, especially when genomic DNA is isolated. This step also allows
the activation of the widely used hot-start DNA polymerase, which
helps preventing non-specific amplifications. In a similar way, a fi-
nal extension step of 5 min is performed to finish all the loading
extensions.

After the amplification, the synthesized fragments have to be
analyzed and here different methods can be used, from the low-
throughput agarose electrophoresis, to the medium-throughput
capillary electrophoresis and finally the high-throughput micro-
arrays systems. It is interesting to note that going from low- to
high-throughput is linked to the use of biosensor or biochip like
systems.

For the sake of comparison, we are describing hereafter the full
range of analysis systems (from non-biosensors electrophoresis to
biochip microarrays).

2.1. Low-throughput

2.1.1. PCR-restriction fragment length polymorphism (PCR-RFLP)

This technique is relevant only if a SNP creates or removes a
restriction site. Indeed, PCR is used to amplify region of interest
including the SNP, followed by a step of digestion with a restriction
enzyme. These enzymes are highly specific and cleave the DNA at a
specific site, characterized by a unique sequence of nucleotides.
Results are usually visualized using gel electrophoresis and frag-
ments of different sizes are obtained, reflecting the presence or ab-
sence of the restriction site and thus the SNP of interest. Results are
classically compared to known controls (homozygous samples for
each allele, and a heterozygous sample) as internal calibrators.

Some studies have already been conducted using this tech-
nique, mostly for ABO genotyping [12-16], but also for other sys-
tems such as Lewis [17] and Knops [18].

This technique cannot be multiplexed in its current status but
shall be in the future modified to fit a multiplex purpose.

2.1.2. Allele-specific-PCR (AS-PCR) or sequence-specific priming-PCR
(SSP-PCR)

This method requires at least two reaction tubes per DNA sam-
ple. Each reaction tube contains one gene specific primer which is
common to both alleles and one specific primer for one of the two
possible alleles. If the complementary sequence of the allele spe-
cific primer is not present, annealing does not occur and there is
no amplification. Results of the two reaction tubes are visualized
by agarose gel electrophoresis. As the lack of PCR product reflects
a missing allele, it is important to include an internal control to en-
sure that the PCR amplification step was successful.

Some articles have been published with this technique concern-
ing the following blood group antigens: Duffy [19-21], RhD/CE
[22,23], and ABO [24].

Some kits have been also developed and are commercialized:
BAGene SSP Kits [25], by BAG Health Care (http://www.bag-health-
care.com). These kits are CE-IVD marked and allow the determina-
tion of ABO blood groups, RH types, Kell Kidd and Duffy systems,
MNS system, HPA and HNA specificities. They are composed of
pre-aliquoted and dried reaction mixtures for SSP-PCR, optimized
for a final volume of 10 pL. 10X PCR buffer and an internal control
are supplied. However, Taq polymerase (not hot-start) and all the
equipment for the detection of the PCR products by agarose gel
electrophoresis must be added. This technique is compatible with
multiplexing conditions as far as the determination of the two al-
leles is separated in two different vessels (see next paragraph).

2.2. Medium-throughput

2.2.1. Multiplex PCR

This technique allows the analysis of several SNPs or regions of
interest in the same reaction, unlike AS or SSP-PCR, using multiple
primer pairs. Number of reactions, time and quantity of reagents
used are then drastically reduced.

The main problem in multiplex PCR is the degree of multiplex-
ing. Indeed, increasing the number of primers promotes the emer-
gence of non-specific hybridizations. Optimization of multiplex
PCR can then be fastidious mostly because annealing temperatures
of all primers must be similar.

In general, multiplex PCR products are visualized by agarose gel
or capillary electrophoresis, and discriminated according to their
sizes. In 2012, Jungbauer et al. published an article in which they
developed a multiplex PCR to genotype 35 red blood cell antigens
[26]. It consists of six different reactions, each with 5 to 7 primer
pairs. At least one allele-specific primer is used in each primer pair.
PCR products are analyzed by agarose gel electrophoresis and dif-
ferentiated by their sizes. Sixteen people per 96-well plate can then
be genotyped for 35 antigens. For all samples and markers tested, a
100% concordance was found between determined genotypes and
phenotypes (from 1 to 469 samples were tested for each antigen).
The group also compared the cost of classical serological typing (35
to 39€ per donor for 20 minor RBC antigens) with their own geno-
typing approach (15€ per donor for 35 RBC antigens). Thus, for 1
minor RBC antigen, serological typing would cost between 1.75
and 1.90€ (automated vs. manual), and genotyping around 0.43€.

This is one of many studies showing the relevance of genotyp-
ing compared to serology, from the standpoint of the cost, the
throughput, and the fact that there are only approximately 20
minors RBC antigens for which serological reagents are available
on a regular basis [26]. Kengkate et al. used this same technique
to genotype HPA-1 to -7 and -15 in Thai population [27] and
Wagner also used it to screen blood donors with rare phenotypes
[28].

2.2.2. Real-time PCR

Real time PCR is an autonomous detection system based on PCR
reaction. It can then almost be considered as biosensors on its own.
The working principle is the same than classic PCR, except that the
extension is detected and measured in real time. There are three
common methods:

- The use of SYBR® Green. It is a non-specific intercalating dye
which integrates to the forming double stranded DNA during
extension and emits fluorescence. Multiplexing is here not pos-
sible but Novaretti et al. used real-time PCR with SYBR® Green
to genotype blood donors for Diego blood group [29], as Sousa
et al. for the genotyping of Duffy blood group [30].
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- TagMan probes. These probes have a fluorophore bound to one
extremity and a quencher to the other one. In their initial con-
figuration, the quencher captures the fluorescence of the fluoro-
phore, turning off the signal. In the presence of DNA template,
the TagMan probe hybridizes and during the extension, the
TagMan probe is hydrolyzed by the 5-3’ exonuclease activity
of the polymerase. This results in the “break” of the proximity
between fluorophore and quencher, turning on the fluorescence
emitted by the fluorophore. Fluorescence detected is directly
proportional to the amount of fluorophore and DNA template
present in the reaction. Multiplexing is possible but limited
due to the number of fluorescent dyes commercially available,
and also due to the number of colors recognized by the instru-
ment. In 2009, Atamaniuk et al. published an article in which
they compared 3 molecular biology methods to predict fetal
RhD in maternal plasma and concluded that TagMan was one
of the most accurate system [31].

- FRET detection. In this system, two probes are used: one with a
transmitter fluorophore bound at the 3’ end, and the other with
an acceptor fluorophore bound at the 5’ end. These two probes
are chosen to hybridize to their target sequences in a configura-
tion where the two fluorophores are separated only by one to
five base pairs. When the two probes are separated, the trans-
mitter fluorophore only emits background fluorescence
whereas when they are hybridized and closer than 10 nucleo-
tides away, the proximity of the two fluorophores allows the
energy transfer from transmitter to acceptor. Fluorescence is
measured during the annealing, and is proportional to the
quantity of DNA synthesized. As probes stay intact, it is also
possible to realize melting curves at the end of the reaction.
Ansart-Pirenne et al. [32] used this technique for the genotyp-
ing of FY*X allele on 199 DNA samples.

Other probes exist for the measure of fluorescence during real-
time PCR such as Molecular Beacons, and Scorpions, but their de-
sign is fastidious and their cost is high.

2.3. Non PCR-based assays

2.3.1. Sanger DNA sequencing

For this method, a complementary primer of region of interest is
used. Extension is realized by Klenow fragment (DNA polymerase
without 5'-3’ exonuclease activity). Dideoxynucleotides are added.
They do not possess 3'OH group, and do not allow the addition of
nucleotides and the extension is then stopped. Each dideoxynucle-
otide is labeled by a specific fluorophore which emits at a specific
wavelength. The detection system measures the fluorescence emit-
ted and a specific profile is obtained, allowing the determination of
the desired sequence.

2.3.2. Pyrosequencing

In this technique, deoxynucleotides are not introduced in the
reaction vessel all together, but one after the other. If the added
nucleotide corresponds to the one expected by the DNA polymer-
ase, it is incorporated in the strand being synthesized and a pyro-
phosphate is released. This pyrophosphate is transformed into ATP,
by an ATP sulfurylase, and used by a luciferase bioluminescent en-
zyme to produce light. A CCD (Charge-Coupled Device) imaging
sensor captures the emitted signal and reproduces it as a peak on
a pyrogram. Peak height is function of signal intensity, itself func-
tion of the number of nucleotides incorporated at the same time.
The sequence can be deduced from peak heights. In the case of sin-
gle nucleotide polymorphism analysis, different nucleotides are
incorporated at a same position and peak height helps identifying
the presence of SNPs.

3. Integrated systems
3.1. Medium-throughput

3.1.1. Fluidic microarray system — xMAP

XMAP technology (http://www.luminexcorp.com) is based on
the use of matrices in suspension. Polystyrene microspheres act
as an immobilization support for oligonucleotide probes. Each
bead (5.6 pm diameter) has its own optical encoding which allows
its identification during result analysis. Two fluorophores are
incorporated in different proportion in each bead, conferring them
a unique spectral signature. Up to 500 different optical codes can
then be created. Beads carrying the same code form a set, and each
set carries a specific probe.

Oligonucleotide probes are synthesized with an amino C-12
modification at 5’ end and are covalently immobilized on the poly-
styrene microspheres through a carbodiimide activation method
[33]. Once the beads coupled with probes, they are stable for at
least 6 months.

The principle of the assay is summarized on Fig. 3. A multiplex
PCR which generates biotinylated amplicons is performed in order
to amplify regions of interest. Directly after the amplification, the
mixture is transferred into a 96-well plate and denatured at
99 °C. Labeled PCR products are then hybridized with microspheres
during 45 min. The plate is washed three times and incubated with
R-phycoerythrine conjugated-streptavidin. The analysis is based
on the flow cytometry principle. When a microsphere passes
through the detection chamber, a laser excites red and infrared flu-
orochromes, allowing the bead classification among the different
sets. Another laser excites orange fluorescence associated with
the target binding.

Drago et al. used this technique for the identification of blood
group SNPs [34]. They typed more than 2000 patients, whom 493
with multiplex assays, and they observed no discrepancies be-
tween Luminex results and serological results, except when there
was a null/weak phenotype. According to the authors, there are
some advantages with this method compared to other high-
throughput techniques: fast reaction kinetics, rapid data acquisi-
tion, and excellent sensitivity. Due to its flexibility, probe sets
can be reformulated, depending on the needs of the laboratory.
No amplicon purification is required after PCR, and this is a tech-
nique which allows the use of a large range of DNA concentrations,
avoiding fastidious steps of measures.

However, always according to the authors, even if it is possible
to type from 1 to 96 samples, XMAP technology is cost-effective
when a large number of samples is typed, then it may not be the
method of choice for laboratories with low workload. There is also
a lack of automation in the protocol, especially for sample loading
and washing steps.

3.1.2. TagMan open array — open array

This technique is based on TagMan method, described earlier.
Each probe contains a specific fluorescent dye to differentiate each
allele (http://invitrogen.com) of one blood group SNP. The reporter
dye VIC® is used at 5’end of each probe corresponding to allele 1.
FAM™ s used at 5’ of each probe corresponding to allele 2. One
Minor Groove Binding stabilizing agent is also present in the reac-
tion mix, which allows the increase of melting temperature of
probes while keeping their length constant. A non fluorescent
quencher is included at 3’end of each probe. As it does not fluo-
resce, the real-time PCR system can measure the fluorescence of
the reporter accurately. This technique allows the increasing of
throughput using classical plates.

Hopp et al. used this platform to screen African American blood
donors [35]. Out of the 4270 genotypes generated by the OpenAr-
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Fig. 3. Principle of XMAP assay [34].

ray® system, there were 5 discrepancies. Three have been resolved
by either a new serological typing, a new OpenArray® genotyping,
or using result obtained by Sanger sequencing. Each sample has
been analyzed in triplicate, with over 99% correlation.

The great advantage of this method is the low reaction volume
(33 nL) and speed (3 plates per approximately 5 h for a throughput
of 9000 genotypes per run).

3.1.3. Mini sequencing or SNaPshot

This technique, developed by Applied Biosystems (www.
appliedbiosystems.com) is based on an extension by only one
nucleotide. Regions of interest are amplified by multiplex PCR so
that each amplicon has a different length. Reaction mix is purified
to remove non-incorporated nucleotides and primers. Amplicons
are then mixed with a set of extension fragments. These fragments
are complementary to the adjacent region of the SNP and will
hybridize to the nucleotide preceding the SNP, at the 5’ side. A step
of enzymatic extension of 1 nucleotide length is performed in the
presence or four dideoxynucleotides labeled with four different
fluorophores. Capillary electrophoresis allows the detection of
fluorescence and length of the fragments, leading to the allelic
determination.

One complete cycle allows to analyze up to 10 SNPs in a single
reaction vessel per 24 h, and the estimated cost is 2$ per SNP [36].
One example of using this platform is reported in the publication of
Di Cristofaro et al. [37]. They used SNaPshot reaction to type 18
blood group alleles. Their multiplex PCR amplified 9 regions of
interest, with a length from 96 to 986 bp. Then, with the SNaPshot
kit, they realized the one base extension and analyzed data by cap-
illary electrophoresis with GeneMapper software. They analyzed
only seven blood group systems: Kell, Duffy, MNS, Kidd, Dombrock,

Cartwright and Colton but the assay also included the FY*X allele,
silencing FY and silencing MNS.

3.1.4. Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) - sequenom

This technique allows the differentiation of DNA fragments
which differ from one nucleotide in length. It consists of two steps:
(i) desorption/ionization of fragment induced by laser and (ii) sep-
aration/analysis of the different molecules, based on their physical
properties.

Sequenom is a Californian company of biotechnology develop-
ing since 2008 bench analytical tools: MassARRAY systems. It is a
compact equipment which allows the direct measurement of nu-
cleic acid mass. This system is based on multi MALDI-TOF MS tech-
nology and finds applications for blood group genotyping (http://
www.sequenom.com).

A cooperative study between Switzerland and Germany using
the Sequenom platform has been published in January 2013 [38].
The aim of this study was the molecular detection of the following
blood group systems: Rh, Kell, Kidd, Duffy, MNSs. This method has
also been used for the characterization of a collection of low inci-
dence antigens, platelet and granulocyte antigens for a total of
101 blood group antigens, encoded by 170 alleles.

The protocol starts by a multiplex PCR on genomic DNA, fol-
lowed by an allele-specific single base extension of a primer. This
primer anneals in a position directly adjacent to the SNP. The sim-
ple strands obtained (15-30 bases) are deposited on a silicon chip
beforehand spotted with a matrix crystal containing patches. The
entire mixture is then irradiated by a laser, inducing the desorption
and ionization of the amplified fragments. Charged molecules
accelerate through a flight tube towards a detector. Separation is
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made by Time Of Flight (TOF). This time is proportional to the mass
of the individual molecules. Low-mass molecules arrive faster than
high-mass molecules. As a result, a mass spectrum is obtained.
This technique has some advantages: low quantities of DNA are
required and the equipment is able to determine directly the mass
of the molecules, without any labeling or dying step. The Sequenom
platform supports multiplexing until 40 SNPs per reaction, with a
rapid data acquisition and interpretation. Up to 150000 SNPs can
be analyzed per day. Two formats are available: 384-well plate,
suitable for up to 1000 samples per day, and 96-well plate, optimal
up to 100 samples a day. Concerning the costs, list prices for Europe
for full 96-well system and full 384-well system are 250000€ and
350000 € respectively, whereas each multiplex PCR costs 10€. There
are 10 different multiplex PCR to cover all the antigens included in
this study, and cost for the package of multiplexed PCR is 70€.

3.2. Medium- to high-throughput

3.2.1. BLOODChip®

The BLOODChip® system is dedicated to extended blood group
genotyping and is commercialized by Progenika (www.progeni-
ka.com). It has been developed as a part of the European collabora-
tive project BloodGen (2003-2006) which associated two blood
banks (Barcelona and Prague) with two British academic research
institutes (University of the West of England, Bristol Institute for
Transfusion), the Sanquin (Netherlands), the universities of Ulm
(Germany) and Lund (Sweden). The consortium also included
two industrial partners: Progenika Biopharma SA (Spain), and Bio-
test (Germany) in charge of the integration on an existing SNP
analysis platform. In version 2.0, which is CE marked, BLOODChip®
allows the analysis of 128 SNPs associated with nine blood group
systems and some platelet antigens.

Target sequences are amplified from genomic DNA through a
multiplex PCR by hybridization of amplifiable probes, developed
by Beiboer et al. [39]. Extracted DNA is mixed with a set of primers
specific of the targeted polymorphisms. If the target sequence is
present in the sample, the primers hybridize on genomic DNA. A
washing step allows to isolate hybridized fragments and to amplify
them. PCR products are then marked with two fluorophores, frag-
mented, and hybridized on the BLOODChip® array under stringent
conditions. The chip is composed of a glass slide modified by an
immobilized matrix of specific probes on which targets hybridize.
Once hybridized, the chip is scanned with a fluorescence micro-
scope and obtained signals are analyzed through a dedicated single
software program to determine the different scores associated
with the different alleles which allow the determination of the
genotypes. Five hours after DNA extraction are required to achieve
the results.

After clinical tests at a small scale on panels of rare donors in
Spain, Germany, Czech Republic and Sweden, a validation on
3000 donors was performed and used to obtain the CE marking
of the system. When compared to serology and other molecular
typing methods, the results obtained by the authors highlighted
an excellent performance of BLOODChip® v2.0 for an extended
blood group genotyping.

3.2.2. HEA BeadChip™

Developed by BioArray Solutions Ltd. (held by Immucor Inc.),
HEA BeadChip™ offers an extended genotyping solution for 11
blood groups and a panel of platelet antigens (http://www.
immucor.com/bioarray). This product was approved by the Food
and Drug Agency and obtained CE marking in July 2010. It has been
evaluated on four hospital sites for the implementation of
extended genotyping in routine [40,41].

It is a hybridization test on a matrix of beads (Fig. 4). Micro-
beads (3 um of diameter) with carboxylic acid groups are function-

alized with probe oligonucleotides modified with an amino arm
(approximately 20 bases). Each bead carries about 50 copies of a
unique probe, which 3’ end is specific to a target polymorphism.
The different beads in suspension are collected (approximately
4000 beads) and coated on a silicon support where they form a
monolayer. These silicon matrices are individualized and assem-
bled on a glass slide. Two formats are available: 8 x 1 and
8 x 12, allowing testing several samples in parallel. Each bead
has an optical encoding which allows its identification by spectral
imagery and to deduce the sequence of the probe presents on its
surface. From this stand point the technique is similar to the Lum-
inex technology based ones.

After genomic DNA extraction, sequences with target polymor-
phisms are amplified using a multiplex PCR. The mixture of PCR
products is then purified, denatured, hybridized on beads and fluo-
rescently labeled using two strands specific enzymatic elongation.
This step can be realized only with a perfect match between target
and probe. The incorporation of a labeled nucleotide specifically la-
bels the two strands. Genotypes are obtained through the compar-
ison of fluorescence intensities between the two alleles of interest
and a panel of reference values.

Main published validation studies of HEA BeadChip™ have been
performed in collaboration with Marion Reid’s team at the Immu-
nohematology laboratory (New York Blood Center) [42,43]. In
2007, the team presented results of a study led on 2355 patients
belonging to multiple ethnic groups, for the analysis of 24 blood
group antigens and a panel of platelet antigens, with 99.5% of con-
cordance compared to serological results.

HEA BeadChip™ test (version 1.2) has been also implemented
by Kappler-Gratias et al. [40,41] for the evaluation of molecular
methods in the characterization of erythrocytes used as reagent
on the Laboratory and French National Reference Panel. The geno-
typing test has allowed analyzing 34 antigens involved in 11 blood
group systems for a panel of 365 donors. Comparison of the pre-
dicted phenotype by genotyping results and serological phenotype
for 25 of these antigens showed a concordance of 99.95%.

Brazilian teams have also reported the use of HEA BeadChip™
as a reference technique in a study evaluating the impact of ex-
tended molecular typing for the monitoring of multi-transfused
patient panel [44] and for the monitoring of sickle cell patients [6].

3.2.3. Genome lab SNP stream

Genome Lab SNP Stream platform, commercialized by Beckman
Coulter, use the SNPtream® UHT, developed by Orchid BioScience
for ultra high-throughput genotyping in pharmacogenomics and
in the drug screening [45]. It associates amplification by multiplex
PCR with a fluorescent labeling step obtained by elongation, fol-
lowed by hybridization on a chip. Canadian teams of Gregory
Denomme (Toronto) and Maryse St-Louis (Quebec) developed the
molecular biology tools required for the transfer of this technology
to extended blood group genotyping [46,47].

The format of the chip is a conventional 384-well plate, with the
same matrix of probes in each well, allowing then to test 384 sam-
ples in parallel. Oligonucleotides are covalently bound to a glass
support activated by 3-mercaptopropyl-trimethoxysilan (MPTS).
Then, the application of a neoprene mask allows individualizing
384 wells. Each matrix includes 16 probes: four are controls (posi-
tive and negative) and the other 12 correspond to the studied SNPs.

Each test allows the detection of two nucleotides among the
four possible at the SNP position. For each studied SNP, a fragment
SNP-IT is used and constructed as follows: 3’-end sequence of the
fragment is complementary to one of the probes fixed in the bot-
tom of the well and 5’-end sequence of the fragment is comple-
mentary to the target and immediately adjacent to the SNP.

The first step consists of a multiplex PCR to amplify specific se-
quences of targeted polymorphisms on the extracted DNA (Fig. 5).
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Fig. 4. Principle of HEA BeadChip™ assay.

Amplicons are mixed with SNP-IT fragments with which they spe-
cifically interact. Then a one-base enzymatic elongation is per-
formed in presence of the two labeled nucleotides, one by
BODIPY-fluorescein and the other by TAMRA. According to the base
present on the target at the SNP site, the elongation will incorporate
one or the other fluorophores. The reaction mixture is incubated on
the chip and the 5’-end of the fragment hybridizes with its comple-
mentary probe. A plate reader enables to read the fluorescence
intensity for each probe on each spot and to deduce the genotype.

In 2005, Denomme et al. [46] reported the analysis of 372 sam-
ples for 12 SNPs associated with RH, MNS, KEL, FY, JK, DI blood
group systems and one platelet antigen, with a concordance above
98% for 11 of the 12 parameters.

Maryse St-Louis’s team of Hema-Quebec was also interested in
the development of this technology. In 2006, a study of Montpetit

et al. focuses on the analysis of 22 minor blood group antigens
(RHCE, KEL, FY, JK, MNS) and three platelet antigens [48]. In this
study, blood samples were collected by FTA© cards. Very good re-
sults (concordance above 97%) were obtained despite varying DNA
amounts in the extraction step.

Ensued at Hema-Quebec, a donor screening project involved
21000 donors in less than 2 years [47]. A concordance of 99.6%
was obtained and 55% of the discordances were resolved at the ben-
efit of genotyping. This study also allowed evaluating the impact of
implementation of blood group genotyping in routine laboratory
[49].

3.2.4. HIFI Blood 96™
HIFI Blood 96™ is an emerging blood genotyping technique
developed on the AXO Science HIFI assay platform which takes
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advantage of the HIFI technology for the assembly of microarrays
with standard 96-, 384- and 1536-well plate (http://www.axos-
cience.com). It associates fully automated steps from extraction
to multiplex PCR, hybridization and reading. This is the first system
on the market with real high-throughput capabilities.

The format of the test is based on classical 96- or 384-well plates
with each well bottom modified with an array of probe oligonucle-
otides (Fig. 6). Each array is composed of 16 probes and three con-
trols and allows the identification of eight genotypes concomitantly.

The whole blood samples are first processed through an auto-
mated DNA extraction and then amplified using biotinylated gene
specific primers. Without any pre-treatment or purification step,
the PCR products are hybridized on the HIFI platform and labeled
to produce stained positive spots which are directly detected and
quantified using optical imaging. Images of each well are then in
silico processed to produce scores useful for the sorting of the sam-
ple according to their genotypes.

Two multiplex PCR were developed, allowing the identification
of 22 blood group antigens (KEL*01/02, KEL*03/04; JK*01/02; FY*01/
02; MNS*01/02, MNS*03/04; YT*01/02; CO*01/02; DO*01/02; LU*01/
02 ; JO(a+)/(a—); HY+/-), and also two variants which belong to
the Duffy system (FY*Fy and FY*X). The molecular biology develop-
ments and validation of the platform were partially performed in
collaboration with the Etablissement Frangais du Sang [50] and very
good correlations (between 97% and 100%) with other genotyping
and phenotyping assays were found. The HIFI Blood 96™, which
is taking 4 h30 to generate 96 genotypes from whole blood, is cur-
rently under CE marking process.

4. Conclusion

As highlighted in this review, the integration of molecular biol-
ogy techniques with microarray or biochip systems was the main
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Table 2
Benefits and implementations of DNA-based assays for blood group typing.

Typing for a patient
To identify a fetus at risk for HDFN
When serologic reagents are not available, or weakly reactive
When antigen is weakly expressed
In recently transfused patients
In multi-transfused patients
To distinguish alloantibodies from autoantibodies
To determine zygosity, especially for RHD
To identify Rh variants
When RBCs are coated with Immunoglobulin
To detect silencing genes or genes responsible of a weakly expressed
antigen

Typing for a donor
When serologic reagents are not available, or weakly reactive
When antigen is weakly expressed
To screen for antigen-negative donors
To detect silencing genes or genes responsible of a weakly expressed
antigen

Other applications
High-throughput and high-content
Can be fully automated (depending on the platform used), sometimes
from DNA extraction until results acquisition
To resolve reagent discrepancies
Data entry in a donor/patient database

milestone leading to the achievement of really multiplex and high-
throughput analytical tools based on DNA biosensing. Applied to
the highly complex blood group genotyping field in clinical labora-
tory, these systems prove their capabilities and performances. In-
deed, the knowledge of molecular bases of most of the 33 blood
group systems [2] allows the implementation of molecular testing
in classical molecular biology conditions. Furthermore, the use of
multiplex PCR together with microarray or biochip systems, allow-
ing the multiplex identification of PCR products, permitted the
transfer of these laboratory techniques to clinical laboratory
facilities.

It is assumed that high-throughput blood group genotyping
using such biochip platforms will replace serological techniques
in a near future. This change will only be accompanied by the
emerging of a platform being cost-effective and easy to implement
in clinical environment [51].

Finally, these new tools can override most of the technical and
clinical limitations of serology (see Table 2) and one of the most
important advances will here be the increasing of antigen-negative
blood inventories, then overstepping a new milestone in safety and
transfusion practices [9].
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