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Highlights 

 Optical biosensor for sickle cell anemia diagnostics 

 SPR-based biosensor to identify single point mutations  

 Reliable and reproducible detection of βS mutation  

 

Abstract 

 

Sickle Cell Anemia (SCA) is a monogenic hereditary disease caused by a single point 

mutation (βS) in the β globin gene resulting in an abnormal hemoglobin (HbS) that can 

polymerize within the erythrocytes, inducing their characteristic sickle shape. This causes 

hemolytic anemia and occlusive vessels for the most severe clinical status. Molecular 

analysis is crucial for fast and precise diagnosis of different forms of SCA, and, on the 
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basis of underlying genotype, for supporting the most appropriate treatment options. In this 

context, we describe a simple and reproducible protocol for the molecular identification of 

the βS mutation based on surface plasmon resonance (SPR) using the BiacoreTM X100 

affinity biosensor. This technology has already demonstrated its diagnostic suitability for 

the identification of point mutations responsible for genetic diseases such as cystic fibrosis 

and β thalassemia, using a protocol based on immobilization of PCR products on the 

sensor chip. On the contrary, in this work we applied a SPR strategy based on an 

innovative interaction format, recently developed in our group also for β thalassemia 

mutations. In particular, we correctly detected the βS mutation responsible for SCA, both in 

homozygous and heterozygous states, after hybridization of two oligonucleotide probes 

(normal and mutated) for the βS mutation, immobilized on sensor chip, with unbalanced 

PCR products obtained from 53 genomic DNAs carrying different βS allele combinations.  

 

Keywords: surface plasmon resonance; biosensor; BiacoreTM X100; sickle cell disease; 

HbS. 

 

1. Introduction 

 

The human β globin gene (HBB) is located on chromosome 11 and encodes the β globin 

protein, which combines with α globin protein, generating in red blood cells the adult 

hemoglobin (HbA) tetramer (α2β2), a molecule responsible for the oxygen transport 

throughout the body. More than 900 different mutant alleles for the HBB gene have been 

identified which either produce different protein variants, or cause a reduced or absent 

production of the protein product leading to several forms of hemoglobinopathies, the most 

common recessive diseases worldwide [1]. Hemoglobinopathies can be classified in two 

main categories: those resulting from structural hemoglobin (Hb) variants and 

thalassemias [2], but also their combinations can occur. Among the structural Hb variants, 

the most significant, from a clinical point of view, is the Hb variant causing sickle cell 

diseases (SCD) [3,4]. People with these disorders present an atypical hemoglobin, called 

sickle hemoglobin (HbS), at abnormal levels (proportion of HbS >40%) due to the 

presence of at least one β globin S allele (βS) [5,6]. In fact the SCD include homozygous 

sickle-cell disease (HbSS) and a range of mixed heterozygous hemoglobinopathies 

(HbS/β-thalassemia, HbSC disease, and other combinations) [7], but in all cases the βS 
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allele results from substitution of nucleotide A with T at codon 6 of the HBB gene, 

replacing the normal glutamic acid with a valine residue [7,8]. This variant hemoglobin is 

more rigid and less soluble compared to the normal hemoglobin and can distort red blood 

cells into sickle-shaped cells causing anemia, vaso-occlusion, pain and chronic organ 

dysfunction in homozygous patients with elevated HbS [9,10]. 

The identification of the βS allele is an important issue, especially in those areas showing 

high frequencies of this Hb variant like Africa, Mediterranean region, Southeast Asia, 

Spanish-speaking regions in South America, Central America, and parts of the Caribbean 

[3, 11-13]. In this respect, early diagnosis might be very important in preventing SCD crisis 

in newborns, that are among the most common (and in some cases fatal) complications in 

the early life.  

At present isoelectric focusing and/or high-performance liquid chromatography (HPLC) 

analysis of peripheral blood are being used for the HbS quantification during the premarital 

and newborn screening [14-16]. In certain cases genetic testing is also performed [6], 

based mainly on polymerase chain reaction (PCR) and requiring in most cases time-

consuming and/or relatively expensive cost methods, such as amplification refractory 

mutation system (ARMS) [17], high resolution melting HRM) [18], restriction fragment 

length polymorphism (RFLP) [19], DNA sequencing [20]. 

In this article we describe the real-time and label-free detection of βS single point mutation 

using a low-cost and highly sensitive protocol based on BiacoreTM X100, a Surface 

Plasmon Resonance (SPR)-based biosensor. 

Several articles report SPR-based biomolecular investigations, but only a limited number 

of them describe methods to identify single point mutations causing genetic diseases, 

including single point mutations of the HBB gene responsible for β thalassemia or SCD. In 

all these articles, the SPR biosensor technology was applied to mutation analysis of the 

human HBB gene using large PCR products as targets [21-23]. In details, the PCR-

amplified regions of genomic DNAs from analyzed subjects were immobilized on the 

sensor chips and oligonucleotide probes for β thalassemia or βS single point mutations 

were sequentially injected in solution onto the sensor chip surface, in order to determine 

possible hybridization with the target. The described interaction format was able to 

discriminate single point mutations, preventing however the reuse of the same flow cell for 

further diagnostic analysis, with high costs and limited number of subjects analyzed per 

sensor chip, depending on the number of control samples used. 
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In order to overcome all these drawbacks, we have recently published the application of 

an SPR approach for the detection of four β thalassemia single point mutations using a 

novel format based on the immobilization of allele-specific probes on flow cells of the 

sensor chip and injection of asymmetric PCR products obtained from analyzed donors 

[24,25]. Thanks to this format, high signal enhancement was obtained in order to improve 

the sensitivity and to detect low levels of the target mutation, as in prenatal diagnosis of 

genetic diseases [24].  

The novelty of this work is that the βS single point mutation detection using the SPR-based 

approach, is based on two oligonucleotide probes immobilized on the sensor chip (one 

complementary to the normal sequence, the other complementary to the mutated 

sequence) and on the injection of asymmetric PCR products (as target molecule), covering 

the βS region of genomic DNA isolated from the analyzed subjects. In order to discover the 

best probe for βS detection, we have comparatively evaluated the hybridization between 

five pairs of oligonucleotide probes having different lengths and two complementary 

oligonucleotide targets, normal or mutated, immobilized on sensor chip (Figure 1A). In this 

way, the 12-mer oligonucleotide pairs were selected as normal and mutated probes and 

immobilized on two different sensor chips to validate their interaction with single-stranded 

target PCR products obtained using genomic DNAs isolated from 53 donors carrying or 

not a βS allele (Figure 1B). 

 

2. Materials and Methods 

 

2.1. Samples collection 

Blood samples were obtained using Vacutainer LH Treated tubes (Becton Dickinson, 

Franklin Lakes, New Jersey, USA) containing either lithium heparin or EDTA as 

anticoagulants. Recruitments and sampling were conducted after approval of the Ethical 

Committee of S. Anna Hospital Ferrara (Italy) and Thalassaemia and Hemoglobinopathies 

Center, Laiko General Hospital, Athens, Greece. In all cases informed consent was 

obtained and the experiments performed in agreement with the Declaration of Helsinki. A 

progressive number was assigned to each specimen to ensure the anonymity.  

 

2.2. Extraction of genomic DNA using QIAamp® DNA Blood Mini Kit  

Genomic DNA, collected at Ferrara University-Italy, was extracted from 500 μl of blood 

using the QIAamp® DNA Blood Mini Kit (Qiagen, Hilden, Germany), according to the 
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manufacturer’s instructions and as reported in Breveglieri et al [25] and Supplementary 

Materials.  

 

2.3. Synthetic oligonucleotides  

Synthetic oligonucleotides were purchased from IDT (Integrated DNA Technologies, 

Coralville, Iowa, USA) and used for SPR experiments or PCR reactions. The relative 

nucleotide sequences are reported in Table I. 

 

2.4. Unbalanced polymerase chain reaction (PCR)  

For PCR reactions performed for SPR-based detection of the βS mutation, different pairs 

of primers were designed having different melting temperatures and producing distinct 

amplicon lengths (Table I). After a balanced amplification reaction using 25 ng of genomic 

DNA obtained from blood donors, unbalanced amplification was performed using only the 

forward primer in order to obtain single-stranded PCR products as reported by Breveglieri 

et al. [25] and in Supplementary Materials.  

 

 

2.5. Biospecific interaction analysis with BiacoreTM X100  

The Biacore™ X100 analytical system (GE Healthcare, Chicago, Illinois, USA) with the 

Biacore™ X100 Control Software (GE Healthcare) were used in all SPR-based analysis as 

reported by Breveglieri et al. [25] and in Supplementary Materials.  

 

2.6. Statistical analysis  

Statistical analysis were performed using the Student’s t-test, selecting a 95% confidence 

level and a statistical significance at p<0.05.  

 

 

3. Results and Discussion 

 

3.1. Identification of the optimal probes for HbS detection 

The first part of our experimental plan was the identification of the optimal probes for the 

detection of the βS mutation (Figure 1A). This phase consisted in the immobilization on 

sensor chip of two 19-mer biotinylated target oligonucleotides, one normal and other βS 

mutated, simulating the unknown DNA to be analyzed and less prone to secondary 
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structure formation compared to PCR products, and in the subsequent injection of 

complementary probe pairs with different lengths.  

First of all, the normal 19-mer biotinylated oligonucleotide (βN) was immobilized, obtaining 

a RU increase of 1866 units; in order to produce sensor chips with comparable microfluidic 

cells, the second immobilization, relative to the βS mutated oligonucleotide (βM), was 

carried out by setting the instrument software to reach more or less the same RU value.  

Then we injected five complementary probe pairs of different lengths (9-mer, 10-mer, 11-

mer, 12-mer, 13-mer) in order to evaluate their possible hybridization with the normal or 

mutated oligonucleotide immobilized on sensor chip. Each pair consisted of a normal 

probe (βN) and a βS mutated probe (βM) of the same length. The probe sequences are 

reported in Table I. This first part of the experimental plan was undertaken since, as 

described in literature [21], the probe length is a key point to be considered in order to 

perform a correct and efficient detection of single point mutations. 

Figure 2 shows the sensorgrams obtained after injection of 9-mer (A, B), 10-mer (C, D), 

11-mer (E, F), 12-mer (G, H) or 13-mer (I, L) normal (βN, solid lines) or mutated (βM, dotted 

lines) pair probes onto flow cells containing target 19-mer oligonucleotides carrying the 

normal (βN) (A, C, E, G, I) or βS mutated (βM) (B, D, F, H, L). The graphs show the mean 

values of the final (RUfin) and residual (RUres) RUs, measured respectively at the end of 

the injection and after the washing step. The values derive from three different injections of 

the analyte.  The RU values are reported in Table Is, Supplementary Materials. 

As for the 9-mer probes (Figure 2A, B), there were no interactions with the target 

oligonucleotides for both the used probes (RUfin and RUres values equal to zero): this 

lack of hybridization can be explained by the reduced length of the probes, which could 

prevent efficient interaction even between complementary sequences.  

For the 10-mer (Figure 2C, D) and 11-mer (Figure 2E, F) probe pairs, each probe was 

able to bind its complementary target sequence with low RUres values, demonstrating the 

generation of an unstable analyte-ligand complex due to the reduced probe length. As 

expected, neither mutated (Figure 2C, E) nor normal probes (Figure 2D, F) bound the 

mismatch oligonucleotides.  

As for the 12-mer probes (Figure 2G, H), the affinity and stability of hybridization with the 

complementary sequences were much higher as compared with the 10-mer probes. In fact 

the βN probe (Figure 2G) bound the normal target oligonucleotide efficiently, reaching 

RUfin and RUres values of 480 and 406 respectively, indicating a high specific and stable 

interaction. The βM probe also recognized the same target (RUfin = 234), but after washing 
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it was completely dissociated (RUres = 9). Similarly, the 12-mer βM probe (Figure 2H) 

hybridized with high efficiency with the complementary oligonucleotide (RUfin = 255), and 

the interaction remained stable over time (RUres = 209); again the βN probe bound the 

target containing the mutation (RUfin = 161), but the presence of the mismatch caused the 

total detachment during the washing phase (RUres = 4). Finally, the 13-mer probes 

(Figure 2I, L) showed an even higher affinity for the targets, reaching greater RUfin values 

(540 for βN probe and 315 for βM probe); however, the interaction occurred both in the 

presence of the complementary and mismatch sequences with a minor dissociation phase 

during the washing step, reporting a very reduced discrimination capability.  

In conclusion, we selected the 12-mer probe pairs for the immobilization on the sensor 

chip, because of their ability to better discriminate between normal and mutated target 

sequence, during both association (see the RUfin values) and dissociation (see the RUres 

values) steps.  

 

3.2. Validation of 12-mer probes immobilized on sensor chip for βS detection  

The identified 12-mer allele-specific probes were biotinylated and linked to the surface of 

the sensor chips in order to investigate their ability to discriminate between two DNA 

sequences differing by only a single nucleotide, testing the hybridization capacity with the 

single-stranded complementary normal (βN) or mutated (βM) oligonucleotides (Figure 3 

and Table IIs). As expected, the βN probe showed a greater and more stable hybridization 

with the normal oligonucleotide (Figure 3A, solid line) than with the mutated one (Figure 

3A, dotted line): in fact the RU values, after the injection of the mutated oligonucleotide, 

decreased considerably during the washing phase, showing an unstable interaction. 

Similarly, the βM probe was able to bind stably and specifically the mutated complementary 

oligonucleotide (Figure 3B, dotted line), while the normal one (Figure 3B, solid line) 

initially hybridized, but then quickly dissociated from the generated complex after the 

washing step. Therefore, the 12-mer normal and mutated probes were able to efficiently 

discriminate between the two complementary target sequences and were proposed for the 

detection of the βS mutation using this SPR-based protocol and clinical samples.  

 

3.3. Set-up of unbalanced PCR conditions as target for βS detection 

After the identification of the βS probes, the experimental strategy, developed for a 

possible diagnostic application (Figure 1B) in clinical relevant samples, was based on 
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single-stranded PCR products generated using genomic DNA obtained from SCA patients 

and healthy donors. 

First of all, we set-up the optimal amplification conditions using genomic DNA, in order to 

allow an efficient and specific hybridization between the injected single-stranded PCR 

product and the allele-specific probes immobilized on sensor chip. 

A possible drawback of this procedure is that long single-stranded PCR products are 

expected to produce secondary structures, negatively affecting their hybridization 

efficiency with the probes. For this reason we designed and comparatively tested 3 primer 

pairs (HbS-F1/HbS-R1, HbS-F2/HbS-R2, HbS-F3/HbS-R3), able to amplify small different 

regions (60-70 bp) of the β globin gene, all of them containing the nucleotides 

corresponding to the βS mutation (Figure 4A and Table I).   

For each PCR product, we determined the possible secondary structure preferentially 

generated in the experimental conditions employed during the hybridization step (i.e. 

25°C, [Na+] 150 mM, [Mg2+] 1.8 mM) using The mfold Web Server software 

(http://mfold.rit.albany.edu/?q=mfold/) [27] (Figure 4B-G).  

Both the normal (βN) (Figure 4B, D, F) and mutated (βM) (Figure 4C, E, G) single 

stranded PCR products obtained using HbS-F1/HbS-R1 (Figure 4B, C), HbS-F2/HbS-R2 

(Figure 4D, E), HbS-F3/HbS-R3 (Figure 4F, G) were found able to generate PCR 

products exhibiting possible secondary structures involving the nucleotide of the βS allele, 

causing possible difficulties in hybridization with the probes in biospecific interaction 

analyses.  

Therefore, in order to select the more suitable primer pairs, it was important for the 

hybridization to also predict the overall conformation of the PCR products, since their 

three-dimensional structure and steric hindrance could interfere with probe accessibility. 

To evaluate this aspect, for each PCR structure we determined the ratio between the 

number of nucleotides not involved in hydrogen bonds and the total number of 

nucleotides. For lower ratio values, a greater level of structured PCR molecule was 

expected. In our cases, the resulting values for the single-stranded PCR products using 

HbS-F1/HbS-R1, HbS-F2/HbS-R2 and HbS-F3/HbS-R3 primer pairs were 0.60, 0.63, 0.45, 

respectively.  

According with these data, it is possible to hypothesize that the HbS-F3/HbS-R3 primers, 

were responsible for the generation of a highly structured PCR product (exhibiting the 

lowest value), negatively affecting the hybridization efficiency with the probes. On the 
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contrary, for the other two primer pairs, showing greater values, the respective PCR 

products could show better accessibility and interaction efficiency with the probes. 

Therefore the next step was testing each unbalanced PCR products for hybridization with 

the 12-mer normal or βS mutated probes using the SPR-based biosensor (Figure 5).  

The single-stranded PCR products employed for interaction with complementary antisense 

probes immobilized on the sensor chips, were obtained by two main steps, as previously 

published [25] and reported in Supplementary Materials.  

With the aim of verifying the primer pair that could give the best results in terms of 

efficiency, stability and specificity of the molecular interaction with the immobilized probes, 

DNA samples of different genotype for the βS mutation were PCR amplified: not mutated 

homozygous (N/N), heterozygous (N/M) and βS mutated homozygous (M/M). Then the 

unbalanced PCR products were injected to the surface of the sensor chips with the 

immobilized normal 12-mer (Figure 5A, C, E) or βS mutated (Figure 5B, D, F) probes. The 

injection was performed in HBS-EP+ buffer for 12 minutes, which is a much longer time 

compared to the one used when oligonucleotide targets were employed (4 minutes, 

Figure 3). This protocol was followed in order to allow possible interactions even in the 

presence of unfavorable experimental conditions, due to the secondary structures and the 

steric hindrance of the asymmetric PCR products employed.  

Figure 5 reports a representative example of the sensorgrams generated by injecting 

target PCR products obtained using (a) each pair of primers (HbS-F1/HbS-R1, Figure 5A, 

B; HbS-F2/HbS-R2, Figure 5C, D; HbS-F3/HbS-R3, Figure 5E, F) and (b) three different 

genotypes for βS mutation (not mutated, βN/βN, solid lines; heterozygous, βN/βM, dashed 

lines; homozygous, βM/βM, dotted lines). The probed were the 12-mer normal (βN, Figure 

5A, C, E), or the βS mutated (βM, Figure 5B, D, F) probes, immobilized on two different 

flow cells of the sensor chip. The relative RU values are reported in Table IIIs, 

Supplementary Materials.  

As for the HbS-F1/HbS-R1 primers, the normal probe (Figure 5A) generated hybridization 

complexes with the PCR target obtained from a healthy subject showing high efficiency 

and fair stability, while it did not bind the PCR product from a βS homozygous subject and 

reported, as expected, an intermediate trend of the generated RU values of the complex 

after interaction with a target PCR product amplified from a βS heterozygous subject, due 

to the presence of a single βS allele. An opposite performance was observed for the 

mutated probe (Figure 5B) with the complementary homozygous and heterozygous βS 

mutated PCR products. When the PCR target obtained from a healthy subject was 
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employed some cross-hybridization was observed; this exhibited, however, much lower 

hybridization efficiency and stability compared to the other samples. In conclusion, the 

PCR products for the three different genotypes, obtained using this primer pair, were 

efficiently and specifically discriminated by the 12-mer probes immobilized on the sensor 

chip, suggesting it could be a good candidate for the further amplification reactions. 

As far as the HbS-F2/HbS-R2 primer pair, all PCR products interacted with both 

immobilized probes (normal and mutated) with the same high efficiency and fair stability, 

resulting in no discrimination for the three different genotypes (Figure 5C, D).  

As previously hypothesized, for the PCR products amplified by HbS-F3/HbS-R3 primers, 

no interactions probes/PCR targets were described (Figure 5E, F), demonstrating that its 

secondary structure could inhibit this binding.  

 

3.4. Detection of βS mutation in genomic DNA from blood clinical samples 

After the optimization of amplification conditions using the HbS-F1/HbS-R1 primer pair, we 

validated our SPR-based protocol for SCA detection using the genomic DNAs extracted 

from blood samples of subjects carrying different βS allele genotypes. We analyzed in total 

53 DNA samples, previously characterized for their genotypes by DNA sequencing: 20 

without βS allele (not mutated, N/N), 14 with one βS allele (heterozygous, N/M), 19 with 

both βS alleles (homozygous, M/M).  

Three representative sensorgrams for βS mutation discrimination are shown in Figure 6. 

They were obtained by a not mutated subject (Figure 6A), a heterozygous carrier (Figure 

6B) and an homozygous SCA patient (Figure 6C). The asymmetric HbS-F1/HbS-R1 PCR 

products from the healthy subject (βN/βN target), specifically hybridized with the normal 

probe (βN, solid line) but not with the mutated probe (βM, dotted line) (Figure 6A); on the 

contrary, asymmetric PCR products from genomic DNA from homozygous patients (βM/βM 

target) efficiently interacted with the mutated probe (βM, dotted line), while a low RU signal 

was observed with the normal probe (βN, solid line) (Figure 6C); finally, PCR products 

from heterozygous genotypes hybridized with both probes (Figure 6B).  

In order to quantify the SPR biosensor results obtained through the analysis of 53 

samples, we calculated the SCA-index [21,25], according to the following formula: [RUfin-

RUin]βN/[RUfin-RUin]βM, where RUin and RUfin are the resonance unit (RU) values 

measured at the beginning of analysis and at the end of analyte injection, respectively, 

relative to the hybridization with normal (βN) and mutated (βM) probes immobilized on 

sensor chips. As previously reported for the Thal-Index applied to SPR-based protocol to 
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identify thalassemia mutations [21,25], the SCA-index values, calculated for each 

genotype, were found greater than 1 in the case of a not mutated target, or between 0 and 

1 in the case of at least one βS allele (Figure 7).  

In detail, Figure 7A reports the number of analyzed samples including healthy subjects 

(βN/βN), heterozygous carriers (βN/βM) and homozygous SCA patients (βM/βM) and the 

corresponding mean values of SCA-index, confirming the conclusions relative to 

representative sensorgrams reported in Figure 6. In fact, high significant values of SCA-

index were obtained for all not mutated DNAs; while for the homozygous mutated DNAs, 

the SCA-indexes were always lower than 1; finally, in the case of heterozygous DNAs 

intermediate values were obtained. In theory for the βS heterozygous sample (βN/βM), the 

number of normal DNA molecules would be equivalent to the mutated ones, producing a 

similar hybridization with both probes (normal and mutated) and a SCA-index close to 1.  

From the experimental point of view, it is highly unlikely that the hybridization efficiency of 

the βN and βM probes is exactly the same; therefore we expect that the experimental SCA-

index values might slightly deviate from the predicted 1; in the case we expect however a 

limited level of variability. In agreement with these considerations, in our analysis we 

obtain a SCA-index value of 0.593 ± 0.096. However, the most important aspect of the 

procedure, exhibiting an high diagnostic impact, is that the ranges of the SCA-index values 

found from the samples belonging to different genotypes are clearly distinct from each 

other, independently from the absolute values obtained.  

In Figure 7B, we can observe the SCA-index distribution obtained for each genotype: the 

three populations of values, in fact, are clearly distinct and the differences are statistically 

significant (p Value < 0.05), allowing a correct genotypic discrimination. 

 

4. Conclusions 

 

The SPR biosensor technology has been already applied to mutation analysis of the 

human HBB gene, by immobilization on sensor chip of large PCR products, obtained from 

donor genomic DNAs, followed by injection of specific probes for the identification of single 

point mutations. This interaction format efficiently discriminates single point mutations, but 

is not compatible with the reuse of the same sensor chip for other diagnostic 

determinations. In fact this protocol requires PCR immobilization for each subject to be 

analyzed and for each analysis. In this article, we have described a novel interaction 

format, recently applied also to β thalassemia mutations by our group, and based on two 

ACCEPTED M
ANUSCRIP

T



 12 

oligonucleotide probes (normal and mutated) specific for βS mutation immobilized on 

sensor chip. These probes were able to discriminate normal alleles from the mutated ones, 

after hybridization with selected target PCR products obtained using the genomic DNAs 

extracted from blood of 53 donors with different genotypes for βS allele. Contrary to be 

already proposed protocols, this strategy is low-cost, requiring only two flow cells for the 

analysis of several samples from several subjects, and it permits the real-time detection of 

single point mutation at an efficiency suitable for prenatal diagnosis. Of course, both 

probed and PCR primers should be carefully characterized to obtain the best 

performances. In conclusion, we have developed a protocol based on SPR-based affinity 

biosensor allowing to correctly detect the βS mutation responsible for SCA, both in 

homozygous and heterozygous conditions: this is a good prerequisite as a potential 

diagnostic tool. 
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Figure Legends  

 

Figure 1. Experimental strategy for detecting the βS single point mutation by the affinity 

biosensor BiacoreTM X100. (A) Immobilization of normal (βN, solid line) and mutated (βM, 

dotted line) 19-mer biotinylated oligonucleotides, containing the sequence of interest, on 

different SA sensor chips, precoated with streptavidin, and injection of couples of DNA 

probes of different length (9-mer, 10-mer, 11-mer, 12-mer, 13-mer), complementary to the 

targets and containing the normal (βN, solid lines) or βS mutated (βM, dotted lines) 

sequence. (B) Immobilization of the selected probes on sensor chip and injection of single-

stranded PCR products obtained from genomic DNA of different genotypes for the βS 

mutation. 
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Figure 2. Sensorgrams obtained after injection of 9-mer (A, B), 10-mer (C, D), 11-mer (E, 

F), 12-mer (G, H) or 13-mer (I, L) couples of normal (βN, solid lines) or mutated (βM, dotted 

lines) oligonucleotide probes onto flow cells containing target 19-mer oligonucleotides 

carrying the normal (βN) (A, C, E, G, I) or mutated (βM) (B, D, F, H, L) sequence with 

respect to the βS mutation. a, analyte injection; b, washing with HBS-EP+. RUin, RUfin, 

RUres, resonance unit (RU) values measured before the analyte injection, after the 
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injection and after the washing, respectively. The assays were performed by using the 

BiacoreTM X100 instrument, at 25°C and 5 μl/min flow rate; the running buffer was HBS-

EP+. The resulting plots were obtained after subtracting the sensorgrams produced by 

both analyte injection onto an empty flow cell and the running buffer alone injection. In 

order to compare the sensorgrams, the initial RU signal was arbitrarily set to zero. 
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Figure 3. Sensorgrams obtained after injection, on sensor chips carrying 12-mer normal 

(βN) (A) or βS mutated (βM) (B) probes, of single-stranded complementary normal (βN, solid 

lines) or mutated (βM, dotted lines) target oligonucleotides. The assays were performed by 

using the BiacoreTM X100 instrument, at 25°C and 5 μl/min flow rate; the running buffer 

was HBS-EP+. The resulting plots were obtained after subtracting the sensorgrams 

produced by both analyte injection onto an empty flow cell and the running buffer alone 

injection.  
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Figure 4. (A) Map of the β globin gene, where the region of the nucleotide sequence 

containing the βS mutation is shown. The exonic portion of the sequence is in bold, while 

the codon and the nucleotide involved in the mutation are boxed and underlined, 

respectively. The positions of the 70 bp, 60 bp, 62 bp amplification products used in 

BiacoreTM analyses, together with the respective HbS-F1/HbS-R1, HbS-F2/HbS-R2, HbS-
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F3/HbS-R3 primer pairs, are reported. (B-G) Secondary structures, calculated by using 

The mfold Web Server (http://mfold.rit.albany.edu/?q=mfold/) software [27], of normal (βN) 

(B, D, F) and mutated (βM) (C, E, G) single-stranded PCR products obtained using HbS-

F1/HbS-R1 (B, C), HbS-F2/HbS-R2 (D, E) and HbS-F3/HbS-R3 (F, G) primer pairs, 

respectively. For each structure, the sequence involved in binding with the complementary 

probe is shown by a black line, while the arrow indicates the position of the βS mutation. 
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Figure 5. Sensorgrams obtained after injection, on sensor chips carrying 12-mer normal 

(βN) (A, C, E) or βS mutated (βM) (B, D, F) probes, of single-stranded PCR products 

generated by normal (βN/βN, solid lines), heterozygous (βN/βM, dashed lines) or 

homozygous (βM/βM, dotted lines) genomic DNAs for βS mutation, produced by using HbS-

F1/HbS-R1 (A, B), HbS-F2/HbS-R2 (C, D) or HbS-F3/HbS-R3 (E, F) primer pairs, 

respectively. The assays were performed by using the BiacoreTM X100 instrument, at 25°C 

and 5 μl/min flow rate; the running buffer was HBS-EP+. The resulting plots were obtained 

after subtracting the sensorgrams produced by both analyte injection onto an empty flow 

cell and the running buffer alone injection. RUin, RUfin, RUres, resonance unit (RU) values 

measured before the analyte injection, after the injection and after the washing, 

respectively. In order to compare the sensorgrams, the initial RU signal was arbitrarily set 

to zero.  
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Figure 6. Representative examples of sensorgrams obtained after injection, on sensor 

chips carrying normal βN (solid lines) or HbS mutated βM (dotted lines) probes, of 

unbalanced PCR products from genomic DNA of different genotypes: normal (βN/βN) (A), 

heterozygous (βN/βM) (B) or homozygous (βM/βM) (C) for the βS mutation, respectively. The 

assays were performed by using the BiacoreTM X100 instrument, at 25°C and 5 μl/min flow 
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rate; the running buffer was HBS-EP+; the resulting plots were obtained after subtracting 

the sensorgrams produced by both analyte injection onto an empty flow cell and the 

running buffer alone injection. In order to compare the sensorgrams, the initial RU signal 

was arbitrarily set to zero. 
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Figure 7. (A) SCA-index values calculated after SPR biosensor analysis of normal (βN/βN), 

heterozygous (βN/βM) or homozygous (βM/βM) genomic DNAs for the βS mutation, 

respectively, expressed as mean values ± standard deviations. The number of analyzed 

samples for each genotype is also indicated. (B) Distribution of SCA-index values obtained 

after SPR-based BIA of βS normal (βN/βN), heterozygous (βN/βM), or homozygous (βM/βM) 

genomic DNAs extracted from blood samples. The mean values of the distributions and 

the statistical significance of the analysis are also indicated. Statistical differences between 

groups were compared by the Student’s t-test, selecting a 95% confidence level. 
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Table I. List of normal (βN) and mutated (βM) oligonucleotides employed as probes or targets in 

BiacoreTM analyses, and of primer pairs used to obtain the 70 bp, 60 bp and 62 bp PCR products 

to be used as targets. For each target and probe oligonucleotide, the name, the nucleotide 

sequence and the length in nucleotides (nt) are reported. The mutation position is indicated in bold. 

For each primer, the name, the nucleotide sequence and the length in base pairs (bp) of the 

respective PCR product are indicated. 

Target oligonucleotide 
name  

Nucleotide sequence Length (nt) 

Bio-HbS19N 
5'-biot-TGACTCCTGAGGAGAAGTC-
3’ (βN) 

19 

Bio-HbS19M 
5'-biot-TGACTCCTGTGGAGAAGTC-
3’ (βM) 

19 

Oligonucleotide probe 
name 

Nucleotide sequence Length (nt) 

HbS-9N 5’-TTCTCCTCA-3’ (βN) 9 

HbS-9M 5’-TTCTCCACA-3’ (βM) 9 

HbS-10N 5’-CTTCTCCTCA-3’ (βN) 10 

HbS-10M 5’-CTTCTCCACA-3’ (βM) 10 

HbS-11N 5’-ACTTCTCCTCA-3’ (βN) 11 

HbS-11M 5’-ACTTCTCCACA-3’ (βM) 11 

HbS-12N 5’-ACTTCTCCTCAG-3’ (βN) 12 

HbS-12M 5’-ACTTCTCCACAG-3’ (βM) 12 

HbS-13N 5’-GACTTCTCCTCAG-3’ (βN) 13 

HbS-13M 5’-GACTTCTCCACAG-3 (βM) 13 

Primer name Nucleotide sequence 
PCR product 
length (bp) 

HbS-F1 
5’-AGCAACCTCAAACAGACACCAT-
3’ 70 

HbS-R1 5’-CCCCACAGGGCAGTAACG-3’ 

HbS-F2 5’-GCAACCTCAAACAGACACCA-3’ 
60 

HbS-R2 5’-GCAGTAACGGCAGACTTCTC-3’ 

HbS-F3 5’-CATGGTGCACCTGACTCCTG-3’ 
62 

HbS-R3 5’-CGTTCACCTTGCCCCACA-3’ 
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