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“Satisfaction does not come from the achievement of the goal

but from what was learnt during the path.”





Outline

In my three years of study I worked for implementing a Surface Plasmon

Resonance imaging (SPRi) biosensor for improving its analytical perfor-

mances in DNA-based sensing. In particular, the work was developed

on two different fronts:

• The application of the biosensor was studied for the determina-

tion of single nucleotide polymorphisms (SNPs) with the ultimate

goal of developing a system applicable for molecular diagnostics,

directly on clinical samples, such as blood. To achieve this, the

study was divided into several steps:

1. A rational method based on computational evaluations was

found for selecting probes and it was tested about the abil-

ity to predict the performance of DNA sequences as probes

for the analysis SPRi. Thank to this method, it was possi-

ble a rational design of the assay for the application to the

determination of SNPs.

2. Various steps for the optimization of experimental condi-

tion and sequence characteristics were studied and the fi-

nal biosensor asset for SNPs was established with synthetics

oligonucleotides.
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3. The developed strategy was successfully applied to real sam-

ples.

First, it was possible to perform the direct detection (label-

free) of a specific sequence present in a properly treated sam-

ple of genomic DNA. Then the strategy for the determina-

tion of SNPs was applied to samples of human genomic DNA

from blood, previously amplified using an unconventional ap-

proach, different from the PCR. The sample was enriched by

the random amplification of the whole genome (WGA) and it

was subsequently applied on the sensor, allowing, with suc-

cess, the determination of the type of base was present in the

sample in the polymorphic site under investigation.

Behind this,

• the influence of nanoparticles (NPs) on SPRi system has been

studied with the aim of improving the sensitivity. To obtain this

result, NPs have been applied with the aim of obtaining plasmonic

coupling with the surface; their behavior was compared to NPs

with different plasmonic properties, size and characteristics.

Two different approaches were studied:

1. NPs were immobilized directly on the gold layer of the chip

and further functionalized with DNA probe. Nanostructured

surfaces were studied by SEM and AFM. The hybridization

signals with the complementary sequence were evaluated. In

particular the signal from nanostructured surfaces were com-

pared to that from probes immobilized directly on gold and

an improvement of the signal has been detected in certain

conditions.

2. NPs were used as signal enhancers, functionalized with DNA

probes, in a sandwich-like assay. In this case, conventional
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chips were modified with the DNA probe to hybridize a

longer sequence, complementary to it at one end. Further

a second probe, complementary at the other end, was used,

eventually modified with NPs. NPs of different materials and

shapes have been functionalized with this secondary probe,

a sequence complementary at the other DNA extremity; the

signal coming from this latter hybridization reaction was

evaluated. An improvement in sensor performance, in terms

of SPR signal, was recorded when used NPs able to resonate

with plasmons of the surface.

In both cases the main system analytical performances, i.e. specificity,

sensitivity, reproducibility, were studied and evaluated.
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Introduction

1.1 Surface Plasmon Resonance (SPR): Princi-

ple and Applications to Biosensing

The surface plasmon phenomenon was first recognized for optical sens-

ing in the 1980s, used to study metal surfaces and to detect gases1.

Then, in subsequent years it has been exploited for studying organized

biomolecules multi-layers on metal surfaces2 and numerous surface plas-

mon resonance (SPR) sensors have been reported3. Surface plasmon

resonance phenomenon is widely applied as transduction principle in

DNA biosensing, also for clinical diagnostic. SPR instrumentation re-

sults to be a very useful tool for DNA analysis thank to the possibil-

ity to perform real time analysis permitting to obtain fast responses.

Surface plasmon resonance also has been applied combined with mass

spectroscopy4 to specifically identify compounds interacting with im-

mobilized biomolecules after surface complex dissociation, and more

recently also to find enzymes inhibitors. First, direct interactions with

an immobilized enzyme is detected with SPR, then inhibition of the

enzymatic action is analyzed by MS4.

SPR imaging in particular results to be a versatile asset thank to the
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possibility to work in multi-array format and to record in real time an

image of the biosensor reacting surface3. This permit to clearly estab-

lish if unspecific interaction occur, i.e. control in real time reference

areas and blank spots.

Figure 1.1: Theoretical plasmon curves plotting reflected light intensity

vs. angle of incidence. A variation in refractive index of the medium at

the gold interface causes a shift in the resonance angle5.

For being simple, a SPR biosensor uses evanescent waves to investi-

gate changes on the surface that occur in presence of analytes. In

the Kretschmann geometry of the ATR (attenuated total reflectance)

method, a high refractive index prism is covered with a thin metal film

and the incident light is reflected or absorbed by the metal surface; no

refraction occurs. The refractive index of the prism is higher than the

refractive index of the gold so that light passed through prism reaches

the metal film with the suitable characteristics to excite surface plas-

mons. The angle of incidence modulates the component of incident light

that contributes to the evanescent wave. Thus, for a certain wavelength
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is the reflectivity variation percent versus time, reported in the sensor-

gram. An SPR sensorgram of a typical bio-interaction usually consists

of different stages. The base line (only receptor immobilized on metal

on which flows a running solution) can be recorded, and then when the

analyte solution comes in contact with the receptor an association step

begins. The biomolecules interact and a dynamic equilibrium state is

reached, the concentration of free analyte remains constant. When the

running solution flows again on the surface, dissociation step occurs:

the free analyte concentration is stepped down to zero and only bound

molecules remain on the surface. An example of SPR response is shown

in Fig. 1.2.
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1.2 Surface Plasmon Resonance imaging

SPR imaging (SPRi), also called “SPR microscopy” exploits the char-

acteristics of SPR sensing and, in addition, gives the possibility to

visualize, follow and analyze the sensing surface. SPRi represents a

promising tool in biosensing thank to its highly versatility as sensing

platform. SPRi has been reported for a variety of affinity systems,

including DNA/DNA, DNA-binding protein, RNA aptamers/protein,

antibody-antigen and carbohydrate/protein3;6.

SPRi technology enables monitoring affinity interactions in real-time,

following the SPR signal and, in the same time, recording by a CCD

camera images of the chip. Different receptor can be immobilized at

the same time on one chip in a multi-array asset allowing simultaneous

analysis of many interactions. In this work surface functionalization

was performed with the same procedure previously reported3;7. For

each SPRi experiment here reported, the immobilization of different

probes on the same gold biochip was accomplished by the use of a

PDMS (polydimethylsiloxane) mask (Fig. 1.3). It permits to delimit

up to 30 microwells for thiolated probe deposition on chip surface.

The possibility to exploit images analysis represents an important fea-

ture of the SPRi technology. In fact, the possibility to see in real time

the sensing surface permits to gain information about surface charac-

teristics, i.e. receptor deposition homogeneity, interacting areas, and

on the other hand is of help in many practical aspects like presence on

air bubbles or salt deposit. Thus, furthermore it’s possible to control,

during all the measurement time, areas where the probe is active and

also to control the quality of the array. In particular, the differential

image (Fig. 1.4) can be strategic for a good experiment: the modifica-

tions occurring on the biosensor surface in a certain range of time are

considered simultaneously and added second after second.

Software processes these data and renders the modifications in a color
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gets, allowing fast measurements, saving time and reagents.

For this work the instrument SPRi-Lab+ from Horiba Scientific was

used (Fig. 1.5). The instrument is made by different components, with

different functionalities. The opto-mechanical part consists of a LED

source that emits visible light (635 nm).

Figure 1.5: Schematic representation of SPRi instrument used for the

work.

The optical asset is as follows: light passes through a polarizer, and then

is reflected by a mirror on the prism, the SPRi-Biochip, where probes are

immobilized. This is the biosensor core, where hybridizations reactions

occur and where is focuses our study, involving chip modification by

nanostructures using nanoparticles (NPs). The reflected light, reaches

a CCD camera that transmits the converted signal to a PC. The prism

is mounted on a support that is pushed on a cell by a piston. The flow

cell is constituted by a plastic support, connected with a fluidic system.

Working solution, hybridization buffer, is aspired passing through PEEK
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tubes (Restek Corporation, 1/16” OD x 0.01” ID) and, it comes to a

valve (Rheodyne). The valve has a loop inject system that can permit

insertion of samples into tubing system. The loop’s volume is 50 µl,

sample injected in excess is sent to waste. The valve outlet tube carries

the solution into the flow cell. A computer is interfaced with the in-

strument for signal recording by dedicated software, provided by Horiba

Scientific, which displays both SPR signal and real-time images.
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1.3 Surface Plasmon Resonance and Single Nu-

cleotide Polymorphism

Human genome is characterized by DNA variability, particularly in

some regions. Differences in nucleotides sequences of one or more bases

are found in genes among members of the same population. If the fre-

quency of one of these variations is lower than 1 per cent, it is usually

called mutation, if higher it can be classified as polymorphism. It is

common to refer to polymorphisms as a variants in DNA sequence that

generally do not cause debilitating disease, on the other hand, many se-

vere diseases are related to DNA mutations. Polymorphisms can have

no effect on the metabolism of the member but simply be involved in

the development of certain characteristic traits, delineating the aspect

of the member such as height and hair color. Anyway these definitions

can not be applied rigorously. A rare disease in one population can

become a polymorphism in another, if it confers an advantage and in-

creases in frequency. A polymorphism that involves only one nucleotide

in the gene sequence is called Single Nucleotide Polymorphism (SNP).

The study and the determination of SNPs are of impact for what con-

cerns clinical diagnostic, being involved in many diseases and critical

biological metabolisms8.

In many cases SNPs can be related with drug response and toxicity: if

the involved gene codes for an enzyme or a transporter, the activity of

the protein can be limited or inhibited. This can turn into a reduced

capacity of the involved biological process to absorb the drug, lowering

its pharmacological effect on the patient. The effect of the SNP on

the coded protein can even bring to the impossibility to metabolize the

drug, enhancing the toxicity for the patient8.

The SNPs that occur in the human genome are widely studied and nowa-

days many of them are characterized and associated with the effect on

the human body8. As explanation it is possible to cite many works and
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review that refer about clinical effect of SNPs. For drug response, the

common SNP is found in glutathione S-transferase P1 or xereoderma

pigmentosum group D enzyme for the activity of oxaliplatin. Some

SNPs are related to anticancer drugs activity, like thiopurine methyl-

transferase and dihydropyrimidine dehydrogenase9. It was reported

that different ethnic groups can show differences in pain perception as-

sociated to OPRM1 A118G SNP10. Premature coronary artery disease

and myocardial infarction are related by a SNPs in the thrombospondin

gene that cause marked effects of these SNPs on the structures and func-

tions of the protein11.

The possibility to screen the genome of a patient to characterize the

identity of SNPs is a target of relevance that eventually can help in

clinical diagnostic. The final aim is to achieve personalized medicine,

with tailored therapies. To go in this direction, the patient should

be characterized in its genetic fingerprint. Thus molecular diagnostic

analysis is increasing of interest. Fast analytical approaches allowing

molecular analysis are thus welcome and among others biosensors play

an important role. In fact in personalized medicine, the very final aim

is the patients characterization at molecular level, achieved using low

cost and fast analytical approaches, possibly using best side or bench

instrumentation located in clinical cabinet or in centralized laboratory

in hospitals.

Different strategies for SNPs detection are reported in literature, aiming

to develop a reliable detection method for real application to routine

measurements in real matrix, such as biological specimens. In the de-

tection of SNPs, the analytical problem can be finally reduced in the

identification of the base i.e. A, T, G, and C, present at a precise

and defined position along the whole human genome. To approach this

SNPs recognition, studies in this field often converge in affinity studies

of DNA duplex, consisting in hybridized probe, immobilized on chip

surface, with sequences added in solutions. It should be noticed that

12
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fully matched hybrids and mismatching hybrids present different sta-

bilities, so differences in bases of the different sequences can derived

by revealing the signal given from hybridization studies. Thus fully

matching and mismatching sequences can be identified.

In literature, many DNA-based sensor approaches have been devel-

oped to achieve SNPs recognition using various transduction methods,

like electrochemical12 using nanoparticles and PNA13 cyclic voltamme-

try and chronocoulometry14, differential pulse voltammetry15, surface

acoustic wave16, impedance spectroscopy17, Raman spectroscopy18. Dif-

ferent strategies were developed in early years for detecting SNPs on a

SPR platform involving proteins, denaturing agent, nanoparticles or

PNA for the SNPs discrimination (see Table 1.1).

Sometime the SNPs study was accompanied by the use of proteins.

Proteins were applied assigning them mainly two different roles: 1) mass

enhancers, exploiting their dimension and thus considering as discrim-

inating factor the lower stability of the heteroduplex respect to fully

matching hybrid; 2) otherwise directly as discriminating factor, for the

characteristic interaction with DNA.

In the first case, one interesting example was reported by Š́ıpová et al.19.

They realized an assay based on streptavidin–oligonucleotide (SON)

complexes attached to the target and then injected in the sensor in a

single step for detection of single nucleotide mismatch in a short syn-

thetic analogue of TP53 sequence that is frequently mutated in germ

line cancer. After some optimization steps about probe design and tem-

perature it was showed that the SON complexes could amplify signal

detection of about 14 times respect to direct detection (with no pro-

tein). Oligonucleotides could be detected at concentrations as low as

40 pM, discriminating fully matching targets from those containing one

mismatch simply comparing their affinities (Fig. 1.6).
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Author Year Recognition method Principle

Š́ıpová et al. 2010
Streptavidin oligonucleotide

complexes

Streptavidin–oligonucleotide (SON)

complexes attached to the target and

then injected in the sensor in a single

step.

Babic et al. 1996 MutS protein

MutS has the greatest affinity for the G-

G heteroduplex with different affinities:

G-T, A-C, A-A, T-T, G-G, A-G, C-T,

C-C.

Gotoh et al. 1997
MutS protein incubated

with ATP

Unspecific interaction between the pro-

tein and the fully matching hybrid on

the sensor could be lowered to zero em-

ploying MutS with ATP

Wilson et al. 2005 MutS
MutS coupled to single stand binding

protein reduced the unspecificity.

Nakano et al. 2011 MutS

Probe density was tuned in order to have

an interacting substrate suitable for the

size protein.

Su et al. 2005 MutS Information about MutS-DNA complex.

Li et al. 2006 Taq DNA ligase and NPs

The enzyme catalyzed covalent bonds

formation between ssDNA for fully

matching target, then revealed with

DNA functionalized NPs.

Sato et al. 2006 Gold NPs

At high salt concentrations (>0.5M

NaCl), fully matched duplexes with

blunt ends induced aggregation on NPs

treated surface. In presence of a SNP,

no aggregation was recorded.

D’Agata et al. 2008
PNA probes and Gold NPs

for signal enhancement

Sandwich strategy on PNA probes and

SNPs reveling with NPs.

D’Agata et al. 2011
PNA probes and Gold NPs

for signal enhancement

On genomic DNA isolated from patients,

sandwich strategy on PNA probes and

SNPs reveling with NPs.

Lao et al. 2009 PNA probes

In presence of a denaturing agent the

hybrids containing mismatches can se-

lectively be destabilized.

Corradini et al. 2004 PNA (chiral boxes)

Modified PNA with chiral chains with

greatly improved mismatch recognition

ability respect to PNA.

Ananthanawat

et al.
2010

Pyrrolidinyl PNA

bearing a d-prolyl-2-

aminocyclopentanecarboxylic

acid backbone, acpcPNA

The acpcPNA sowed the highest mis-

match discrimination efficiency than

DNA or PNA.

Nakatani et al. 2001
Ligands of naphthyridine

family

Ligands of naphthyridine family

that specifically bound to the gua-

nine–guanine mismatch

Milkani et al. 2010 Label-free

Comparison between fully match and

single mismatch in different position on

target sequence.

Song et al. 2002 Label-free

High-resolution SPR incorporated with

a bi-cell photodiode detector combined

with a flow injection device (LOD=54

fM)

Table 1.1
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minimized also the unspecific binding of MutS to immobilized ssDNA

(not affecting the binding of MutS to mismatched and complementary

dsDNA) by a treatment of immobilized probes with single-strand bind-

ing protein (SSB). SSB is a protein identified in organisms from viruses

to humans, where it binds selectively to single-stranded DNA in order

to prevent the annealing of DNA, to avoid digestion by nuclease and to

allow functions of enzymes on single strands. The main characteristic

of this protein, i.e. to bind only to single chains of oligonucleotides, is

peculiar and can be of advantage in biosensor analysis.

As well as the case reported above24, Wilson et al.20 employed SSB in

combination with MutS for the detection of a mismatch with SPR. In

particular they confirmed that the application of SSB prior to MutS

should not affect its ability to bind to mismatches, but would prevent

non-specific binding of MutS to DNA probes and chain ends. Further-

more it was showed that SSB alone could give information about the

presence of a mismatch because there was a clear difference in SSB bind-

ing on matching or mismatching DNA. SSB gave a higher signal when

a mismatch is present, because of the lower affinity for the immobilized

DNA probes.

Interesting considerations arose from this work about the surface mis-

match density in relation to MutS SPR signal. This topic was recently

developed by Nakano et al.22. They demonstrated by SPR measure-

ments that MutS binding was significantly influenced by the amount

of interacting DNA on the chip. They prepared substrate density-

controlled DNA chip exposing the immobilized DNA probes to a mix

of complementary target of two different lengths. After, the free ex-

tremities of the longer target were hybridized with single nucleotide

mismatching sequence, to subsequently interact with MutS. Thus, they

found that in order to obtain accurate kinetic measurements for the

SNPs detection, the density on the surface had to be tuned, i.e. the

substrate had to be built in order to guarantee a distance between the

17



Introduction

DNA substrates greater than the size of the protein.

SPR biosensors for its affordability and for the good results achieved

in SNPs detections with MutS, was further used in parallel with other

transduction principals as control. For example, Su et al.25 employed a

quartz crystal microbalance (QCM) and an SPR device for the study of

MutS binding with DNA containing a single Thymine-Guanine (T-G)

mismatch. The combined SPR and QCM data allow providing infor-

mation on the structural properties of the DNA and MutS/DNA com-

plexes.

Finally, a very original approach for SNP genotyping was reported by

Li et al.30 with the use of a protein, in particular of an enzyme sur-

face ligation chemistry coupled to NPs enhanced SPR detection. Taq

DNA ligase was used, an enzyme that catalyze covalent bonds formation

between ssDNA only when the single chains are perfectly complemen-

tary. In this work, targets (longer than probes) and Taq DNA ligase

were simultaneously introduced on immobilized probes (Fig. 1.8). Both

match and mismatch hybrid formed, but only the fully complementary

hybrids were metabolized by the enzyme. In this case the protein, i.e.

Taq DNA ligase, did not recognize the kind of genotype directly, but its

activity was strictly correlated with the presence of a SNP. In presence

of a matching target, i.e. no SNP, the result was an elongation of the

probe, on the other hand, if there is a SNPs, no elongation occur. The

probe was subsequently regenerated and the extended part was finally

revealed by reaction with the complementary DNA sequence. Thus, a

signal from this secondary hybridization meant that the sample ana-

lyzed was fully complementary to probe immobilized. If no signal was

recorded, a mismatch was present in the double helix (Fig. 1.8). Com-

bining arrays with different probes immobilized and analyzing the data

obtained from this strategy it was possible to identify the nature of the

SNPs.
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tion reaction with target took place in solution, directly in contact with

the SPR sensing surface. At high salt concentrations (>0.5 M NaCl),

fully matched duplexes with blunt ends induced aggregation on NPs

treated surface (the LOD was 32 nM). In presence of a SNP, no aggre-

gation was recorded.

In this case NPs are crucial in discriminating the presence of a SNP, be-

ing directly involved in the main process that permits the discernment.

More often NPs are employed in combination with SPR biosensors for

signal enhancement. For what concerns SNPs discriminations, D’Agata

et al.32;33, following a sandwich strategy, used gold Nps to improve

signal from the target hybridization (synthetic32 and genomic DNA

isolated from patients33) to make possible the reveling of mismatch

presence at concentrations down to 2.6 aM.

A role in developing SNPs detecting system is played by the probe to

be used in the immobilization on the chip surface. In SPRi, in recent

work, for the immobilized probe, involved in the primary hybridization

with the fully matched and mismatched target, D’Agata et al.32;33, used

peptide nucleic acids (PNA) probes. PNA, first introduced by Nielsen

et al.34 and first reported combined to SPR for single nucleotide mis-

matches by Feriotto et al.35, is a nucleic acid chain that mimics DNA

but with the sugar-phosphate backbone replaced by a polyamide chain

composed of N-aminoethylglycine. It was demonstrated by Lao et al.36

that the hybridization conditions for SNP discrimination need to be

separately optimized for PNA and DNA probes, as a consequence of

their distinct properties. As stringency control strategy for single base

mismatch discrimination, a denaturant, i.e. formamide was added in

hybridization buffer. Adding hybridization suppressors like denaturing

agent in working buffer, the hybrids containing mismatches can selec-

tively be destabilized, resulting in successful discrimination of a single

base mutation. In these conditions, the stability of PNA/DNA hybrids

was greatly affected by the presence of a single base mismatch, thus
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as a consequence, PNA showed higher mismatch discrimination effi-

ciency than the DNA probe. For this reason PNA can be very useful

for biosensor development for SNPs detection and many reported about

different applications in SNPs detection35;36;37;38;39. In addition to ex-

amples reported above, a particular and very interesting application is

about chiral boxes37. These were constituted by PNA chains containing

an insert of three chiral monomers based on D-lysine. This structure

was demonstrated to be able to recognize complementary DNA oligonu-

cleotides with sequence selectivity higher than the corresponding achiral

PNA, and in particular showed greatly improved mismatch recognition

ability. Thus, it is possible to affirm that chiral PNAs can be very high

selective probes in DNA recognition of SNPs.

Another application of modified PNA in SPR based SNPs detection

was reported recently by Ananthanawat et al.39. They used as probe a

13-mer pyrrolidinyl peptide nucleic acid sequence bearing a d-prolyl-2-

aminocyclopentanecarboxylic acid backbone, called acpcPNA. Its per-

formances in terms of specificity to detect the mismatch in target DNA

(1 µM) were evaluated and compared to the same ability of DNA and

conventional peptide nucleic acid (aegPNA). The acpcPNA showed the

highest mismatch discrimination efficiency between fully matched DNA

and single mismatching targets, indicating that introducing suitable

modification to PNA chain could be of advantage, emphasizing its pe-

culiar characteristics in term of SNPs mismatch discrimination.

As reported so far, the most frequent approach for SNPs detection in

SPR based biosensor was to immobilize a sequence on the SPR sensor

surface and the discrimination was performed with different approach

after the target hybridization. About this, the work of Nakatani et al.40

resulted particular and differentiates from others because the discrim-

inating molecule was immobilized on the surface. They designed and

synthesized ligands of naphthyridine family that specifically bound to

the guanine (G)–guanine mismatch, one of the possible SNPs. They
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demonstrated that the G-G mismatch is significantly stabilized when

two naphthyridine intercalators simultaneously bind to both G bases

within the base stacks of the DNA duplex. In subsequent years41 they

developed a SPR sensor assay system to detect not only G–G but ex-

pected to be useful for detecting all mismatches in duplex DNA using

different intercalating molecules shown to stabilize specific mismatched

base pairs by selective binding. Three mismatch-binding ligand (naph-

thyridine dimers), were simultaneously immobilized onto a SPR sensor

chip and let react with DNA duplexes containing a single-base mismatch

during the SPR assay and used for the detection of target mismatched

base pairs in 10 nM DNA samples (Fig 1.9).

The principle on which this latter approach is based comes from the

assumption that the bulged nucleotide base has no complementary base

to form a hydrogen-bonding pair, making the site susceptible to drug

intercalation; a ligand would produce a highly organized and stable

complex with the bulged DNA. For the different base pairs present in the

mismatch site, different affinities are expected for the mismatch-binding

ligands, the number of hydrogen-bonding groups complementary to the

bulged base is different.

After all these different strategies, also label free approaches were suc-

cessfully tested for single base mismatch recognition.

Milkani et al.42 reports about a label free approach on synthetic 21-

mers oligonucleotides aimed to study the influence of the mismatch

position along the double helix on the interactions. They compared

the SPRi signal for three targets differing only in the position of the

non-complementary base. In their experimental asset, comparison was

performed between 3′ end, 5′ end, and middle mismatches on the tar-

get DNA oligonucleotide and the effect of buffer concentration, flow

rate, and temperature was studied with regard to the detection of sin-

gle nucleotide mismatches using SPR. The observed response for the 5′
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Figure 1.9: (A) Structures of naphthyridine dimers 1 and 2 (green), and

hydrogen-bonding pattern to guanine (red). (B) An illustration of duplex

containing a G-G mismatch. V, W, X, and Y can be any nucleotide

bases. (C) Hypothetical structure of the G-G mismatch regarded as two

consecutive guanine bulges. Both G bases have no complementary base to

form a hydrogen-bonding pair. (D) A proposed binding model for ligand

1 to the G-G mismatch. Naphthyridine moieties of ligand 1 (shown with

green boxes) intercalate into the GV and GY steps and produce hydrogen

bonds to two guanines. (E) Molecular models of the simulated complex of

ligand 1 (colored green) and DNA containing the G-G mismatch (colored

red) viewed from the major groove side (left) and the minor groove side

(right)40.
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mismatch (distal end) was similar to the fully matching strand one and

single mismatches at the proximal end of the probe result in a less effi-

cient hybridization of target to probe compared to the distal end, which

is closer to the solution. Song et al.43 used a high-resolution SPR incor-

porated with a bi-cell photodiode detector combined with a flow injec-

tion device. The influence of a mismatch on SPR signal was evaluated

on a target of 47-mers (30-mer probe). With their instrumental asset

the detection limit without any label was 54 fM, higher compared to

other common SPR system and the selectivity is very good, the duplex

with single mismatch can be recognized for the smaller affinity respect

to fully complementary target.

The strategy reviewed here all are related to single nucleotide polymor-

phisms detection using a SPR platform. Different secondary interac-

tions are often reported for the mismatch detection like protein specific

for SNPs or protein like streptavidin, intercalating agent or enzymes

or nanoparticles. Various label free approaches were also described, all

on synthetics DNA sequence. From this, the main aim is to develop

a strategy with a minimum number of steps that can be specific and,

more important, that can be applicable to real samples analysis. This

was the topic toward this work was oriented.
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1.4 Surface Plasmon Resonance and Nanopar-

ticles for Signal Enhancement

Scientists have shown tremendous interest in a variety of applications of

NPs ranging from efficient catalysis to improved methods for diagnos-

tics and the treatment of diseases. For what concerns biosensor analysis,

NPs have a main role in signal enhancement using different transduc-

tion principles44;45;46;47;48;49;50;51;52;53. NPs were reported to be useful

for enhancing performance of PCR52;53, or in surface enhanced Raman

spectroscopy49;51.

The enormous signal enhancement associated with the use of nanoma-

terial provides the basis for ultrasensitive detection of biomarkers or

similar. In general, the use of NPs can help to achieve signal amplifi-

cation by several orders of magnitude and lower detection limits. The

improvement of SPR analytical performances for a DNA biosensor is a

goal in developing innovative devices, especially for clinical applications.

In recent years many works were oriented to exploit their characteristics

for biosensing44;45;54;55;56;57;58 and on SPR platform6;46;47.

NPs possess typical properties, different from macro-materials or micro-

materials in terms of chemical and physical characteristics, surface area

and reactivity. Due to their size they can show effects that are only

present in nano-sized materials59;60;61. Many properties of NPs arise

from their large surface-area-to-volume ratio and the spatial confine-

ment of electrons, phonons, and electric fields in and around these par-

ticles.

The high ratio between surface area and volume drive to their particular

reactivity and catalytic effect, and their large interacting area (1 kg of

particles of 1 mm3 has the same surface area as 1 mg of particles of 1

nm3) permits to have a very small system but with a great potential in
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terms of number of interactions.

Biomolecule-NPs hybrid systems combine the recognition and biocat-

alytic properties of biomolecules with the unique electronic, optical, and

catalytic features of NPs56;57. This can bring to composite materials

with new functionalities, allowing the development of new biosensors

and system of recognitions with improved sensitivity compared to tra-

ditional method.

Acting on size, shape, material and functionalization it is possible to

tune NPs features, making these particles very versatile to be applied

in various system, e.g. in biosensing. It is possible to find synthesis

conditions that are able to produce the nanoparticle that can be suitable

for a certain application and to explore a wide range of possibilities.

As noble metals, NPs show a strong visible absorption due to the collec-

tive oscillation of electrons in conductive band, called plasmon effect.

This is the phenomenon that gives color to colloidal NPs suspension

and that characterize NPs electronic properties.

The improvement of detection sensitivities and limits of detection are

constant goals in biosensing research and open up possibilities in ex-

panding the types of analytes detectable by SPR and therefore the

ability to utilize the unique characteristics of SPR sensing. A com-

monly suggested mechanism of improvement in NP-based SPR sensing

devices is coupling between the LSPR of NPs and the propagating SPR

of Au films, resulting in a greater SPR incident angle shift62.

In my work NPs features are investigated for SPR signal enhancement.

Two detection formats are discussed as well as methods of NP incor-

poration in SPRi sensor. The signal amplification was searched and

obtained both by using NPs for nanostructuring biochip surface and

by functionalizing them with sequence, in a DNA sandwich-like assay.

In both studies, two kinds of NPs were selected and applied in order
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to evaluate different effects: surface area improving, mass enhancement

and surface plasmon coupling. All these feature can give a contribute to

SPR signal improvement, but it was found that comparing signal from

different structure studied and NPs features, the coupling between NPs

plasmon and surface plasmon, resulted to be a requirement in order to

have improved performance in SPRi sensing (see Section 3.2).
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The aim

In this scenario the aim of my research project was to develop an orig-

inal SPRi biosensor that could directly detect SNPs, first studying and

verifying a model system on synthetics targets. The assay was opti-

mized in each step, from probe design to experimental conditions and

further applied to clinical relevant samples, i.e. human DNA extracted

from blood (i.e. Lymphocytes).

Moreover, in parallel, the possibility to enhance the sensitivity of SPRi

DNA-sensing was studied using nanoparticles. This was investigated

using surface nanostructuration in order to couple plasmons of NPs and

of gold chip surface and/or to, using NPs for secondary hybridization

signal enhancement. NPs differing in material and shape were used and

improvement of the system was found in both approaches studied.
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Experimental part

3.1 Single Nucleotide Polymorphism Detection

3.1.1 In Silico Probe Design

The first aspect considered for the development of a SPRi based biosen-

sor specific for SNP detection was to define a rational criterion to select

DNA probe sequence for genome analyzing. The aim was, first, to find

a method for evaluating ex ante the performances of the receptor to be

used on the biosensor, thus in this paper the method was verified.

A computer program was chosen for selecting probe sequences specific

for the detection of a target gene. The program, taking into account

different aspects related to probe characteristics and gene target propri-

eties, estimates probe performances, through nearest-neighbor calcula-

tions, permitting an accurate choice of the receptors to be used in the

DNA-based sensor.

In order to verify this procedure as a suitable tool for SPRi sensing, five

probes were selected with different estimated performances. Each probe

was tested on the SPRi biosensor and signal intensities for the same tar-

get concentration were compared to computational results. The strate-

gic importance of probe design was confirmed experimentally, since the
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SPRi output resulted from hybridization of the target with the differ-

ent selected probes, carrying different “theoretical” score from in silico

evaluation, was heavily affected by probe choice. Excellent agreement

was found between calculated and experimental performances, suggest-

ing that the use of in silico probe evaluation can be a correct and useful

tool in DNA-based sensor design. From these results, the in silico probe

design will be further applied to other target sequences and biosensing

platforms, used in this study.

This part of my research was reported here:

M. L. Ermini, S. Scarano, R. Bini, M. Banchelli, D. Berti, M. Mascini

and M. Minunni, “A Rational Approach in Probe Design for Nucleic

Acid-Based Biosensing”, Biosens. Bioelectron., 26(12), 4785-4790 (2011)
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a b  s t r  a c t

Development of  nucleic acid-based sensing attracts the interest of  many  researchers in  the field of both

basic and  applied research in  chemistry. Major  factors for  the fabrication of  a  successful nucleic acid  sen-

sor include the design of  probes for target sequence hybridization and  their  immobilization on the  chip

surface. Here  we demonstrate that a  rational choice of  bioprobes has important impact on the sensor’s

analytical performances. Computational evaluations, by  a simple and freely available program, success-

fully led to the design of the best probes for a  given target, with direct application to nucleic acid-based

sensing. We developed here an optimized and  reproducible strategy for in silico probe design supported

by optical transduction experiments. In particular Surface Plasmon Resonance imaging (SPRi), at the

forefront of  optical sensing, was used here as  proof of  principle. Five probes were selected, immobilized

on gold chip  surfaces by  widely consolidated thiol chemistry and  tested to validate the  computational

model. Using SPRi as  the transducting component, real-time and  label free analysis was performed, tak-

ing the Homo sapiens actin beta (ACTB) gene fragment as  model  system in nucleic acid detection. The

experimental sensor behavior was further studied by evaluating the strength of the secondary structure

of probes using melting experiments. Dedicated software was also used to  evaluate probes’ folding, to

support our criteria. The SPRi experimental results fully validate the computational evaluations, revealing

this  approach highly promising as  a  useful tool to  design biosensor probes with  optimized performances.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nucleic acid sensing has always been an active field in chem-

ical research. In particular, DNA sensing has been applied to a

variety of analytical problems from clinical diagnostic to food and

environmental analysis. Different transduction principles are eval-

uated, using both label and label-free approaches (D’Orazio, 2003;

Scarano et al., 2010; Teles and Fonseca, 2008; Tothill, 2009). The aim

of  these approaches is the selective detection of target sequences

at DNA or RNA level (Lucarelli et al., 2008). In the case of point

mutation detection, with relevance in molecular clinical diagnos-

tic, the sensors are designed to discriminate between sequences

differing only by one base (Dell’Atti et al., 2006; Healey et al.,

1997; Sato et al., 2003; Wilson et al., 2005). These devices have

opened up new possibilities for cheap, fast, real time and eventually

label free detection of analytes (Scarano et al.,  2010 and refer-

ences therein; Sendroiu et al., 2011; Halpern et al., 2011; Gifford

et al., 2010; Chen et al.,  2010). In DNA-based biosensor develop-

∗ Corresponding author. Tel.: +39 0554573314; fax: +39 0554573384.

E-mail address: maria.minunni@unifi.it (M.  Minunni).

ment, key steps are: the surface immobilization chemistry, which

should prevent unspecific adsorption in order to lower background

noise, and the probe design, responsible of the system selectivity.

Different immobilization chemistries are now available for probe

immobilization (Brockman et al., 1999; Caruso et al., 1997; Mannelli

et al., 2005; Smith et al., 2001), despite much research in nucleic

acid-based sensing being published, little work has been dedicated

to strategies for probe design and the effect of  its selectivity on

the sensor analytical performances. Generally, the complemen-

tary sequence to the target analyte (a gene, a  fragment or a  short

oligonucleotide) is first considered during the choice of probe. The

probe length is generally set ranging from 15 to 20 bases, with

one end usually linked to a functional group to be exploited for

the immobilization chemistry. For example, biotinylated probes are

used in surface functionalization involving streptavidin; thiolated

probes (Kukanskis et al., 1999; Mannelli et al., 2005) are required

for direct probe coupling to gold surfaces via Self Assembled Mono-

layer (SAM) formation (Allara and Nuzzo, 1983). Another criterion

taken into account in probe selection is the C–G  base content (three

hydrogen bonds vs. two with A–T pairing); preferred composition

varies from at least 40% to 60% (Powdrill, 2003) to stabilize the

hybrid on the surface. Finally, to facilitate surface hybridization, it is

0956-5663/$ –  see front matter ©  2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.bios.2011.06.004
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Table 1

Probe and target sequences.

Probe 1: 101–120 5′-SH-(CH2)6-AGCGGAGCAGGAAAAGAGGA-3′

Probe 2: 5–24 5′-SH-(CH2)6-CCCTGTAAGGGAGCTTTCGG-3′

Probe 3: 138–157 5′-SH-(CH2)6-GTGAGGGGCAGGGAGGAGCT-3′

Probe 4: 150–169 5′-SH-(CH2)6-GAGCAGCCTGGGGTGAGGGG-3′

Probe 5: 145–164 5′-SH-(CH2)6-GCCTGGGGTGAGGGGCAGGG-3′

Target 5′-AGCTCCGAAAGCTCCCTTACAGGGCAAAGTTCCCAAGCACAGAAGAGAACCTGTTCACTTCTCCCCTGCTCGGCCCGCCCCCTGGCCAGGCACCTC-

TACTTCCTCTTTTCCTGCTCCGCTGCTTGCTTTCTCTCTTCAGCTCCTCCCTGCCCCTCACCCCAGGCTGCTCGGCCACCTCCAACCTGCCACCTGAGGACA-

CCCAGGCAGTCACTCATTCAACAGCGAGG-3′

important to avoid probe hybridization on regions that can assume

conformations and may  obscure the binding site of interest, i.e. by

formation of secondary structures such as hairpins or loops.

Although very interesting works are present in  literature related

to DNA-based sensing and probe selection (Tomiuk and Hofmann,

2001; Kaderali and Schliep, 2002; Letowski et al., 2004; Lucarelli

et al., 2008; Li and Stormo, 2001; Mulle et al.,  2010; Tedeschi et al.,

2005; Rahmann, 2003; Wang and Seed, 2003) there is a  need for

standardized strategies for  rational probe design, that could be

assessed for its validity before using the probes, avoiding the waste

of money and time.

This work aims to develop an optimized and reproducible strat-

egy for probe design for  nucleic acid-based sensing. We  here

consider a  computational assisted approach for probe design, based

on a free available software. The in silico selection was  validated

by experiments conducted using optical transduction for DNA-

sensing development. In particular Surface Plasmon Resonance

imaging (SPRi) was used as proof of principle. In this case, the

conventional SPR is coupled to a micro-array format through the

introduction of a  Charge-Coupled Device (CCD) as its detector sys-

tem instead of a  diode arrays. SPRi is at the forefront of optical

sensing, allowing real-time and label free simultaneous measure-

ments multi-analyte. In SPRi, probes are tethered on a chip gold

surface in array format.

In this study, it was demonstrated that “smart” probe design

for DNA-sensing significantly improves the sensor’s analytical per-

formances for DNA–DNA hybridization measurements that were

coupled with a computational assisted approach (Wernersson et al.,

2007). The idea we  support is that it is possible to design a  probe

specific for target sequence using a  predictive model, based on

in silico computations, to rationalize chip design for DNA-sensing

application to improve analytical sensor performances. The pool of

probes sorted by the program, is scored on the base of key param-

eters.

As model system, we validated computational results obtained

on actin beta (ACTB) gene fragment belonging to Homo sapi-

ens by  assaying a  pool of selected probe sequences by SPRi. To

better understand computational probe selection and experimen-

tal sensor behavior, melting experiments were performed by UV

spectrophotometry. DNA self-complementariety of selected probes

were evaluated in solution and then compared with the folding

obtained with Mfold free software (Wernersson et al., 2007).

Our work demonstrated how rational design of nucleic probes

with application DNA sensing can lead to improved analytical per-

formances. This is, to the best of our knowledge, the first attempt in

rational probe design with validation of probe selection, using in sil-

ico approach coupled to SPRi transduction. The theoretical model is

confirmed by experimental testing, introducing new perspectives

in the application of nucleic acid detection.

2.  Materials and methods

2.1. In silico design of DNA probes

Probes’ design based on free software OligoWiz 2.0 (Wernersson

et al., 2007). To obtain the specific probes, first the sequence of

interest, i.e. target analyte, inserted. Then the list of  possible probes

to be immobilized on the chip surface is provided. The program

identifies complementary sequences on the basis of five param-

eters before producing a  final ranking of the identified probes

defined as: Cross-hybridization, DeltaTm, Folding, Position and

Low-complexity.

In this study, the 20-mer probes selection process was applied

to a 227 mer  fragment of  the Homo sapiens beta actin (ACTB) on

chromosome 7  (from position 896 to 1123 of  the gene sequence).

Scores were calculated by the program for  each probe exploiting

the nearest neighbor algorithm (Buser, 1983), taking into account

the characteristics of neighboring nucleotides (identity and ori-

entation) to evaluate the free energy involved in the stability of

the base pairing. The score was expressed in a  range between 0

(wretched probe) and 1  (excellent probe), based on the five param-

eters mentioned before.

The outcome of the program finally consists of a  set of scored

probes. From the ranked probes, we selected five sequences, one

with the best scores, one the worst scored and three with interme-

diate score. The following weighting of  the scores was applied in

our evaluation: Cross-hyb: 0.0%; DeltaTm: 70.2%; Folding: 17.5%;

Position: 0.0%; Low-complexity: 12.3%.

2.2. Buffers and reagents

Thiolated DNA probes were anchored on the biochip gold sur-

face by  diluting them to a concentration of 10 �M  in  Immobilization

Solution (IS): 1  M  KH2PO4 (Merck, Italy), pH 3.8. To passivate gold,

aqueous solution of 1  �M 11-mercapto-1-undecanol (MU) and

1 �M 6-mercapto-1-hexanol (MCH) were used. Hybridization Solu-

tion (HS) for SPRi measurements used was as follows: 300 mM NaCl,

0.02 M  Na2HPO4,  0.1 mM EDTA, pH 7.4, 0.05% (w/v) of TWEEN® 20

(Polyethylene glycol sorbitan monolaurate). 100 mM HCl solution

was used to regenerate the biochip surface, after each measurement

cycle. PDMS (Sylgard 184 Silicone Elastomer Kit, Dow Corning, UK)

was used for the micro-welled mask preparation. Unless otherwise

stated, reagents were purchased from Sigma–Aldrich (Milan, Italy).

All solutions were prepared in MillQ water (Millipore Corpo-

ration, MA, USA) and filtered using vacuum filter cups (Millipore

E express plus, 0.22 �m) and syringe filters (Puradisc, cellulose

acetate, 0.2 �m from Whatman GmbH, Dassel, Germany).

5′-Thiol modified probes and complementary unmodified tar-

gets were purchased from Eurofins MWG Operon (Ebersberg,

Germany). The relative sequences and positions on the target

sequence are reported in Table 1.

2.3. SPRi instrumentation

For this work probes’ hybridization efficiency was tested

using a Surface Plasmon Resonance imaging instrument Lab+-

SPRi (Genoptics-Horiba Scientific, Orsay, France) integrated with

a microfluidic system (PEEK tubing, Restek corporation, 1/16 in.

OD  × 0.01 in. ID; Rheodyne valve, loop injection system, 50 �l loop

volume) where flux is generated by  a  peristaltic pump (Mini-

plus 3, Gilson) using accurate tubing from Elkay, orange/black,

0.015 cm3/min.
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Under total internal reflection condition, a  polarized light beam

passes through the prism, hits the gold layer and it is reflected

to a  CCD camera. Under certain conditions depending on inci-

dence angle, gold free electrons can absorb incident light photons,

resulting in resonant oscillation and generating surface plasmon

waves. Modifications occurring at the chip surface, i.e. hybridiza-

tion between DNA probes and target sequences can induce changes

of resonance conditions due to a change in refraction index of sur-

face. The variation of intensity of reflected light at a  fixed angle

was monitored by a  CCD camera. A dedicated software (SPRiview

L3.1.2), provided by the producer, enabled monitoring in real-time,

the biomolecular interactions both by SPR signals (sensorgrams)

and digital images (i.e. changes in reflected light). This instrumen-

tation set up was also reported previously (Scarano et al., 2010).

2.4. Probes immobilization on  SPRi biochip surface

DNA probes were immobilized in array format on SF-10

glass prisms coated with gold (50 nm-thick) (SPRi-BiochipsTM,

Genoptics-Horiba Scientific, Orsay, France) using a dedicated PDMS

mask for precise deposition of receptors, coupled to manual spot-

ting procedure (Scarano et al.,  2010). The PDMS film acted as

micro-welled support on the gold surface. Each micro-well on chip

was filled with 0.8 �l of thiolated probe solution (10 �M in IS). The

selected probes were deposited on chip surface by exploiting the

affinity between sulphur and gold, creating at least three spots for

each probe. Two spots were used as reference surfaces (IS only).

The chip was placed into a moist chamber and vacuumed for

20 min  and then left into the chamber for 12 h. During this time,

the probes were anchored to the gold, forming a  self-assembled

monolayer (SAM). Before use, the chip surface was  subjected to a

passivation step, dipping the prism in the thiols mixture for 24 h.

The surface was then washed with water and inserted in instru-

ment’s flow cell.

2.5. SPRi measurements

During each measurement, biochip surface was kept under a

constant flow of HS (6 �l/min, 11 �l flow cell  internal volume 11 �l).

Calibration curves with synthetic oligonucleotides were obtained

by  injecting 100 �l  of synthetic fully complementary targets at dif-

ferent known concentrations in the valve. The injection loop was

50 �l, thus volume in excess was used to wash off air bubbles or

impurities from the  loop assuring its complete filling. The target

reaches the flow cell about 4  min  after valve opening, leading to

observed hybridization reaction (target-probe pairing) that lasted

for about 10 min. Then the surface was washed by  the HS flow,

removing eventual excess of  analyte from surface. Sensorgrams

corresponding to hybridization binding were recorded in real time,

plotting the reflectivity variation percent (�R%) against time. SPR

signal was obtained by subtracting intensity of reflected light before

injection, from the steady signal after the washing step. The dif-

ferential image of the chip surface is generated by the software

which recorded the reflected light variation during the experiment

(from sample injection to washing step). Surface regeneration is

achieved by dissociating the double-stranded DNA (dsDNA) com-

plex on the surface with the regeneration solution (24 �l/min for

1 min), allowing probes to be  available for subsequent analysis.

SPR signals were sampled on selected Regions of Interest (ROIs)

of the array. For each immobilized spot, 3 circular ROIs with a  radius

of 70 �m  were defined. Calibration curves were obtained with syn-

thetic complementary oligonucleotides for the immobilized from 2

to 500 nM range. Each solution was prepared by diluting stock solu-

tions of synthetic targets in  HS. All measurements were performed

at room temperature.

Table 2

Scores for each considered probe.

Probe Total score DeltaTm Folding Low complexity

1  0.936 0.963 1.000 0.692

2 0.936 0.952 1.000 0.692

3 0.725 0.674 1.000 0.621

4  0.500 0.338 1.000 0.709

5  0.255 0.000 0.996 653

2.6. Thermal denaturation/renaturation spectrophotometric

measurements

Possible secondary structures on DNA probes sequences were

investigated by melting experiments conducted on UV–VIS spec-

trophotometer Cary® 100 Bio (Varian, Inc.), interfaced with a

computer by a  dedicated software (Cary Win UV). Data analysis

and fitting was performed using QtiPlot 0.9.7.13.

4 �M HS solution of  each probe was subjected to four scans

in temperature in a  range between 25 ◦C  and 80 ◦C  (data inter-

val 0.5 ◦C, scanning rate 1 ◦C/min) and relative melting profiles

acquired (260 nm). Possible self-pairing structures were estimated

by Mfold software (Zuker, 2003)  simulating experimental condi-

tions (25◦ C;  0.34 M Na+).

3. Results and discussion

In this study a computational approach for probe selection in

DNA-based sensing was  performed using OligoWiz (Wernersson

et al., 2007) and then experimentally validated. After identifying

a  pool of probes with different scores, among them, five different

probes were selected (corresponding parameters summarized in

Table 2). These five thiolated probes were immobilized on gold chip

in an array format and relative interactions with complementary

sequences were analyzed, using SPRi transduction.

3.1. Setting of critical parameters

Cross-hybridization, DeltaTm, Folding, Position, and Low-

complexity are the key parameters that OligoWiz combines to

obtain the  total score for each probe sequence. These parameters

can be tuned based on experimental conditions of the analysis. This

was done by  defining a specific weight (expressed as percentage

contribution) for  each parameter considered. For instance, rela-

tive priority should be assigned to Cross-hybridization and Position

parameter to reduce unspecific interactions between probe and

possible interfering sequences present in genomic DNA samples.

However, in our analysis we studied on purpose a  model system,

using only synthetics targets in order to reduce background effects

and underlying the direct role of the  specific probe characteristic,

i.e. the bases sequence which influences significantly its secondary

structure and thus its Tm.

This evaluation was  strictly based on the aim of this work, which

was to study a  model using the simplest experimental conditions

so that the analytical performances of the biosensor depend only

on the specific characteristics of the probes. Cross-hybridization

score has to considered in the analysis of samples containing pos-

sible interfering sequences, i.e. amplified or genomic DNA, that can

affect the biosensor selectivity, absent in this case study. Since fully

complementary targets were used for our purposes, 0% value for

the Cross-hybridization score was  imposed to correspond to the

absence of any interfering contribution from complex matrix. For

this reason, in the considered case study Cross-hybridization score

different from 0% would not produce a  realistic evaluation.

A higher priority, instead should be granted to the DeltaTm

score, that appear to be very impactful for a  good prediction in
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this study. This parameter considers the distribution of  the melt-

ing temperatures (Tm) for  all possible probes; low DeltaTm score

for a certain probe sequence indicates a  high deviation of its Tm

from the average Tm.  In SPRi, DNA probes work simultaneously in

an array format and, therefore, at the same temperature. Ideally,

Tm relative to target-probes duplexes should be very similar, so

that the affinities of base pairing recognition are comparable under

the same experimental conditions. This would ensure high homo-

geneity during the hybridization process of  all probe sequences.

DeltaTm was weighted at 70.2% for all reported experiments.

This value was selected in order to make DeltaTm contribution

higher than the remaining two parameters (low complexity and

folding). In other words by  assigning 0% to Position and Cross-

hybridization, we  increased the relative priority of DeltaTm to

compensate.

The formation of secondary structures on the probe sequence

is  also an important parameter in probe design. OligoWiz assigns

a poor Folding score to sequences subjected to a folding, strong

enough to the extent that it interferes with target hybridization,

by calculating the free energy potential of the strongest structures.

Folding parameter was weighted at 17.5% for all reported exper-

iments. The folding weight given was selected based on advice

by the program developer, i.e. to keep low  values for folding. The

physico-chemical evaluation considered here only accounts for the

energy involved in secondary structure intramolecular base pair-

ing. However, as demonstrated in this paper, further evaluations

involving loop position with respect to chip surface were also

important in the estimation of the influence on the folding.

Finally, Low complexity parameter assigns high-scored values

to probe sequences displaying a high degree of complexity in the

primary nucleotide sequence, and thus its weight contributes to

enhance the specificity of probe. Low complexity parameter was

weighted at 12.3% for all reported experiments, as standardized by

the program developer.

3.2. Computational design of probes

Once the probe length (20 mers) was defined, the program out-

put indicated the calculated scores relative to the sequences in the

different positions on the target DNA.

Suitable positions on target sequence for high-scored probes

are displayed in  red  (Wernersson et al., 2007),  whereas low-scored

probes, with expected low performances in hybridizing target are

colored in gray. Evaluating probes distribution along the target

sequence, we can have an idea of the value of the different consid-

ered parameters, by walking on the target sequence (see Fig. S1). For

example, Low complexity score in our case, oscillates between 0.9

and 0.6 shows that this parameter does not fluctuate dramatically.

Thus, it  has little influence over the total score. Cross-hybridization

score varies, along whole sequence, between the maximum and

minimum (1–0) value, identifying certain sequences, expected to

be very selective (1–9, 112–115) and other probes with less speci-

ficity for the target. Folding score does not vary significantly along

the sequence. It has about maximum values in all positions except

few regions, where the value is still relatively high. This behavior

could be due to the fact that intra-molecular paring involves fewer

bases than complementary hybridization with target sequence.

For the considered beta-actin sequence (227 bases), only few

regions are suitable for probe mapping, and only 10 possible

sequences displayed show scores higher than 0.8. Among these

high-scored probes, we  selected two probe sequences with equal

score of 0.936 to be  tested experimentally for computational

approach validation, mapping position 5–24 (Probe 2) and position

101–120 (Probe 1).

Three more probes, namely Probes 3, 4  and 5, with decreas-

ing scores from 0.725 down to 0.255, were also selected and are

Fig. 1.  SPRi calibration for the selected five probes. The reflectivity different per-

centage is reported for each probe vs. the target concentration in a  range between

2  �M and 250 �M.

reported in Table 1. Table 2  summarized the total scores and the

values resulting from the  software calculations for the parameters

of the selected probes.

The selected five probes were then experimentally tested by

SPRi to evaluate the validity of computational approach used.

3.3. Validation of DNA probes by SPRi transduction

The five probes selected were immobilized on the same chip

surface and tested for their ability to bind to the  complementary

sequences.

Thiolated probes were coupled to gold surface in an array for-

mat, and remaining gold surface was  then passivated using mixed

thiols at different length (see Section 2). Complementary targets

were injected separately in concentration range from 2 nM to

250 nM and binding signals were recorded as percent variation

of intensity of reflected light �R%. In Fig. 1 calibration curves

obtained for the five selected probes were shown. In agreement

with OligoWiz calculations, calibration curves display different

behaviors, demonstrating that probes follow the  in  silico predic-

tions. Calculated scores results thus correlated with SPRi responses

obtained from calibration curves. In particular, best-scored probes

(Probes 1 and 2) show highest signals for all the tested concen-

trations; Probe 3  (score 0.725) gave intermediate signals between

high and low scored probes and Probes 5 and 4  displayed the  worst

results. This behavior is clearly shown in Fig. 2  where scores com-

pared with SPRi responses recorded at 100 nM target concentration,

within the  dynamic range of the biosensor.

3.4. Melting experiments

The strength of possible secondary structures on probes was

experimentally evaluated by UV melting experiments (Eryazici

et al., 2010). Folding and unfolding behavior of each probe sequence

in solution was  studied as temperature function. The number of

bases involved in secondary structures and their melting tempera-

tures could give an idea about the strength of  the conformation of  a

given probe at the given temperature on the chip. In DNA-based

sensing, this information is strategic for estimating the poten-

tial intermolecular folding of the selected probe on the chip at

given working temperature. The lower the melting temperature,

the higher is the number of  unpaired bases at the working tem-

perature. Also the hyperchromic effect for each probe considered,

i.e. the variation of the intensity of absorbed light. The solution

employed in melting experiments thus the same as applied in SPRi-

based experiments. Melting profiles are reported in Fig. 4. Probe

1, one of the two best scored, does not show any melting curve,
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Fig. 2.  SPR signals for the selected probes for the target concentration 100 nM

(upward) and comparison with compared to calculated scores (down).

meaning that, in the considered temperature range, its sequence

remained unfolded. However, Probe 2, with the same score as

Probe 1, displayed a  melting curve characterized by an intense

hyperchromic effect and the highest melting temperature (64 ◦C)

among the considered probes. Probe 4  results the probe with lowest

Fig. 4.  Derivative curves of melting profiles are shown for each probe. Probe 1  is the

only one that does not fold into a  secondary structure, thus no  melting curve was

recorded.

melting temperature (49 ◦C) but with hyperchromic effect similar

to Probe 2. Probe 3  and Probe 5 curves profiles show intermediate

melting temperature, 56 ◦C  and 59 ◦C respectively. Considering the

hyperchromic effect, Probe 3 and Probe 5  also showed intermediate

values.

In Fig. 3 the estimated secondary structures and melting pro-

files for the selected probes were reported. In particular, estimated

structure for Probe 2 showed four bases involved in the loop, at the

5′ end, in  close proximity to sensing surface. This secondary struc-

ture results to be one of the most stable with respect to the others,

as deduced from melting profiles (i.e. from hyperchromic effect)

and from data obtained with Mfold software (Zuker, 2003). Free

energy of Probe 2  loop is comparable to Probe 5, the worst scored

probe.

It appeared that the location of these secondary structures

occurring along the probe was  important. In contrast to Probe 2,

all the other three probes, had folding in region closer to 3′ end,

which was more exposed to solution. This folding orientation may

influence the hybrid formation at the sensor surface, between the

probe and its  complementary sequence in solution. This evaluation

suggested that the relative position of the loops on probes should

be considered in the computational evaluation. It could be useful to

Fig. 3. Probes folding simulated with Mfold (Zuker, 2003) in  order to mimic  experimental conditions (DNA at  25 ◦C, [Na+]  = 0.34 M).

35



Experimental part

4790 M.L. Ermini et al. / Biosensors and Bioelectronics 26 (2011) 4785– 4790

be able to manipulate this aspect by including a  new factor among

the parameters weighted in the program.

However, it was thus apparent that neither hyperchromic effect

nor melting temperature of the loop alone is enough to predict

the probe behavior. If we  consider the probe solely on the basis of

the intensity of the hyperchromic effect or melting temperature,

we would not have insightful informations about the hybridization

characteristics of probes on the sensor. This supported the idea that

only a combination of suitable parameters, integrated using a ratio-

nal design, can provide complete description of the phenomenon;

in  our case, we showed that a  computational assisted tool such as

OligoWiz (Wernersson et al., 2007),  could take into account the dif-

ferent parameters involved for  optimizing probe design in nucleic

acid-based sensing.

Probe design is a delicate step in sensor development and to

the best of our knowledge this is the first reporting about rational-

ization of probe selection in DNA-based sensing. This effort aimed

to standardize the different steps in designing model probes for

nucleic acid based sensing in order to go further in analytical sys-

tem performances, in line with previously reported work on signal

sampling and data management standardization (Scarano et al.,

2010).

The approach has a  non-restricted validity and can  eventu-

ally be  applied to different transduction principles. The reported

method can also be  used to select probes as secondary sequences,

to hybridize the target analyte in a different region, as reported

in electrochemical and optical sensing for signal detection or

enhancements.

4. Conclusions

We described here a  novel and rational approach in probe design

by computational evaluation coupled with experimental validation

for application to nucleic acid sensing. Optimized performances of

the sensor achieved with best scored in silico probes, demonstrated

the  validity of the theoretical modelling, in affinity biosensor anal-

ysis. Our experimental results are in complete agreement with the

assigned scores, validating the theoretical evaluation as an useful

tool for selecting biosensor receptors. It has general validity and

it can be  extended, for example, to RNA analysis, like microRNA

which is now of interest in cancer diagnostic or coupled to different

transduction principles.
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Supplementary data

Figure S.1: Oligowiz (Wernersson et al., 2007) output window in our model

system. At the top, curves show scores’ trends for each probe moving along

the target sequence. The yellow bar represents the target sequence. The

red and gray colors in the upper bar show areas on the target sequence

where one can design probes with high and low score respectively. At

bottom left, score management panel shows the relative weights for each

parameter considered in calculation.
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3.1.2 Direct Human Genomic DNA Detection

The direct detection, with no label, on non-amplified sample of genomic

DNA is a challenging goal in biosensors development. In order to attain

this result, here many optimization steps were studied for what concerns

biosensor surface processing and genomic sample pretreatment.

Different fragmentation procedures by ultrasounds were tested on a

commercial sample of human genomic DNA and each one was stud-

ied with gel electrophoresis, to evaluate the DNA fragmentation and

SPRi biosensor. Among these one procedure, coupled to dsDNA ther-

mal denaturation, resulted to be suitable for direct detection.

As a result, a label-free detection of a target gene (ABCB1) in human

genomic DNA extracted from lymphocytes was performed and a cali-

bration of the biosensor was successfully achieved down to 140 aM of

target concentration.

Selectivity and specificity of the system were evidenced with a sandwich-

like strategy, by using a secondary probe designed by the computational

approach previously reported (see Section 3.1.1 In Silico Probe Design).

Furthermore, the biosensor resulted regenerable, and reusable for 20

cycles of measurements, that is one of the innovative aspects of this

work.

This part of my research was reported here:

M. L. Ermini, S. Mariani, S. Scarano and M. Minunni, “Direct De-

tection of Genomic DNA by Surface Plasmon Resonance Imaging: An

Optimized Approach”, Biosens. Bioelectron., 40(1), 193-199 (2012).
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a b s t r a c t

The direct detection of specific sequences in genomic DNA samples is very challenging in the biosensor-

based approach. In this work we developed an optimized strategy for the direct detection of DNA

sequences in human genomic samples by a surface plasmon resonance imaging technology. As model

study, the target analyte was identified in a DNA sequence mapping the human ABCB1 gene. The

computed-assisted approach was here applied for probe design. After a preliminary evaluation of the

probe functioning by the complementary synthetic target, the system was applied to the direct

detection of the target sequence in human genomic DNA extracted from lymphocytes. To achieve this

result, several steps aimed to improve the analytical performances of the biosensor were studied and

optimized. The immobilization chemistry, based on thiolated probes, was adapted here to non-

amplified sequence detection. DNA sample pre-treatments, i.e. genomic fragmentation by ultrasounds

and dsDNA denaturation by thermal treatment were also investigated. A sandwich-like strategy, by

using a secondary probe, was also applied to understand and confirm the selectivity of the developed

biosensor in detecting ABCB1 gene in genomic samples. Finally, a reliable calibration curve of ABCB1

was obtained with an experimental detection limit of 140 aM. Furthermore, the biosensor was well

regenerable, assuring up to thirty cycles of effective measurements.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Direct detection of a genomic DNA sample, bypassing ampli-

fication steps, is a very attractive analytical challenge, especially

in biosensor-based approaches with application to molecular clinical

diagnostics. The possibility of shortening the pre-analytical steps, i.e.

sample pre-treatments, may lead to reduced analysis times and

costs with positive impact on the detection of clinically relevant

targets. In addition to key applications to the detection of genetic

disorders and polymorphisms or mutations, molecular diagnostics

could have important reflections also in the emerging field of

theranostics. In any case, the starting point in molecular genomics

is the analysis of DNA samples. Most of the reported approaches

deal with amplified DNA samples and very few of them reach

sensitive detection of genomic DNA avoiding sample amplification,

i.e. by PCR. Different transduction principles are applied to this aim:

fiber optics, surface plasmon resonance (SPR) and SPR imaging

(SPRi), piezoelectric detection (Almadidy et al., 2002; Bianchi et al.,

1997; Kaewphinit et al., 2010; Minunni et al., 2005; Scarano et al.,

2011). Concerning SPR-based biosensors, our group reported about

human, animal and plant DNA detection directly in genomic

samples using BIAcore family instrumentation, also applying restric-

tion enzymes, reaching a detection limit of 10 mg L�1 (Minunni

et al., 2007). D’Agata et al. used a secondary amplification by gold

nanoparticles on the hybridized target, revealing detectable concen-

trations down to and attomolar (D’Agata et al., 2011) in case of

mismatch analysis and 41 zM (D’Agata et al., 2010) for full com-

plementary sequences.

DNA amplification by PCR or other approaches undoubtedly

leads to a large enrichment of the target sequences, but it also

may introduce errors and it can be an additional step in the pre-

analytical phase, which eventually could represent a further risk

of contamination of the sample. However, some inescapable pre-

analytical steps are still applied to genomic DNA analysis, i.e. DNA

extraction, fragmentation, and denaturation. DNA fragmentation

can be achieved by ultrasounds (D’Agata et al., 2010) or enzy-

matic digestion with restriction nucleases (Minunni et al., 2005;

Minunni, 2012).

In any case, the extracted DNA is a double helix, in which the

target sequence, complementary to the immobilized probe, is

hidden. Therefore, it is mandatory that, after the fragmentation,

the double-stranded DNA (dsDNA) is opened to allow the target

sequence contained in it to hybridize the probe. The denaturation

process, both on PCR amplified or unamplified genomic samples,

can be achieved by simple thermal treatment or by alternative

strategies aiming to prolong the single-stranded DNA (ssDNA) life

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/bios

Biosensors and Bioelectronics
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time in solution by preventing the re-annealing of double strands,

i.e. using small hybridizing oligonucleotide sequences (Minunni

et al., 2005).

We recently demonstrated how, behind dedicated pre-analy-

tical key steps, in DNA-based sensing the rational design of

suitable capturing sequences can be strategic for improving the

analytical performances of the biosensor (Ermini et al., 2011).

In this paper we reported about a DNA biosensor development

for sensitive human genomic DNA (hDNA) detection, using the SPR

imaging-based technology. As model study, we selected a fragment

of 511 mers belonging to the human ABCB1 gene, consisting in the

genomic sequence to be targeted. The human ABCB1 gene, on

chromosome 7, was considered of clinical interest due to the so-

called rs1045642 (C3435T) polymorphism and its possible involve-

ment in several diseases (Campa et al., 2012; Drain et al., 2011;

Jaitner et al., 2012; Kesimci et al., 2012; Penna et al., 2011; Sharma

et al., 2012; Teh et al., 2012).

First, a computed-assisted design of a capturing probe (CProbe)

was here applied, following our previously reported approach

(Ermini et al., 2011). The hybridization reaction with the selected

CProbe was then monitored and optimized by using the synthetic

complementary target. For the applicability to hDNA samples,

several steps were considered, i.e. suitable biochip surface treat-

ments, hDNA fragmentation by ultrasounds, and dsDNA denatura-

tion by thermal treatment. Finally, the system was applied to the

detection of ABCB1 gene directly into genomic hDNA extracted

from lymphocytes and a reliable calibration of the system was

successfully obtained in the range 0.14–2.8 fM. A sandwich-like

strategy, by using a secondary detecting probe (DProbe), was also

applied to understand and confirm the selectivity of the developed

biosensor in detecting ABCB1 gene in genomic samples. The

biosensor was well regenerable, assuring up to thirty cycles of

effective measurements.

2. Materials and methods

2.1. Design of DNA probes

Probes design was performed by the free software OligoWiz 2.0

(Wernersson et al., 2007). This in silico evaluation can be applied

to select highly performing probes for biosensing applications

(Ermini et al., 2011). This can be achieved starting from any given

DNA target sequence by the rational setting of five parameters,

here imposed as follows: cross-hyb 44.8%, delta Tm 29.9%, folding

14.9%, position 0.0% and low-complexity 10.4%. In this study the

511 mers fragment of Homo sapiens ATP binding-cassette, sub-

family B (MDR/TAP) member (ABCB1) on chromosome 7 (position

87138390–87138900 of the chromosome 7, position 3673–4183

of coding sequence of the gene) was the genomic target sequence.

When the sequence of the target analyte was inserted in the

program, a set of scored probes normalized to values between 0

(worst probe) and 1 (best probe) was obtained. Among the ranked

probes, we selected two sequences: the so-called capturing and

detecting probes (namely CProbe and DProbe). Finally a DNA

sequence was chosen to act as negative control: Unspecific probe,

i.e. a probe designed on the Enhanced green fluorescent protein

gene, not present in human genome. Detailed information about

designed probes is reported in Table 1.

2.2. Solutions and reagents

Thiolated DNA probes, 10 mm in immobilization solution (IS),

were covalently bound on the biochip gold surface. IS consisted of

1 M KH2PO4 (Merck, Italy), pH 3.8. If not otherwise specified, a

solution containing 1 mm 11-mercapto-1-undecanol (MU) and

1 mm 6-mercapto-1-hexanol (MCH) was used to passivate the

gold surface of biochips, for 20 h in a dark moist chamber.

A solution of 300mM NaCl, 0.02 M Na2HPO4, 0.1 mM EDTA, pH 7.4,

0.05% (w/v) of TWEENs 20 (Polyethylene glycol sorbitan monolau-

rate) was used as hybridization solution (HS) in SPRi measurements.

A solution 100mM HCl was used to regenerate the biochip surface

after each measurement cycle. PDMS (Sylgard 184 Silicone Elastomer

Kit, Dow Corning, UK), was used for the micro-welled mask pre-

paration (Scarano et al. 2011). Unless otherwise stated, reagents

were purchased from Sigma-Aldrich (Milan, Italy).

All solutions were prepared in MilliQ water (Millipore Corpora-

tion, Massachusetts, USA) and filtered using vacuum filter cups

(Millipore E express plus, 0.22 mm) and syringe filters (Puradisc,

cellulose acetate, 0.2 mm from Whatman GmbH, Dassel, Germany).

All oligonucleotides were purchased from Eurofins MWG Operon

(Ebersberg, Germany); the corresponding sequences are reported

in Table 1. Human genomic DNA was purchased from Novagen

(Piacenza, Italy).

2.3. SPRi instrumental asset

All measurements were performed by SPRi-Labþ instrument

from Genoptics-Horiba Scientific (Orsay, France). Interactions

between probe and analyte were followed in real time by an

optical apparatus integrated with a homemade fluidic system. The

whole instrumentation asset was reported previously (Scarano

et al., 2010).

2.4. Probes immobilization

A micro-welled PDMS support was used for DNA probes

immobilization in array format on SF-10 glass prisms coated with

gold (50 nM-thick) (SPRi-BiochipTM, Genoptics-Horiba Scientific,

Orsay, France) as previously described by Scarano et al., 2010.

Thiolated probe solutions (0.8 mL, 10 mm in IS) were spotted in each

micro-well and let immobilize on the gold surface exploiting the

affinity between sulphur and gold, forming a self-assembled mono-

layer (SAM). Two spots were used as reference surface (only IS).

Table 1

Probes and target sequences.

Gene fragment of ABCB1

(511 mer)

5’ CTCACAAGGAGGGTCAGGTGATCAGGTAAAGGTAACAA

CTAACCCAAACAGGAAGTGTGGCCAGATGCTTGTATACAGGTAAGGGTGTGATTTGGTTGCTAATTTCTCTT-

CACTTCTGGGAAACCAGCCCCTTATAAATCAAACTATAGGCCAGAGAGGCTGCCACATGCTCCCAGGCTGTT-

TATTTGAAGAGAGACTTACATTAGGCAGTGACTCGATGAAGGCATGTATGTTGGCCTCCTTTGCTGCCCTCA-

CAATCTCTTCCTGTGACACCACCCGGCTGTTGTCTCCATAGGCAATGTTCTCAGCAATGCTGCAGTCAAACAG-

GATGGGCTCCTGGGACACGATGCCCAGGTGTGCTCGGAGCCACTGAACATTCAGTCGCTTTATTTCTTTGC-

CATCAAGCAGCTGAAAACAAGAGTTCACAGATCAACTTCAGGACCAGCACACTTTGAATGTAGCACAATTAA-

CATCATTATTTCTTACACTGAAACTGCCAAGTTACTGTGAG 3’

CProbe 5’ HS—(CH2)6—GTCACTGCCTAATGTAAGTCTC 3’

CTarget 5’ GAGACTTACATTAGGCAGTGAC 3’

Unspecific probe 5’ HS—(CH2)6—GAGGGCGATGCCACCTAC 3’

DProbe 5’ GTGGTGTCACAGGAAGAGATT–BIO 3’

M.L. Ermini et al. / Biosensors and Bioelectronics 40 (2013) 193–199194
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After probe spotting, the biochip was subjected to vacuum for

20 min and incubated in a moist chamber for 72 h. When required,

biochip surface was finally passivated with an aqueous solution of

two mercaptoalchols: 1 mm 11-mercapto-1-undecanol (MU) and

1 mm 6-mercapto-1-hexanol (MCH) (Sigma, Milan, Italy) for 24 h.

Then surface was washed with water, dried and finally housed into

the instrument.

2.5. SPRi measurements

Measurements with the synthetic target were performed

under a constant HS flow of 6 mL min�1 (11 mL flow cell internal

volume). The corresponding calibration was carried out by inject-

ing 100 mL of the complementary target within the 5–250 nM

range of concentration. Targets reached the flow cell about 5 min

after injection, lasting for about 10 min in contact with the

CProbe, and allowing to monitor the hybridization process in

real-time. At the end of the injection, HS flow washed the surface,

removing the analyte excess from the cell.

Injections of genomic hDNA samples were performed under a

high HS flow of 6000 mL min�1. After samples reached cell (1.0 s),

the flow was lowered to 6 mL min�1 and the hybridization

between the CProbe and the sample was monitored for 10 min.

Finally running buffer washed the surface to remove the unbound

analyte from the cell. The calibration was performed by injecting

100 mL of the pre-treated genomic hDNA in the concentration

range 0.3–6.0 mg L�1 (0.14–2.8 fM).

During hybridization, the binding was visualized by sensor-

grams showing the percentage of reflectivity variation (DR%) in

real time (s). Moreover, digital images of the punctual variation of

reflected light on the surface were collected. SPR signals were

acquired as DR% difference between before and after (5 min from

washing) the analyte binding. The biosensor surface was regen-

erated by 24 mL min�1 for 1 min of 100 mM HCl, making probes

available for consecutive measurements.

2.6. Genomic pre-treatment and electrophoresis

Genomic samples (100 mL, 2.8 fM, 6 mg L�1) were fragmented

by applying different protocols of ultrasonication (VC100,

100 Watt Model, Sonics, Newtown, CT, USA): ultrasonic bath

and ultrasonic immersion probe. Furthermore, different ampli-

tudes and times of sonication were tested (Table S1). Ultrasonic

fragmentation of genomic hDNA was evaluated by agarose (Affyme-

trix, Santa Clara, CA, USA) gel electrophoresis (0.5% w/w of agarose

in TAE buffer 1X) with ethidium bromide (Shelton Scientific,

Romeoville, IL, USA) as intercalating agent (0.004% w/w) and

100 bp DNA ladder and l/HindIII as molecular weight markers

(Fermentas, Thermo Scientific, Milan, Italy). Electrophoretic bands

and distributions were visualized by an UV transilluminator (TFX-

20M, Vilber Lourmat, France) and images were captured by a digital

camera. Digital images were transformed in grayscale and analyzed

with the image processing software ImageJ (open source software).

After ultrasonication, the dsDNA was denatured at 95 1C for 7 min in

C1000 Thermal Cycler (Bio-Rad, Italy), then cooled in ice-bath for

three seconds and directly injected in SPRi-Labþ instrument

(100 mL). The protocol for fragmentation was chosen on the basis

of the magnitude and the specificity of the SPRi signal obtained

experimentally.

3. Results and discussion

The in silico approach by OligoWiz 2.0 was here applied to

define suitable probing sequences to be used for ABCB1 gene

detection in non-amplified hDNA samples. The approach applied

is displayed in Fig. 1.

A 22 mers sequence, specific for ABCB1 gene, was selected as

capturing probe (CProbe) and immobilized on the chip surface.

This probe was conceived to selectively bind the target sequence

on a higly conserved region of ABCB1 gene, with high specificity

and selectivity. The target sequence was bound to the probe, and

then exposed to the secondary hybridization with detecting probe

(DProbe) to finally confirm the system selectivity in genomic DNA

samples.

Key steps in sensor development were optimized to achieve

sensitive and reliable genomic target conditions, i.e. sample pre-

treatment (fragmentation and denaturation) and immobilization

procedure.

3.1. In silico analysis

As previously reported by our group, improved analytical

performances of a DNA biosensor can be achieved by the in silico

rational design of probes (Ermini et al., 2011). Here the same

computer-assisted approach was applied to design a selective

strategy for the detection of a target sequence (511 mers, Table 1)

on ABCB1 gene, used here as model system with potential

application in theranostics. ABCB1 gene belongs to the ABC genes

family, characterized by a high degree of homology. The CProbe

was thus selected by OligoWiz 2.0 on the most conserved region

of the 511 mers sequence, to assure a high degree of specificity,

within the ABC genes. The selectivity of the CProbe was estimated

by the Cross-hybridization (against the whole human genome

DNA) score given by the program, resulting the highest value

possible for this parameter, i.e. 1.0. Furthermore, an excellent

score of 0.88 predicted high probing performances of CProbe.

To develop a sandwich-like assay, the DProbe was also

selected by the program on a different region of the ABCB1 target

sequence (see Fig. 1) with the aim to perform a secondary

recognition, of the captured target gene. ABCB1 target sequence

and nucleotidic probes are reported in Table 1.

Fig. 1. Scheme of the strategy: thiolated CProbe, with estimated high performance

in terms of selectivity, is immobilized on sensor surface, after incubating DNA

thiolated probe 10 mM in IS on gold for 72 h in a moist chamber. This probe

captures the complementary fragment in the genomic DNA sample. A secondary

hybridization with DProbe on genomic DNA is performed, enhancing the signal

and confirming the specificity of our strategy.
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3.2. Calibration of the biosensor with complementary target

Once selected, the capturing probe was immobilized on the

gold surface of the biochip by thiol coupling, and its performance

in binding the complementary synthetic target was experimen-

tally tested by SPRi (Fig. 2).

The calibration was performed within the range of concentra-

tion 5–250 nM of synthetic complementary target, reaching

signals up to DR%¼1.38. The sensor gave a linear response up

to 25 nM, corresponding to a value of 0.45 of reflectivity variation

percent. The average coefficient of variation percentage (CVav%)

was here calculated as the percentage of standard deviations

normalized for mean SPRi signals and averaged for all concentra-

tions tested. This value resulted to beo5.8% for each point of the

calibration curve, demonstrating the reproducibility of the sys-

tem. Unspecific probe was immobilized on the sensor surface as

negative control and SPRi signals were monitored on it for all

injected samples, for confirming the high selectivity and specifi-

city of the interaction observed.

3.3. Genomic DNA detection

3.3.1. Pre-treatment optimization: ultrasonication and

electrophoresis study

Genomic DNA fragmentation was achieved using two

approaches. In particular, an immersion probe (dipped directly

into the hDNA sample) or a sonication bath were used. The effect

of amplitude frequency of ultrasounds and the sonication time

applied were studied for both procedures (Table S1). Fragmenta-

tion efficiency was evaluated by agarose gel electrophoresis,

obtaining a rough estimation of the fragmentation size (Fig. 3).

In particular, electrophoretic gel showed that the efficiency of

fragmentation on genomic hDNA depended on the type of

sonication applied. Fig. 3 shows the electrophoretical analysis,

where the F1 sample was treated in an ultrasonic bath, whereas

F2 and F3 samples were treated by immersing the ultrasonic

probe directly in the genomic solution. The fragmented profile of

each sample was compared to the untreated genomic DNA

sample (lane G). F1 sample was characterized by a smear between

6557 and 23130 bp, meaning that a partial DNA fragmentation

occurred respect to lane G. F2 and F3 samples showed an

intermediate (100–1000 bp) and high (100–400 bp) degree of

fragmentation, respectively. Therefore, only by the direct immer-

sion of the ultrasonic probe (F2 and F3 lanes) a high DNA

fragmentation was obtained. In this case, the highest amplitude

applied was 20% (see Table S1), due to the rapid increase of

temperature of the sample induced by the ultrasound probe. To

evaluate the best protocol of sonication, fragmented hDNA

samples were further thermally denatured and then tested at

2.8 fM in HS on biosensor. Among all sample tested, only F1

sample resulted to be detectable. Moreover, the F1 genomic direct

hybridization on CProbe occurred only when the biochip surface

was prepared with a suitable procedure (see next paragraph).

3.3.2. Effect of alkane thiols on genomic DNA hybridization

The influence on the hybridization signal of alkane thiols used

to passivate the biochip surface after probe immobilization was

investigated. In particular, genomic samples were injected on

biochipspassivated with thiols and on biochips not subjected to

thiol passivation treatment. 2.8 fM of F1, F2 and F3 sonicated hDNA

samples were injected separately on biochips modified by the two

different procedures, and tested for their ability in hybridizing

CProbe. No hybridization signal was obtained for the all three

genomic samples (F1, F2 and F3) when the gold surface underwent

thiol passivation (data not shown). Contrarily, on non-passivated

biochips significant results were observed. In particular, among

fragmented genomic samples, F1 gave a significant SPRi signal of

0.971 (DR%) on CProbe spots, and the hybridization in this condi-

tion was reproducible and specific, i.e. no interaction was recorded

on bare gold, as displayed in the differential images of Fig. 4. Also

the Unspecific probe (white-circled spots in Fig. 4) displayed the

unexpected ability in binding the genomic samples (see next

paragraph for discussion).

The different behaviors observed on passivated or not biochips

could be explained by supposing that thiols may eventually

modify the molecular packing of CProbe on receptor spots,

leading to their reduced availability. For instance, possible dis-

ulfur superstructures of thiols could cause a reduced degree of

freedom and/or a partial hindrance of the CProbe sequence.

3.3.3. Evaluation of the specificity by DProbe hybridization

In Fig. 4a, the differential image and the relative bar plot of

SPRi signals obtained on F1 samples are reported. Biochip surface

was modified by spotting the CProbe (6 spots), the Unspecific

probe (2 spots), and two reference spots (2 spots, only IS). The

Unspecific probe was chosen to be complementary to the EGFP

gene, not present in the human genome. Therefore the SPRi signal

obtained from the human genomic sample can be undoubtedly

ascribed to unspecific interactions of the Unspecific probe. Data

showed an intense signal on Unspecific probe (DR%¼1.309), higher

than the signal on CProbe (DR%¼0.971). These results can be

explained with the presence of fragmented genomic sequences

able to hybridize Unspecific probe; contrarily, on CProbe spots, the

lower signal could suggest the ability of the probe in catching

selectively only fragments containing the corresponding ABCB1

target sequence.

To understand and confirm this assumption, after the hybri-

dization on CProbe spots of F1 samples (Fig. 4a), the subsequent

injection of DProbe (250 nM) was performed in a sandwich-like

assay, as previously represented in Fig. 1. SPRi signals inferred

from the secondary hybridization are reported in Fig. 4b.

As expected, on Unspecific probe we obtained a signal enhance-

ment of DR%¼0.183 whereas, on CProbe spots, a DR%¼0.906 was

recorded. The relative intensity of the secondary hybridization

Fig. 2. SPRi signals recorded from CProbe and Unspecific probe immobilized on

the biosensor surface by thiol coupling vs. different concentrations of the

complementary synthetic target (from 250 nM to 5 nM). All measurement are

performed under constant flux of HS (6 ml/min). Target are eluted in HS too and

each injection volume is 100 ml (see Section 2). Contact time is 15 min and both

dead time and washing time is 5 min.
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indicated that the CProbe bound with high efficiency only the target

sequence. In fact, DProbe was complementary to a different region

of ABCB1 gene, confirming the specificity of the primary hybridiza-

tion between the capturing probe and the genomic DNA fragment of

interest. DProbe was previously tested in preliminary analyses on

the biosensor to evaluate possible direct hybridization with immo-

bilized probes (CProbe and Unspecific probe) even in absence of

human genome. No crossing interaction was recorded among

Fig. 3. Genomic DNA fragmentation for different ultrasonication procedures. Left: 0.5% agarose gel electrophoresis of genomic DNA samples. 100 bp DNA ladder and

Lambda DNA/HindIII are used as markers. Right: distribution profiles of fragmentation visualized by ImageJ. Lane G is whole genomic DNA sample. Lane F1 is genomic DNA

sample pre-treated in ultrasonication bath, and lane F2 and lane F3 are genomic samples pre-treated by immersing ultrasonic probe at different setups (Table S1).
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probes, confirming that the sandwich-like assay carried out by using

DProbe is a valid strategy to distinguish between specific and

unspecific interactions possibly occurring on the sensor.

3.3.4. Calibration of the biosensor with genomic DNA

The biosensor was finally calibrated with genomic samples

prepared by the same pre-treatment previously used to obtain

sample F1. After thermal denaturation, genomic DNA was tested at

the following concentrations: 0.14, 0.28, 0.70, 1.4, and 2.8 fM in HS.

Points were fitted with a line, showing a good coefficient of

determination (R2¼0.990), as reported in the upper part of Fig. 5a.

The experimental coefficient of variation %, averaged on all

concentration points, resulted 17%, a very encouraging result

considering the high complexity of the tested matrix and the

absence of any signal amplification. The bottom part, Fig. 5b,

reports the further application of the sandwich-like assay carried

out with DProbe on each concentration of the genomic solutions

tested. As shown in the bar plot, the SPRi signal enhancement

(gray bar portion) due to the DProbe hybridization, resulted not

directly correlated to the concentration of the tested DNA sample.

This behavior could be due to the high variability of the lengths of

fragmented DNA bound to the CProbe, and to possible intra- and

inter-strand interactions among fragments. Single-stranded frag-

ments hybridized on CProbe could actually expose their ends

forming secondary structures impairing the secondary recognition

with DProbe. The biosensor was successfully regenerable for

up to thirty cycles of measurements (data not shown), opening

encouraging perspectives in the direct detection of genomic

sequences for clinical purposes by-passing PCR amplification.

The analysis time was of 30 min, considering sonication,

denaturation and sample hybridization with both capturing and

detecting probes.

4. Conclusions

Direct human genomic DNA detection is an attractive goal for

diagnostics and theranostics, allowing faster analytical responses

and cost reduction of assays, when compared with amplified DNA

analysis. An optimized approach to directly detect very low

concentrations (140 aM) of human genomic DNA in a multiarray

SPRi biosensor was here described. As model system, the ABCB1

gene was selected and nucleic acid-based probes were selected by

a computational-assisted approach. Effects of ultrasonic fragmen-

tation on genomic DNA and of gold surface passivation after

probe immobilization were studied. The best experimental con-

ditions were found, ensuring the specific hybridization of frag-

mented DNA genomic sample on the specific probe. The biosensor

was successfully regenerable for up to thirty cycles of measure-

ments, foreseeing its potential application for routine analyses.

The developed biosensor allows the immobilization of a num-

ber of specific probes in a multi-array format, and could exploited

for multi-analytes measurements and real time detection on whole

Fig. 4. Comparison between SPR signals obtained on CProbe and Unspecific probe, immobilized on the biosensor surface by thiol coupling, hybridized with pre-treated

genomic F1 sample at 2.8 fM (100 ml in HS, the pre-treatment procedure is reported in Section 3.3.1) (a), and after the hybridization with DProbe (b), corresponding

differential images of the spotted biochip surface are shown on the left. The bright spots represent areas where hybridization occurred between genomic DNA and

capturing probe. Blank spots are circled in black and are reference spots where no probe is immobilized. Unspecific probe spots are circled in white.
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genomic samples. Moreover, the selectivity of this interaction was

very well demonstrated by the use of a secondary detecting probe

in a sandwich-like assay. This model strategy can be applied in the

near future to the punctual detection of sequences of clinical

relevance, i.e. point mutations, polymorphisms, and deletions.
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signals enhancement obtained from subsequent injection of 250 nM DProbe in HS

(see Section 2).
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3.1.3 Discrimination of Single Nucleotide Polymorphism

on Human Genomic DNA after Whole Genomic

Amplification

The aim of this work was to find a suitable strategy for detecting a sin-

gle nucleotide variation in the ABCB1 gene’s sequence on blood sample

enriched by whole genomic amplification (WGA). This kind of ampli-

fication, in contrast to classical PCR treatment, amplifies all sequence

present in blood sample, changing the amount of DNA present in the

sample but not preselecting a specific sequence. It is easy, fast and a

routine standard procedure.

Our approach for SNPs detection consisted first in in silico probe design,

second in the developing a strategy to detect SNP (rs1045642), i.e.

carrying various steps of optimization of the experimental conditions

in terms of probe length, position of SNP along sequence and sequence

functionalization. Third, finally the strategy was tested directly on

random amplified genomic samples from human blood.

It was demonstrated that this method allows discriminating between

full match and mismatching samples, guaranteeing successful detection

of the polymorphism on the ABCB1 gene, in this case.

This part of my research was reported here:

M. L. Ermini, S. Mariani, S. Scarano, D. Campa, R. Barale and M.

Minunni, “Single Nucleotide Polymorphism Detection by Optical DNA-

Based Sensing Coupled toWhole Genomic Amplification”, Anal. Bioanal.

Chem., In press. DOI:10.1007/s00216-012-6345-4
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Abstract The work presented here deals with the optimiza-

tion of a strategy for detection of single nucleotide polymor-

phisms based on surface plasmon resonance imaging. First, a

sandwich-like assay was designed, and oligonucleotide

sequences were computationally selected in order to study

optimized conditions for the detection of the rs1045642 single

nucleotide polymorphism in the gene ABCB1. Then the strat-

egy was optimized on a surface plasmon resonance imaging

biosensor using synthetic DNA sequences in order to evaluate

the best conditions for the detection of a single mismatching

base. Finally, the assay was tested on DNA extracted from

human blood which was subsequently amplified using a

whole genome amplification kit. The direct detection of the

polymorphism was successfully achieved. The biochip was

highly regenerable and reusable for up to 20 measurements.

Furthermore, coupling these promising results with the

multiarray assay, we can foresee applying this biosensor

in clinical research extended to concurrent analysis of

different polymorphisms.

Keywords Surface plasmon resonance imaging .Whole

genome amplification . DNA-based sensing .

Pharmacogenomics . Single nucleotide polymorphism .

ABCB1

Introduction

The detection of single nucleotide polymorphisms (SNPs) in

target genes is an attractive goal for diagnostics and phar-

macogenomics. A SNP is a DNA sequence variation of a

single nucleotide. SNPs represent 90 % of all human poly-

morphisms and they are present in the population with

allelic frequencies of 1 % or greater [1]. Most of these

variations in the human genome are neutral (i.e., they have

no effect on gene expression, regulation, or function). In

some cases, SNPs that are present in coding sequences or

gene regulatory regions can alter gene functions and change

individual characteristics. For example, they could confer

increased susceptibility to a particular disease or might elicit

different responses to drugs [2]. For this reason, applied

research on SNPs may be of relevance for clinical practice.

Different approaches concerning DNA-based sensing for

detection of SNPs based on different transduction principles

have been reported in the literature [3–8]. Interesting strat-

egies have been reported for optical sensing and, in partic-

ular, surface plasmon resonance (SPR) transduction. Both

nucleic acids and peptide nucleic acids have been used as a

recognition element, either immobilized on a chip or used in
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a sandwich-like assay [9]. In some works, specific proteins

such as DNA mismatch repairing proteins [10–14] or

enzymes [15] were used to achieve mismatch recognition.

In the methods developed, attention was focused on sample

pretreatment, which consists of extraction of DNA, in the

case of amplification of the target fragment, and its subse-

quent dissociation to obtain single-stranded DNA that is

able to hybridize the probe immobilized on the sensing

surface. In some cases, denaturing agents, such as formam-

ide, were used [16]. To increase the SPR signal intensity,

many works attempted signal-enhancing strategies, aiming

to achieve the detection of the target sequence directly in

nonamplified genomic DNA, where the target analyte is

found at femtomolar to attomolar concentrations.

In most of the published works, nanostructures were

applied in the design of sandwich-like assays, using nano-

particles as mass enhancers or to obtain plasmon coupling.

Zanoli et al. [17] recently reported interesting advances in

DNA-sensing strategies using functionalized gold nanopar-

ticles (AuNPs).

More recently, the application of SPR imaging (SPRi)-

based sensing has been reported for the detection of target

sequences in real samples of genomic DNA from plant and

human blood samples in sandwiched AuNP-based assays

[18]. In both cases, streptavidin-modified nanoparticles car-

rying specific biotinylated nucleotide sequences were used.

In particular, marker sequences of transgenosis in genomic

DNA samples carrying different amounts of genetically

modified (GM) sequences (Roundup Ready soybean [18]

were detected. The system was able to selectively identify

the GM target sequence down to zeptomolar concentrations

in solutions containing GM and GM-free genomic DNA at

attomolar concentrations, even in the presence of a large

excess of noncomplementary DNA [18].

The same approach was used for the detection of SNPs in

human genomic DNA samples extracted from lymphocytes.

In particular, the mismatch studied occurs in the globin gene

and leads to thalassemia. The detection of targets or control

DNAs was obtained by a sandwich hybridization strategy,

using AuNPs conjugated to an oligonucleotide sequence

complementary to the final tract of the DNA target not

involved in the hybridization on the sensor surface. As

sensing probes, peptide nucleic acids [19] were used and

discrimination between fully matched and single-base-

mismatched sequences was achieved down to 1 fM.

This challenging investigation opens up new possibilities

for real applications of SPRi-based sensing. However, some

room is left for SPRi-based sensitive detection of SNPs by

exploring new assay designs by coupling an in silico com-

putationally assisted approach for probe design, i.e., in silico

selection, with suitable sample pretreatment.

In this report we aim to demonstrate the applicability of

SPRi to the detection of SNPs in DNA extracted from

human lymphocytes. We used a combination of an opti-

mized computer-assisted design of the probes and sample

pretreatment, consisting in the enrichment of the whole

genomic material, which was extracted from the human

lymphocytes to be analyzed. Usually in affinity-based sens-

ing, when dealing with samples with a limited amount of

DNA derived from a source, a standard PCR preamplifica-

tion of the target gene or sequence is commonly performed

before bioanalysis. In particular, so-called whole genome

amplification (WGA) is an interesting alternative to conven-

tional gene amplification approaches, and may potentially

bypass some limiting factors when using genomic samples

directly. It basically consists in a nonenzymatic fragmenta-

tion of the genetic material of the sample, followed by an

amplification using universal primers. WGA is able to per-

form the amplification of the whole genome contained in a

real sample, thus increasing the amount of DNA. A high-

quality sample can be amplified one-million-fold while

maintaining accurate loci and allele representation. Thus, it

is evident that WGA is a promising tool to obtain a suffi-

cient quantity of DNA from samples with a limited starting

amount [20]. It is possible to apply WGA to samples col-

lected from several years in order to study archived patient

DNA. WGA can be useful when access to patient cells is

limited, as in the case of samples obtained by needle biop-

sies and by laser capture microdissection from cancer

patients [21].

As a consequence, WGA is expected to find new appli-

cations in biomedical research as a combined process of

total nucleic acid amplification.

The SNP used here as a case study was rs1045642, which

occurs in the gene ABCB1 [ATP-binding cassette, subfamily

B (MDR/TAP), member 1] at position 87138645 of chro-

mosome 7. ABCB1 is a key gene in pharmacogenomics and

the rs1045642 SNP is related to the incidence of many

diseases: aspirin resistance ischemic stroke and its subtypes

[22], cancer risk [23], response to paroxetine in Japanese

major depression [24], multidrug resistance in plasma cell

myeloma [25], response and toxic effects of drugs in

patients with advanced renal-cell carcinoma [26], and sus-

ceptibility to viral hepatitis A infection in Mexican Ameri-

cans [27]. This wide spectrum of diseases indicates the

reason for the interest in its detection.

In particular, here computationally selected probes were

immobilized on an SPRi biochip surface in order to study

optimized conditions for the detection of the rs1045642

SNP in the ABCB1 gene. The SPRi biosensor was first

developed using standard solutions to evaluate the best

conditions for the detection of a single mismatching base.

Probe characteristics were studied and optimized for the

position of the polymorphic site along the DNA sequence,

the length of the DNA probe, and its functionalization. First,

synthetic DNA sequences were used to test and optimize the
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assay, and then the strategy was tested on human DNA

extracted from human blood and amplified by WGA.

Materials and methods

In silico analysis: rational probe selection and assay design

The DNA probes that were used for all the steps of the assay

were selected both for immobilization on the biosensor

surface and for polymorphism detection. Expected perform-

ances were evaluated and chosen by OligoWiz 2.0 [28], a

software program with verified capacities for predicting the

performances of probes in biosensing applications [29]. A

score between 1 (maximum) and 0 (minimum) was assigned

to nucleic acid sequences to represent the computationally

estimated performances in hybridizing the target. This pro-

tocol provided recommendations on the design and offered

the possibility to evaluate probe characteristics, allowing

optimization of the working conditions of the assay.

Solutions, reagents, probes, and targets

Immobilization solution was used for immobilization of the

probes on the gold chip surface; it was a 1M aqueous solution

of KH2PO4, pH 3.8. Hybridization solution was used as a

running solution; it was an aqueous solution of 300 mMNaCl,

20 mM Na2HPO4, 0.1 mM EDTA, pH 7.4 with 0.05 % poly

(ethylene glycol) sorbitan monolaurate (TWEEN® 20). Thio-

lic solution was used to passivate the biochip surface and it

consisted of a 1 μM 11-mercapto-1-undecanol and 1 μM 6-

mercapto-1-hexanol solution. All reagents were purchased

from Sigma-Aldrich (Milan, Italy). All solutions were pre-

pared in Milli-Q water (Millipore, Billerica, MA, USA) and

filtered using vacuum filter cups (Millipore E express plus,

0.22 μm) and syringe filters (Puradisc, cellulose acetate,

0.2 μm from Whatman, Dassel, Germany).

Probes and targets were purchased from Eurofins MWG

Operon (Ebersberg, Germany) and the corresponding

sequences are reported in Table 1.

SPRi instrumentation and biochip preparation

An SPRi-Lab+ instrument, from Genoptics-Horiba Scientific

(Orsay, France), was used to test hybridization between probes

and targets. Interactions were followed in real time by an

optical apparatus, and a digital image of the biochip surface

was shown displaying the interactions occurring on it. The

whole instrumentation setup was previously reported [30].

Thiolated DNA probes were covalently immobilized on

the gold chip with the help of a polydimethylsiloxane mask

to obtain a removable microwelled support for deposition of

the probes.

Probes (0.8 μL, 10 μM in immobilization solution) were

incubated for 72 h after deposition. DNA targets were

prepared in hybridization solution. Hybridization solution

was also used as a running buffer for the SPRi instrument.

Thiolic solution was used to saturate the gold surface.

Whole genome amplification

Genomic DNAwas extracted from blood using a DNeasy 96

blood and tissue kit from QIAGEN. WGA was performed

with Illustra GenomiPhi HY DNA amplification kits from

General Electric, and genotyping was performed with Taq-

Man® SNP genotyping assays from Life Technologies/Ap-

plied Biosystems. Each injection of WGA samples was

100 μL of 6 ppm of amplified genome in hybridization

solution, preheated for 7 min at 95° C. The genotype select-

ed to assess the validity of the method was the C/C allele

(the hypothesized ancestral allele).

The WGA sample was quantified using the fluorescent

dye PicoGreen® (Molecular Probes, Eugene, OR, USA)

with a TD-700 fluorimeter (Turner Biosystems, Milan,

Italy). To calibrate the fluorimeter, five known concentra-

tions of a standard double-stranded DNA from lambda

phage (lambda DNA from Fermentas, Milan, Italy) were

prepared and used as standards. Their fluorescence intensi-

ties were measured in the calibration range from 0 to

500 ppb. For quantification, the WGA sample was diluted

in a buffer composed of 10 mM tris(hydroxymethyl)amino-

methane hydrochloride and 1 mM EDTA, pH 7.5.

Results and discussion

The work presented here describes the optimization of a

strategy for detection of SNPs in DNA sensing based on

SPRi technology. First, the assay was designed by choosing

DNA sequences by a computationally assisted approach;

then the detection strategy was optimized for synthetic

DNA sequences for the position of the polymorphic site

along the DNA sequence, the length of the DNA probe,

and its functionalization. The strategy developed was then

tested on WGA samples obtained from human blood.

In silico analysis: rational probe selection and assay design

The first and crucial aspect to take into account when

designing a DNA biosensor is the selection of the probe.

In this work, the in silico design of the probes for SNP

rs1045642 in the gene ABCB1 was achieved. Probes were

designed on a 511-mer fragment of the Homo sapiens

ABCB1 gene on chromosome 7 (from position 87138390

to position 87138900 of chromosome 7, from position 3673

to position 4183 of the coding sequence of the gene).
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Considering the prediction by the software, we designed the

assay as reported in Fig 1.

Three DNA sequences were chosen as follows: a captur-

ing probe (score 0.88) estimated to be highly specific for the

ABCB1 gene. This probe was modified with a thiol group at

the 5′ end CProbe(5′thiol) or at the 3′ end CProbe(3′thiol).

Two other sequences were selected on the polymorphic site

in order to find the best discriminating probe for SNP

recognition. These discriminating probes mapped the poly-

morphic site within the sequence (DProbe INT 21, score

0.48) and at the 3′ end (DProbe END 21, score 0.55). They

were chosen to be as similar as possible in terms of estimat-

ed binding performances (evaluated in silico) in order to

ensure that any difference in the SPRi signal could be

ascribed to the position of the polymorphism.

Mimicking WGA fragment hybridization with Target 84:

primary response

Target 84 (Table 1) was used as a “simulator” fragment to

mimic the target sequence of the ABCB1 gene containing the

SNP of interest. This target had the first 22 bases (5′ end)

fully complementary to the capturing probe (selected with

OligoWiz 2.0) and the polymorphic site at position 64 (see

the assay scheme in Fig. 1).

CProbe(5′thiol) and CProbe(3′thiol) (same sequence but

functionalized with a thiol group at the 5′ end and 3′ end,

respectively) were preliminarily tested in order to establish

which one provided the highest SPRi signal in hybridizing

Target 84. Their performances were evaluated by testing a

250 nM solution of Target 84 in hybridization solution (see

Fig. S1). This concentration was chosen for the good per-

formances and reproducibility in terms of the SPRi signal

(see Fig. 2), in particular using CProbe(5′ thiol). Figure S1

shows that the best signal was recorded for CProbe(5′thiol);

thus, this was chosen for further hybridizations and for

calibration of Target 84 on the SPRi biosensor. Signals

obtained from hybridizations of different concentrations of

Target 84 were recorded for CProbe(5′thiol) and the relative

calibration curve was plotted (Fig. 2a).

The measurements were highly specific and no interaction

was recorded on the gold surface (passivated by thiolic

solution) or on blank reference spots (treated with immobili-

zation solution and without probes). This is evidenced by the

differential image of the interacting biochip shown in Fig. 2b.

All modifications that occurred at the biochip surface are

visualized with a color scale, with red corresponding to the

highest signal. Target 84 hybridized with immobilized CProbe

(five bright spots) but not with the control probe (UProbe, spot

U in Fig. 2b). No interaction was recorded with the blank spot

(control spot, spot B in Fig. 2b) or with the gold surface (blue

area surrounding the spots). The reproducibility, expressed as

Fig. 1 The designed assay in the case of a discriminating probe

carrying the polymorphic site at the end of the sequence (DProbe

END 21, a) and in the case of the discriminating probe carrying the

polymorphic site inside the sequence (DProbe INT 21, b). The captur-

ing probe, designed to selectively capture the Target 84 fragment and

designed for the ABCB1 gene, was immobilized on the biochip surface

Fig. 2 a Variation of surface plasmon resonance imaging (SPRi) signals

for CProbe(5′thiol) versus different Target 84 concentrations between 5

and 250 nM. For each point of the curve, the standard deviation was

calculated and reported, resulting in a coefficient of variation of less than

9%. bA differential image of the interaction between Target 84 (250 nM)

and CProbe is shown. The dark-blue area, i.e., the area where no

interactions occurred, is the gold on the chip surface (passivated by thiolic

solution). Bright areas represent the spotted surface where immobilized

CProbe interacts with Target 84.U indicates the unspecific probe spot and

B indicates the blank spot for reference
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the percent coefficient of variation (CV) was excellent, being

less than 9 %.

Optimization of discriminating probe features for SNP detection

Step 1: influence of the position of the polymorphic site

along the discriminating probe sequence

The aim of this step was to verifywhether the position of the

polymorphic site along the probes could influence the ability of

the probe to discriminate the SNP. We chose two probes

carrying the polymorphic site in a position within the sequence

(DProbe Int 21) and at its 3′ end (DProbe End 21), respectively.

Both probes were immobilized on the biochip surface. Cali-

bration curves of both probes with the corresponding fully

complementary targets are shown in Fig. S2.

In this optimization step, SPRi signals relative to the hy-

bridization of probes with both the fully complementary tar-

gets (Target INT 21 FM and Target END 21 FM) and the

single base mismatching targets (Target INT 21 MM and

Target 21 END MM) were evaluated, using both biotinylated

and nonbiotinylated target sequences. All combinations tested

are reported in Fig. 3a. No significant differences in signals

were recorded between matching and mismatching targets

with nonbiotinylated sequences (details are provided in Fig.

S3a). This finding is probably because the presence of one

mismatching base did not significantly modify the stability of

the duplex formed. Conversely, in case of biotinylated targets,

significant differences between fully complementary targets

(Target INT 21 BIO FM and Target END 21 BIO FM) and

single base mismatching targets (Target INT 21 BIO MM and

Target END 21 BIO MM) (Figs. 3, S3b) were found.

Considering all the combinations performed (summarized

in Fig. 3a), we noticed that only one probe, carrying the

mutation at the end of the sequence, could differentiate be-

tween fully matching and single base mismatching hybridiza-

tion. Furthermore, biotinylated target sequences played a key

role. Only by hybridizing biotinylated targets with an internal

polymorphic site (Target INT 21 BIO FM and Target INT 21

BIOMM) on the probe carrying the terminal polymorphic site

(DProbe END 21) was it possible to have significant discrim-

ination for the SNP. To explain these findings, we believe that

here, where fewer nucleotides (15-mers) are involved in the

hybridization, the stability of the hybrid can be more easily

affected by the presence of one mismatch than in a longer

sequence. Furthermore, it seems that in our assay, biotin could

play a key role in mismatch discrimination. Hence, from these

results, biotin seems to enhance the influence of a single base

mismatch on the stability of the duplex structure.

Step 2: influence of the length of the discriminating probe

The influence of probe length on the ability to detect a

single mismatching base was also studied. Probes of

different length were immobilized on the gold biochip sur-

face: DProbe END 21 and other three probes, i.e., DProbe

END 15, DProbe END 12, and DProbe END 9, obtained by

shortening DProbe END 21 at the 3′ end.

Biotinylated and unmodified targets of 21-mers with the

polymorphic site within the sequence were tested for hy-

bridization, and SPRi signals were evaluated both for match

and mismatch conditions. The results are shown in Fig. 4.

No signals were recorded with DProbe END 9. The other

probes, 21-mers, 15-mers, and 12-mers, were all able to

discriminate between matching and mismatching targets.

Shortening the sequence can help to enhance the effect of

the mismatching base, but a too short sequence is not able to

hybridize, i.e., DProbe END 9. Very low signals were

recorded from DProbe END 12, and the best ratio between

full matching and mismatching signals was found for DProbe

END 15. From these results we concluded that DProbe END

Fig. 3 Optimization of discriminating probe features for single nucle-

otide polymorphism detection: influence of the position of the poly-

morphic site along the sequence and the presence or absence of the

biotin modification. a The ability to discriminate between a fully

matching target and a single base mismatching one is reported for each

probe–target combination tested. b SPRi values and differential images

recorded from the only combination able to differentiate fully matching

hybridization from mismatching hybridization, i.e., DProbe END 21

hybridized with Target INT BIO 21
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15 was, among the probes tested, the one that could ensure

good hybridization with targets and the highest difference in

signals between the fully matching target and the mismatching

one, giving the best performance in discriminating the SNP.

Mimicking the complete assay for the discrimination of SNP

on Target 84

After the optimization of the probe, we found that the best

conditions were ensured by a 15-base sequence modified

with biotin at one end. We proceeded further to test the

complete assay on the SPRi sensor (Fig. 1). DProbe END

15, with its optimal features, was tested on Target 84, which

mimics the genomic sample in the assay. In this case we

mimicked a sample of homozygote DNA with both alleles

with the same sequence in the ABCB1 gene. CProbe(5′thiol)

was immobilized on the sensor surface and DProbe END 15

was used in a secondary hybridization for the discrimination

of the SNP. The ability of the system to discriminate be-

tween match and mismatch was evaluated. Then, the results

with the optimized probe were compared with those with an

unmodified one (no biotin modification) to confirm if the

biotin could play a key a role in the discrimination of the

SNP on Target 84 (Fig. 5).

Biotinylated probes gave a signal difference corresponding

toΔΔR00.508 %; no signal was recorded fromDProbe END

15 BIO MM on Target 84 (Fig. 5). Unmodified DProbe END

15 FM (ΔR00.397 %) and DProbe END 15 MM (ΔR0

0.286%) gave a lower but still significant difference in signals

(ΔΔR00.111 %). Hence, biotinylated DProbe END 15 BIO

FM and DProbe END 15 BIO MM were chosen for SNP

discrimination on WGA samples.

Discrimination of SNPs in WGA samples from human blood

The assay, optimized as described already, was finally tested

on WGA samples obtained from blood with the aim of

Fig. 4 a Reflectivity variation recorded for probes differing in length

when they hybridize the fully complementary biotinylated target (gray

bars) and the single base mismatching one (white bars). b Differential

image for the fully matching target. The numbers 21, 15, 12, and 9

indicate spots for DProbe END differing in length (21-mers, 15-mers,

12-mers, and 9-mers, respectively), U indicates the unspecific probe

spots and B indicates blank spots for reference

Fig. 5 SPRi signals from the secondary hybridization between the

biotinylated discriminating probe (DProbe, left) and the unmodified

one (right) on precaptured Target 84 (a). Signals for the fully matching

(FM) DProbe (gray bars) are compared with those for the single base

mismatching (MM) DProbe (white bars). The relative differential

images of the interaction between captured Target 84 and DProbe

END 15 BIO are reported for fully matching DProbe (b.1) and for

single base mismatching DProbe (b.2)
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verifying the possibility to discriminate the presence of the

SNP also in samples containing a whole human genome. In

fact, WGA allowed us to enrich a genomic sample, human

in this case, from nanograms to micrograms. The final

product corresponds to the whole starting genome and was

composed of long fragments of random length. As proof of

principle, we chose to analyze the putative ancestral allele,

i.e., the homozygote C/C genotype of the SNP rs1045642.

This sample was obtained from blood and genotyped as

reported in “Materials and methods.” This genotype was

used here as a positive standard to assess the assay devel-

oped. Therefore, in this case the strands that will bind

CProbe on the biochip will carry a guanine residue (com-

plementary to the ancestral C nucleotide). On this basis, the

assay was based on two hybridization steps, as represented

in Fig. 6: in the first step the direct binding of the WGA

sample and its detection was accomplished; then, by inject-

ing the two discriminating probes (DProbe END 15 BIO FM

and DProbe END 15 BIO MM) on the prehybridized WGA,

we achieved discrimination. In particular, genotype detec-

tion was realized by comparing signals relative to the fully

complementary sequence, DProbe END 15 BIO FM, con-

taining a terminal guanine residue, with those relative to the

mismatching one, DProbe END 15 BIO MM, containing a

terminal thymine residue.

Before injection, the WGA sample (6 ppm) was thermal-

ly pretreated to dissociate the double-stranded DNA strands,

allowing surface hybridization of the appropriate strand to

the CProbe. The first result obtained was the direct detection

of the WGA sample, giving a very good SPRi signal of

ΔR00.809 % with an excellent reproducibility among spots

(CV02 %). Moreover, the specificity of the detection on the

genomic sample was confirmed by control spots, i.e., no

significant signal was observed with the WGA sample:

ΔR0(0.022±0.043)%. This result was relevant per se, con-

sidering the nature of the sample tested, i.e., a whole ge-

nome sequence. Furthermore, it confirms the goodness of

the selected capturing probe (CProbe) selected by the in

silico approach applied.

After the WGA hybridization, the secondary amplifica-

tion was recorded by injecting in series the fully matching

DProbe END 15 BIO FM and, after regeneration and the

new binding of the WGA sample, the mismatching DProbe

END 15 BIO MM.

As reported in Fig. 6, the averaged signals of the second-

ary hybridizations with the discriminating probes clearly

gave the expected result: SPRi signals were recorded only

when the full match was formed by addition of DProbe

END 15 BIO FM, giving ΔR00.399 %, with CV05 %. In

contrast, when DProbe END 15 BIO MM was injected on

the prebound WGA, no signal was recorded. Moreover, the

specificity of this recognition was confirmed by testing the

unspecific probe (UProbe), designed with the purpose of not

interacting with the WGA sample, which gave no significant

signal: ΔR0(0.015±0.022)%. Finally, the sandwich-like

structure obtained was highly regenerable and the sensor

was able to work for up to about 20 measurement cycles

(Fig. S4).

With this final assay we successfully tested the ability of

the strategy developed to discriminate a single base mis-

match in a genomic sample, but also confirmed the genotype

of the sample, i.e., C/C. In fact, since the discriminating

probe (DProbe END 15 BIO MM), containing a terminal

thymine residue, did not bind the sample, the presence of an

adenine residue can be excluded. This result opens up the

possibility of recognizing the ancestral genotype in a fast

and single-sample analysis in a real-time and label-free

manner.

Conclusions

We have reported SPRi-based sensing applied to detection

of SNPs. In particular, as proof of principle, the rs1045642

SNP was selected on the ABCB1 gene. The measurement

conditions were optimized in terms of the rational selection

of probe sequences and their length, the position of the

polymorphic site, and functionalization (with biotin in the

Fig. 6 SPRi signals recorded from secondary hybridization on the

captured whole genome amplification (WGA) sample. Signals were

compared for DProbe END 15 BIO FM and, after regeneration and

the new binding of the WGA sample, DProbe END 15 BIO MM. The

relative differential images of the interaction are reported for the fully

complementary (b.1) and for the mismatching discriminating (b.2)

probe, respectively

M.L. Ermini et al.
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case of the discriminating probe). We first used a model

system based on a synthetic DNA fragment, Target 84, to

develop the strategy to be used further on WGA samples

derived from human blood. The analytical parameters were

evaluated in terms reproducibility, and resulted in an aver-

aged CV<9 %. Finally, the sensor was applied to genomic

samples extracted from blood and enriched by the WGA

procedure. We clearly demonstrated, using a genotyped

sample, that this method allows one to discriminate between

full match and mismatch samples, allowing successful de-

tection of the polymorphism on the ABCB1 gene, homozy-

gote C/C in this case. This approach has general validity and

can be transferred to other genotypes of the rs1045642 SNP,

as well as other SNPs.

In conclusion, these promising results can be seen as the

starting point for future work oriented toward the direct

detection of SNPs in real samples. Moreover, the possibility

to perform measurements in a multiarray assay by the SPRi

technique allows us to foresee the possible simultaneous

analysis of several SNPs in the same genomic sample. To

this aim, different probes specific for a number of genes

could be immobilized on the sensor to screen different

SNPs. Furthermore, the heterozygosis degree at the poly-

morphic site could be evaluated by the system, making use

of sequential analysis with suitable discriminating probes.

The system is label-free and regenerable, which are two key

features for application of biosensors in clinical diagnostics.

These findings, combined with the WGA technique, will

allow the application of SPRi-based sensing also to analyt-

ical research fields for which the limiting factor is the scarce

amount of DNA samples for direct biosensing assays.
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Fig S.1 SPR-I signals from the Target 84 hybridized with CProbe (5’thiol) and CProbe (3’thiol) are 

compared.!

!
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!

Fig S.2 SPR-i signals relative to discriminating probes immobilized on the gold surface and their 

hybridization with fully complementary targets (Target INT 21 FM and Target END 21 FM) evaluated by 

the binding curve.!
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3.2 Signal Enhancement with Nanoparticles

3.2.1 Biosensor Surface Nanostructuring

One of the possible approaches for improving the SPRi performances is

to functionalize the surface of the gold chip with nanoparticles. Creating

a nanostructure on the biochip surface as first layer onto anchor DNA

probes could, in principle, give the possibility to increase the biosensor

performances mainly for two different reasons.

First, covering a flat surface with a nanostructure increases the available

area for thiols and creates a distribution of orientation of anchored

probes, resulting in a change in the potential availability to interact

with the target.

Second, surface plasmons of gold biochip could induce the resonance of

plasmons of NPs increasing biosensor sensitivity. To test this effect dif-

ferent NPs were obtained. In particular, gold nanospheres, silica/gold

nanoshells and silver nanoprisms (different in material, size and shape)

were synthesized and immobilized through dithiol layer on gold biochip

surface and further functionalized with thiolated DNA probe. All Plas-

mon curves and microscopy images (SEM and AFM) were studied to

assess the presence of the nanostructure. Further, the influence of the

nanostructure in SPRi signal was evaluated in hybridization with com-

plementary oligonucleotide. Improved performances were found below

50 nM of target concentration using silver nanoprisms.

These studies were reported recently in a paper:

S. Mariani, M. L. Ermini, S. Scarano, F. Bellissima, D. Berti, M. Bonini

and M. Minunni, “Nanotechnology Coupled to Biosensing: Looking

for Improved Analytical Performances with Application to DNA-Based

Sensing”, Submitted to J. Phys. Chem. C.
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3.2.2 DNA Functionalized Nanoparticles for Signal Im-

provement

Much of the research involving the use of gold nanoparticles in SPR

biosensors incorporates them as labels, enhancing the limit of detection

compared to direct detection32;62;64. NPs labeled methods can be of

great use in developing advanced SPR biosensing devices62;65;66;67;68;69.

It has been shown that this approach can significantly increase detec-

tion sensitivity for a variety of analytes68;70. Gold films modified with

colloidal Au were first shown to provide an enhanced signal for biosens-

ing purposes by Lyon et al.71 and from there, research widely moved to

this direction.

The improvement of analytical performances was here tested combin-

ing the use of NPs with SPRi DNA biosensing. Signal enhancement

was here studied through the building of molecular architecture in a

sandwich-like assay (Fig. 3.3). NPs differing in size, shape and material

were synthesized, functionalized and characterized. In particular here

two kinds of NPs were applied having different plasmonic absorption

characteristics: silver nanoprisms used in previous work (see Section

3.2.1) and silica spheres having no absorption. Both were functional-

ized with thiolated DNA sequences and tested in a sandwich like assay

on the SPRi biochip.

Nanoparticles synthesis, characterization and

functionalization

Silver nanoparticles were synthesized as previously reported by Aherne

et al.72, reducing silver nitrate with sodium tetrahydroborate and grow-

ing formed seed.

Silver seeds are produced by combining aqueous trisodium citrate (5

mL, 2.5 mM), aqueous poly(sodium styrene sulphonate) (PSSS; 0.25

mL, 500 mg/L; 1,000 kDa) and aqueous NaBH4 (0.3 mL, 10 mM, freshly
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Figure 3.3: Schematic representation of the DNA structure built on

the sensing surface of the SPRi biochip. The two extremities of Target

are complementary to two the different probes: Probe1, immobilized on

gold, and Probe2 functionalized with NP and added in solution, after the

hybridization with Target.

prepared) followed by the addition of aqueous AgNO3 (5 mL, 0.5 mM) at

a rate of 2 mL/min. Nanoprisms were then produced by combining 5mL

of MilliQ water, aqueous ascorbic acid (75 µL, 10 mM) and 160 µl of

seed dispersion, followed by the addition of aqueous AgNO3 (3 mL, 0.5

mM) at a rate of 1 mL/min. After synthesis, aqueous trisodium citrate

(0.5 mL, 25 mM) is added to stabilize the particles and the sample is

diluted with MilliQ water as desired. The synthesis is complete after

the 3 minutes required for addition of the AgNO3 during which the

color of the solution changes as a consequence of nanoprism growth.

Silica nanoparticles were synthesized as previously reported by Naka-

mura et al.73 using 3.12 mM (3-mercaptopropyl) triethoxysilane (MPES)

in 10 ml ethyl alcohol with 28% of NH4OH.

NPs were characterized by microscopies: AFM measurements were car-

ried out with a PSIA XE-100E system; SEM investigations were carried

out with a Cambridge Stereoscan 360 working at 20 kV of acceleration
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potential and 25 mm of working distance.

Functionalization of silver nanoparticles with Probe2 was accomplished

by incubating overnight a 250 nM solution in diluted in Hybridization

buffer (HB, 300 mM NaCl, 20 mM Na2HPO4, 0.1 mM EDTA, pH 7.4

with 0.05% poly (ethylene glycol) sorbitan monolaurate (TWEENR©

20)) (Fig. 3.3).

Functionalization of Silica NPs with Probe2 was accomplished by adding

5 µl 0,5 µM of 1,4-di(maleimido)butane in a 250 nM solution of Probe2

in HB together with NPs (1/100 dilution) (Fig. 3.4).

Functionalized NPs were studied with Dynamic light scattering (DLS)

and Zeta Potential measurements were carried out by means of a Brook-

haven 90 Plus instrument. Light source was a 633 nm laser, while the

scattered photons were collected at 90C. Samples were properly diluted

with MilliQ water to optimize the scattering signal. Zeta potential was

calculated according to the Smoluchowski model.

Sequences used in this work are reported in Table 3.1. UProbe was

a control sequence immobilized on the sensor in order to assess the

specificity of the interactions.

Figure 3.4: Scheme of procedures for nanoparticle functionalization with

Probe2 sequence.
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Probe1 5′ HS-(CH2)6-GTCACTGCCTAATGTAAGTCTC 3′

Target

5′ GAGACTTACATTAGGCAGTGACTCGATGAAGGC

ATGTATGTTGGCCTCCTTTGTGCCCTCACAATCTCT

TCCTGTGACACCAC 3′

Probe2 5′ HS-(CH2)6-GTGGTGTCACAGGAAGAGATT 3′

ProbeU 5′ HS-(CH2)6-GAGGGCGATGCCACCTAC 3′

Table 3.1: DNA sequences.

Results

Silica NPs and silver nanoprisms were functionalized with the same

probe (Probe2) and tested in a sandwich-like assay.

First, silica NPs were characterized by AFM and SEM images reported

in Figs. 3.5 and 3.6. From these it was possible to estimate that the

NPs size was about 100 nm and furthermore NPs were all homogeneous

in size.

Silver NPs were characterized in our previous work (see Section 3.2.1).

Both NPs were further functionalized with thiolated DNA. For veri-

fying the occurred conjugation between NPs and DNA, dynamic light

scattering measurements were performed. In particular, for each NPs

type, the Zeta potential of a solution of DNA functionalized NPs was

compared with the Zeta potential of a solution of not-functionalized

NPs.

Changes in Zeta potential are correlated to changes in surface charge

of the NPs. It is expected that DNA functionalization carries to a

variation of the surface charge of the NPs, thus it can be seen by Zeta

potential measurements. Results are reported in Table 3.2.

Non-functionalized Ag nanoprisms showed a negative potential (around

-7.6 mV), reasonably due to the effect of trisodium citrate physisorbed

on their surface to stabilize the dispersion. Once the probe was in-
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Figure 3.5: AFM image of silica NPs. It is possible to estimate that the

size of the NPs is about 100 nm. AFMmeasurements were carried out with

a PSIA XE-100E system; SEM images of silica NPs. SEM investigations

were carried out with a Cambridge Stereoscan 360 working at 20 kV of

acceleration potential and 25 mm of working distance.

Nanoparticle Zeta potential (mV)

Ag nanoprisms -7,61

Probe2 - Ag nanoprisms -5,18

SiO2 nanospheres -46,52

Probe2 - SiO2 nanospheres -22,88

Table 3.2
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Figure 3.6: AFM image (topography and error signal images) of silver

NPs. It is possible to estimate that the size of the NPs is about 20 nm.

AFM measurements were carried out with a PSIA XE-100E system; SEM

images of silver NPs. SEM investigations were carried out with a Cam-

bridge Stereoscan 360 working at 20 kV of acceleration potential and 25

mm of working distance.

troduced, a significant change in the Zeta potential was found. The

absolute value of the Zeta potential decreased, consistently with the

reaction of the probe with the nanoprism surface. The fact that the po-

tential was still negative was due to the phosphate groups of the probe.

Bare SiO2 NPs showed a strongly negative Zeta potential, consistently

with the reaction conditions: in fact, NPs were stabilized through the

negative charges generated by the alkaline medium during their synthe-

sis. Similar to the case of Ag nanoprisms, when the probe was coupled
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to the surface of SiO2 NPs, the potential displayed a clear decrease (in

absolute value). Taking into account that the surface of SiO2 NPs con-

sists only partially of thiol groups, it is not surprising that also after

the functionalization SiO2 NPs still have a strong negative charge.

Once NPs were characterized, the influence of the NPs on the SPRi

signal was evaluated in comparison to the same probe interaction, but

without NPs.

NPs were chosen for their properties for what concerns plasmon absorp-

tion and dimension. The idea was to evaluate the influence on the SPRi

signal of different aspects: size only, i.e. variation of refractive index

for silica nanoparticles and optical properties for silver NPs.

SPRi signals for hybridizations between NPs functionalized with Probe2

and Target were recorded when silver nanoprisms or silica spheres were

used (Fig. 3.7). In our experimental setup, Target was first recognized

by Probe1 (Figs. 3.7a and 3.7a’), and then the intensities of the en-

hanced signals were recorded with the Probe2 bound to NPs. The SPR

signals recorded after Probe2 hybridization for the two different NPs

(Figs. 3.7b’ and 3.7c’) were compared both with the one from not-

functionalized Probe2 interaction (Fig. 3.7a’). A signal enhancement

was observed with both NPs. In Figs. 3.7b and 3.7c, differential images

clearly evidence a very specific recognition, i.e. no interaction occurred

with control surfaces (blank: B spot; not specific probe, i.e. negative

control: U spot). Silver nanoprisms-Probe2 gave a higher SPRi sig-

nal with respect to silica spheres-Probe2. This is evidenced both from

the image visual analysis and from the reflectivity variation signals as

reported in Fig. 3.7b’ and Fig. 3.7c’.

In SPR transduction, the intensity of signal directly depends on how

much the surface modifications shift the plasmon resonance conditions.

In our instrumental setup, i.e. working at fixed angle and fixed source

wavelength for a fixed gold thickness, resonance conditions depends on

99



Experimental part

Figure 3.7: SPRi results when the sandwich structure is built on biosen-

sor surface. Differential image (a) and SPRi signal (a’) for Probe1-Target

interaction (Target concentration: 250 nM). Differential images (b,c) and

SPRi signals (b’,c’) from Target-Probe2 interaction respectively when sil-

ica nanospheres or silver nanoprisms are used. B spot, circled in white, are

surface area taken as control (no probe immobilized). U spots are surface

area where a not-complementary DNA probe (ProbeU) is immobilized.

the variation of the refractive index of the medium in contact with the

gold surface. Referring to our case of study, both NPs generated a signif-

icant variation of the refractive index at the gold interface, however the

signal intensities obtained for silica and silver NPs was very different.

It could be supposed for silver nanoprisms an effect, not occurring with

silica NPs, which led to a greater shift of resonance condition: plasmon

coupling. This is supported by the fact that silver nanoprisms evidenced

a peak of absorption in the same range of the source wavelength, thus it

is possible to suppose that somehow plasmon of gold surface interacted

with silver, exciting its plasmons. The resonance between gold and sil-

ver plasmons could generate a big variation of intensity of reflected light

and hence a bigger SPRi signal enhancement effect.
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Conclusions

Despite many applications of NPs on SPR platform for signal enhance-

ment are being developed, there is still a lack in guidelines about the

rational choice of suitable NPs characteristics. As demonstrated in this

work, the influence of the kind of NPs on this application is of impact.

Selecting the NPs to use on the basis of their characteristics, in terms of

material and plasmon absorption, could carry to the exploitation of the

enhancement possibility. In our asset we had an increase in SPR signal

higher than 200 percent with silver nanoparticles and no enhancement

with bigger silica nanospheres, meaning that NPs choice can dramati-

cally have a repercussion on the sensibility of the system. In this work,

using silver nanoparticles the detection limit moved down to 500 pM

of Target (84-mer), ten-fold lower compared to detection without NPs.

At this concentration of Target, the direct detection is not possible in

our asset. Only with silver NPs we were able to specifically detect the

analyte.

M. L. Ermini et al., “DNA Functionalized Nanoparticles for Surface

Plasmon Resonance Signal Improvement”. In preparation for Adv.

Funct. Mater.
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Conclusions

A strategy for SNPs detection was developed starting from the rational

design of the probes to be used as receptor, coming to the application

of the optimized strategy on treated blood samples. These promising

results can be seen as the starting point for future work oriented toward

the direct detection of SNPs in real samples. In principle, using four

different discriminating probes, each bearing a different base in the

polymorphic site, the genotype of the sample can be determined. It is

possible to foresee the simultaneous analysis of several SNPs in the same

genomic sample: different probes specific for a number of genes could

be immobilized on the sensor in order to screen different SNPs. The

heterozygosis degree at the polymorphic site could be evaluated by the

system, making use of sequential analysis with suitable discriminating

probes.

Furthermore, the system is regenerable after each interaction (up to

20 times), which is not so commonly found in biosensor applied to

complex samples, but it represent a key feature for application in clinical

diagnostics.

The studies performed with nanoparticles, suggested that a focused se-

lection of nanoparticles can have great impact on SPRi biosensor perfor-
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mances. The improvement can be reached when suitable nanoparticles

and condition are found. From the results obtained, it could be interest-

ing to couple the enhancement effects gained from the two approaches,

studying the possibility to have the addition of the two effects.

Finally, it could be certainly attractive to couple the sandwich for SNPs

detection to the sandwich enhancement with NPs: it could be pos-

sible to further explore enhanced detection limits on other real sam-

ples/different matrices coupling improved sensitivity to analysis of clin-

ically relevant samples. This work is certainly a step forward regarding

the design and the development of biosensors in clinical diagnostic. Im-

portant results have been achieved and many aspects may be of interest

for future works in biosensors field.
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Appendix

Biochip Regeneration Procedure

After about 20 cycles of measurements, each interacting surface re-

sulted affected by the constant flux, the regeneration steps with acids

and biointeractions. The experimental stress on the surface caused a

detachment of probes carrying to reduced performances with comple-

mentary sequences and hence SPRi signal resulted to be lower than

expected. Thiol layer and gold surface were ruined during time improv-

ing the possibility to obtain unspecific interaction. For these reasons

the biochip, after its life, needs a regeneration procedure in order to

be useful for a new life. The displacement of the immobilized thiols is

necessary, with the destruction of biological material on the surface.

The surface was subjected to a treatment with plasma, in order to regen-

erate gold surface, removing thiols and biomolecules. Plasma treatment

was carried out by means of a Harrick PDC-32G plasma cleaner oper-

ating at High level during 15 minutes with a Air-generated plasma.

For assessing the success of the procedure, plasma-treated surface and

non-treated surface was studied by AFM and compared (Fig. 5.1).

From AFM images it is possible to appreciate a variation of the rough-
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Figure 5.1: AFM images of bare gold (panel a), gold functionalized with

DNA probes (panel b) and plasma treated gold surface (panel c).

ness of the surface among bare gold (Fig. 5.1a), the gold functionalized

with DNA probes (Fig. 5.1b) and plasma treated gold surface (Fig.
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chip are reported in Fig. 5.2.

Comparing signals from the same interaction but from new and renewed

chips it is possible to verify that there are not evident different between

them.

Thus it is possible to conclude that the procedure performed with

plasma cleaner is suitable for giving a new life to a chip, since the

optimal performances were re-established.
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lavorare con loro e per la disponibilità nella collaborazione. In partico-
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