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A Surface Plasmon Resonance imaging (SPRi) based DNA sensors for the selective and ultrasensitive
human genomic DNA detection, directly extracted from lymphocytes (bypassing PCR amplification), is
reported. To achieve DNA detection, a rationally chosen star-shaped nanoparticle (NP), namely gold
nanostar (AuNS), has been applied, for the first time, in a sandwich-like assay based on the selective
capturing of specific DNA targets and the subsequent signal amplification by a secondary DNA probe
linked to AuNS. The plasmonic profile, size and electric field enhancements at the star tips contributed to
the maximization of plasmon coupling between LSPs and SPs as aimed for analytical signal magnifica-
tion.

The system was first tested using short synthetic DNA target sequences and applied to DNA bio-
sensing, lowering 610-fold the detection limit from 6.1 nM (without NSs labeling) to 10 pM (with NSs
labeling). Then the biosensor was applied to genomic DNA samples, extracted from human lymphocytes
and undergoing only to a simple ultrasonic fragmentation, lowering (�435 fold) the detection limit from
3.0 fM (without NSs labeling) to 6.9 aM (with NSs labeling). Thanks to the assay optimization, we proved
that tuning the NSs surface coverage with DNA linked to nanoparticles is crucial not only for the increase
of signals but also for the regenerability/reusability of the biosensor for tens of measurement cycles.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

One of the biggest challenges in the DNA affinity biosensing
concerns the development of sensitive, selective, fast and cheap
platforms for the direct detection of unamplified human genomic
DNA directly extracted from biological samples and analyzed by-
passing the PCR amplification step (Spoto and Corradini, 2012;
Zanoli et al., 2012), in order to reduce the amount of employed
reagents and the drawbacks ascribable to possible oligonucleotidic
contamination (Shi et al., 2008).

Among the several transduction systems for DNA biosensing,
Surface Plasmon Resonance imaging (SPRi) represents a progress
in optical biosensing for multi-analyte, real-time, high-throughput
and label free monitoring (Nelson et al., 2001; Scarano et al.,
2010a; Spoto and Minunni, 2012; Steiner, 2004). SPRi exploits
evanescent waves (EWs), generated by the total reflection of in-
cident light, to monitor and localize bio-interactions (Homola,
2008). Bioreceptors (i.e. DNA probes) are bound on the sensing
ni).
surface in micro-array formats and multi-arrayed signals and di-
gital images of the interactions with analytes (i.e. DNA targets) are
simultaneously recorded by a CCD camera. These features have
opened new perspectives to multi- and parallel analyte DNA de-
tection (Scarano et al., 2010a) with suitable applications in clinical
analysis (Mariani and Minunni, 2014) and in particular for genetic
and pharmacogenomic purposes (D’Agata and Spoto, 2013; Šípová
and Homola, 2013).

Although commercially available SPRi platforms typically
achieve detection limits in the nanomolar range by the label-free
detection of synthetic DNA sequences (D’Agata and Spoto, 2013),
the sensitivity required for biological samples (femtomolar/atto-
molar) is achievable by several approaches involving metallic na-
noparticles (NPs), eventually coupled to enzyme signal amplifica-
tion protocols. Alternatively to signal enhancing strategies, some
attempt to directly measure the target sequence concentration in a
label free manner, without the use of NPs or enzymes, has been
recently reported by our group (Ermini et al., 2013; Mariani et al.,
2015a) thanks to the fine tuning of all the parameters involved in
the assay: probe design (i.e. in silico selection), sample pretreat-
ment (i.e. optimized ultrasonication), and signal sampling and data
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management. Among metallic nanostructures, AuNPs are the most
employed in signal enhancement strategies (Szunerits et al., 2014)
mainly for three reasons: (a) they have larger size than bio-ana-
lytes (i.e. DNA); (b) they generate a higher refractive index varia-
tion than commonly used dielectric materials and; (c) they provide
optical coupling between electric field of localized surface plas-
mons (LPSs) and surface plasmons (SPs) further contributing to
signal amplification (Spoto and Minunni, 2012). In 2004 Corn's
group first reported a novel strategy for the picomolar and selec-
tive detection of the unamplified human BRCA1 gene coupling
gold nanospheres (AuNSPs, 12–13 nm diameter) to enzymatic li-
gation reactions measurements on a thiolated DNA in microarray
format. This strategy was further exploited also for single nu-
cleotide polymorphisms (SNPs) discrimination associated with
breast cancer and it appeared really attractive for potential parallel
SNPs analysis (Li et al., 2006). More recently (2011), Spoto's group
reported the attomolar detection of unamplified human β globin
gene fragments, extracted from blood cells, by the development of
a NPs-enhanced SPRi based on peptide nucleic acids (PNAs) sensor,
coupling the high selectivity of PNAs probe to the amplification
features offered by AuNSPs (2075 nm in diameter). The assay was
tuned for the differentiation of SNPs, i.e. polymorphisms involved
in β thalassemia (D’Agata et al., 2011).

Among the several NPs type embeddable in DNA based archi-
tectures (differing in material, size and shape) (Tan et al., 2011) the
previous researches employed conventional Turkevich gold na-
nospheres (AuNSPs) (Daniel and Astruc, 2004) in a sandwich de-
tection labeling strategy (Bedford et al., 2012), for easiness of
making and of bio-functionalizing (gold/thiol chemistry). Very
recently we eventually investigated nanoparticles properties in
plasmonic nanoarchitectures with DNA by SPRi and showing how
the optimal resonance condition achievable by the coupling be-
tween Surface Plasmons (SPs) and electric field of Localized Sur-
face Plasmons (LSPs) occurs in presence of overlapping between
the light source wavelength and the wavelength of LSPs excitation
and that the contribution of this to %RV (Reflectivity Variation %,
analytical signal monitored from the CCD SPRi instrument for
lasting the bio-affinity interactions) is more crucial than NPs re-
fractive index and size (Mariani et al., 2015b). At this purpose we
report here for the first time a star-shaped gold NPs, i.e. gold na-
nostars (AuNSs), for the direct ultrasensitive detection of human
genomic DNA by a sandwich-like assay based on SPRi. The increase
in sensitivity derived by the use of these peculiar shaped NPs was
recently reported in literature applied to DNA sensing application
both by LSPR (Spadavecchia et al., 2013) (nanostars labeled to a
secondary probe) and by conventional SPR using a graphene-
modified surface (Zagorodko et al., 2014) (surface nanostructur-
ing). Thus here for the first time, AuNSs were evaluated as signal
amplifiers in SPRi-based DNA biosensing in a sandwich format and
tested on a complex matrix, i.e. human genomic DNA. The selec-
tion of AuNSs as enhancing nanoparticles was based on the fol-
lowing considerations: (a) advantages of gold as reported above;
(b) their big size ranging from 50–70 nm (Spadavecchia et al.,
2013) and the fact that the sensitivity to surface density (nm/mm2)
of gold NPs increases with size (Špringer et al., 2014); (c) the
plasmon peak at about 632 nm, really close to fixed monochro-
matic source wavelength of our instrument (635 nm) that could
lead to an efficient plasmons coupling and in turn to an enhanced
sensitivity (Mariani et al., 2015b); (d) the strong enhancement of
the electric field and localized at the star tips that could couple
more efficiently to SPs, providing a more penetrating evanescent
wave with further sensitive plasmonic surface (Hao et al., 2007).

All these considerations supported the interest in exploring the
capabilities of gold nanostars for developing ultrasensitive DNA
biosensors. Here we thus report on SPRi-based DNA sensing first
evaluating AuNSs amplification capabilities in comparison with
conventional AuNSPs in a fine tuned DNA sandwich assay. The
target DNA sequence belongs to the MDR1 gene, strategic in
pharmacogenomics and clinical diagnostics since it is rich in SNPs
which are related to many serious diseases such as colon and
breast cancer (Marzolini et al., 2004, Mariani et al., 2015a).

The assay was first optimized on a short synthetic DNA target
(Target, 84 mer) and then applied to the selective and ultra-
sensitive MDR1 gene detection in human DNA samples (by-pas-
sing the PCR step) directly extracted from lymphocytes and sub-
jected to an efficient ultrasonic fragmentation protocol (Ermini
et al., 2013, Mariani et al., 2015a). We prove here that by the use of
AuNSs not only the ultrasensitive detection is successfully
achievable, but also that by the tuning of the optimal DNA probe
labeling concentration the affinity interactions are well reversible,
making the DNA sensor regenerable and reusable for multiple
measurements on the same biochip. This finding represents an
improvement compared to the state of the art of ultrasensitive
genomic DNA detection with AuNPs, where no data about re-
generation and reusability were so far reported in genomic DNA.
2. Experimental section

2.1. Oligonucleotides, salts reagents and buffers

Synthetic oligonucleotides (probes and target) were purchased
from Eurofins MWG Operon (Ebersberg, Germany) and have the
following sequences: Probe1 (thiolated) 5′ HS-(CH2)6-GTC-ACT-GCC-
TAA-TGT-AAG-TCT-C 3′ (22 mer); Target 5′ GAG-ACT-TAC-ATT-AGG-
CAG-TGA-CTC-GAT-GAA-GGC-ATG-TAT-GTT-GGC-CTC-CTT-TGC-TGC-
CCT-CAC-AAT-CTC-TTC-CTG-TGA-CAC-CAC 3′ (84 mer); EProbe (En-
hancing Probe, thiolated) 5′ HS-(CH2)6-GTG-GTG-TCA-CAG-
GAA-GAG-ATT 3′ (21 mer), CProbe (Control Probe, thiolated) 5′
HS-(CH2)6-GAG-GGC-GAT-GCC-ACC-TAC (18 mer).

The Target sequence was selected from the MDR1 human gene
(or ABCB1) and the Probe 1 was selected by Oligowiz 2.0 (Wer-
nersson et al., 2007) as the best performing probe in terms of
selectivity towards the gene. Details of the Probe1 selection are
reported in a previous study (Ermini et al., 2013).

An aqueous solution (pH¼7.4) of potassium phosphate
monobasic (KH2PO4, 20.0 mM), sodium chloride (NaCl, 300 mM),
ethylenediaminetetraacetic acid (EDTA, 0.1 mM) was used as PBS
running buffer while a potassium phosphate monobasic (KH2PO4,
1.0 M) aqueous solution (pH 3.8) was used for the Probe1 and
CProbe immobilization. 11-mercapto-1-undecanol (MU, 1.0 mM)
and 6-mercapto-1-hexanol (MCH, 1.0 mM) in aqueous solution
were used for gold chip surface passivation. Protoporphyrin IX (PP,
95%), cetyltrimethyl ammonium bromide (CTAB), ethanol (EtOH),
tetrachloroauric acid (HAuCl4), silver nitrate (AgNO3), sodium
borohydride (NaBH4), and ascorbic acid were used for gold na-
nostars synthesis while tetrachloroauric acid (HAuCl4) and triso-
dium citrate were used for gold nanospheres synthesis. All the
previous salts and reagents were purchased from Sigma Aldrich
(Milan, Italy). Polydimethylsiloxane (PDMS, Sylgard 184 Silicone
Elastomer Kit, Dow Corning, UK) was employed for the micro-
welled mask making (Scarano et al., 2010a). Human genomic DNA
was purchased from Novagen (Piacenza, Italy) and used for the
real sample testing. The commercial sample consisted of a pool of
DNA extracted from human lymphocytes from different in-
dividuals, reported to be at least 90% greater than 100 kbp in size
and purified for the elimination of free of contaminating RNA,
protein and restriction enzymes. Solutions were prepared in MilliQ
water and filtered using vacuum filter cups (Millipore E express
plus, 0.22 mm) and/or syringe filters (Puradisc, cellulose acetate,
0.2 mm from Whatman GmbH, Dassel, Germany) before use.
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2.2. Gold nanostars and gold nanospheres synthesis

Gold nanostars (AuNSs) were synthesized by a seed-mediated
method previously reported (Spadavecchia et al., 2014) where
Protoporphyrin IX (PP) was added both in the seed synthesis and
in the growth solution. Gold seeds were prepared by adding PP
into the reaction mixture as follows: 5 mL of 0.20 M CTAB were
added to 5 mL of 6.3�10�4 M PP in EtOH/H2O (3/2) solution, at
27 °C under stirring conditions; 5.0 mL of a 2.5�10�4 M HAuCl4 in
aqueous solution and 0.6 mL of ice-cooled NaBH4 (0.01 M) were
then added. The so-prepared solution was centrifuged at
15,000 rpm for 10 min. The supernatant was discarded and the
residue was re-dispersed in an equivalent amount of MilliQ water.
Growth solution was prepared by adding 5 mL of 0.20 M CTAB to
5.0 mL of 6.3�10�4 M PP and AgNO3 (0.25 mL; 4.0�10�3 M) and
stirring for 10 min. After this time, 5.0 mL of HAuCl4 (1.0�10�3 M)
were transferred to the mixture, and 70 μL of ascorbic acid
(8.0�10�3 M) added. Finally, 12 μL of gold seeds solution were
added in the growth solution. AuNSs were centrifuged at
8000 rpm for 20 min and analyzed by UV–vis spectroscopy and
transmission electron microscopy (TEM). NSs concentration was
estimated from the total amount of HAuCl4 in the growth solution
(1�10�3 M in 15 mL (final volume)), the Au density (density
19.30 g/cm3), and sketching the shape of the nanostars to a sphere
of 30 nm in radius. The estimated NSs concentration resulted
�3.0�1010 NSs/mL. Fig. 1 shows the TEM image (a and b) and the
LSPR spectrum of AuNSs after the synthesis (c).

TEM images confirmed that the star-shaped NPs are char-
acterized by variable sizes from 50 to 70 nm. The LSPR AuNSs
spectrum displayed a plasmon band, due to the rather short
branches transition at 632 nm, closely located near the 635 nm
source wavelength used by the SPRi Labþ (Horiba).

Gold nanospheres (AuNSPs) were synthesized accordingly to
Fig. 1. (a, b)TEM image of gold nanostars (
the protocol described by Turkevich (Daniel and Astruc, 2004).
5 mL of a 1.0 mM HAuCl4 solution were added in a flask under
magnetic stirring with MilliQ water. The solution was brought to
boiling and 0.25 mL of a 40 mM citrate solution was added.
AuNSPs concentration was again estimated from the total amount
of tetrachloroauric acid (9.85�10�4 g) used for the synthesis, and
the total aqueous volume (25 mL). Nanospheres dimension was
estimated by SEM microscopy (ø�2473 nm) and gold density
(19.30 g/cm3) (Mariani et al., 2015b). As a result, the theoretical
concentration resulted 2.8�1011 NPs/mL (Mariani et al., 2015b).

2.3. Labeling DNA probe to gold nanospheres and nanostars

Gold nanospheres (AuNSPs) and gold nanostars (AuNSs) were
covalently bound to 5′-thiol capped 22 mer EProbe accordingly to
the protocol described by Mirkin et al. (1996), testing different
NPs/EProbe ratios to optimize the conditions, as discussed in
Section 3 paragraph.

100 mL of each NPs dispersion were first centrifuged at
10,000 rpm for 5 min and the supernatant was discarded to re-
move the excess of stabilizing agents present in the synthesis so-
lution. NPs were then resuspended in 95 mL PBS running buffer
(pH¼7.4). 5 mL of 5.0 mM thiolated EProbe were added to both
dispersions to obtain a maximum achievable 250 nM Eprobe
concentration anchored to nanoparticles in 100 mL of dispersion.
After 16 h of incubation in dark room, the dispersions were cen-
trifuged at 10,000 rpm for 10 min, the supernatant containing the
unbound EProbe was discarded, and the NPs linked to EProbe were
finally resuspended in 100 mL of PBS buffer.

2.4. Biochip preparation

SPRi-Biochips™ (Horiba, France) glass prisms coated with a
AuNSs); (b) LSPR spectrum of AuNSs.



Fig. 2. Sketch of the assay with synthetic Target. (a) Probe1 (black) is immobilized as capturing probe to the gold chip surface exploiting the thiolic functionalization. (b)
Target (blue) complementary to Probe1 is hybridized to the biochip surface. (c) EProbe_NS (red) is hybridized to the preformed hybrid to achieve signal enhancement. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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thin gold layer (50 nm) were used for the DNA sensor preparation.
10 mM of thiolated Probe1 and CProbe were first dissolved in
20.0 mM KH2PO4 aqueous solution pH 3.8 and then spotted in a
microwelled PDMS mask overlapping the bare gold prism (0.8 mL
in each microwell). After 48 h of incubation in a moist chamber for
the covalent anchoring of thiolated DNA probes on the gold sur-
face, the PDMS mask was removed and the biochip was immersed
in the thioalcholic aqueous solution (1.0 mM MU and MCH) for
16 h to achieve surface passivation. This last step was carried out
only for the synthetic Target detection while it was bypassed in
Human Genomic DNA detection accordingly to a previous opti-
mization (Ermini et al., 2013).

2.5. Surface Plasmon Resonance imaging measurements

Analytical signals of DNA/DNA affinity bindings were recorded
as Reflectivity Variation % (%RV) by SPRi-Labþ from Horiba Sci-
entific (France). The whole instrumental setup was previously re-
ported by Scarano et al. (2010a). 100 mL of DNA targets were first
dissolved in PBS running buffer and then injected through a
Rheodyne valve in the fluidic system. For synthetic Target, a PBS
running buffer flow of 6.0 mL/min was used and the affinity in-
teraction for 30 min. For the pre-treated human genomic DNA, the
PBS running buffer flow was 1000-fold increased (6.0 mL/min.)
during injection of the sample, accordingly to previous researches
(Ermini et al., 2013; Mariani et al., 2015a), and then promptly
lowered to 6.0 mL/min, lasting the affinity interaction for about
30 min. Enhancing Probe1 labeled to AuNSs (EP_NSs) was added
on the preformed hybrid at a flow rate of 30 mL/min. 10 mM NaOH
(300 mL/min) solution was used as regeneration solution (i.e.
dsDNA hybrids dissociation) after each measurement cycle for
20 s. %RVs reported in this work were all averaged on 3 replicates,
and each %RV deriving from a replicate was sampled and averaged
from nine (3�3) circular Regions of Interests (ROIs, 1.8 mm dia-
meter) (Scarano et al., 2010b) inscribed in each spot (1.0 mm) of
the array biochip carrying immobilized Probe1 and CProbe se-
quences. %RVs recorded from Probe1 and CProbe spots were
subtracted of the %RV recorded on blank spot (bare gold, B) during
the injections. Affinity interactions were monitored at room tem-
perature (20 °C).

2.5.1. UV/vis measurements
Perkin-Elmer Lambda UV/vis 950 spectrophotometer was used

for the absorption spectra acquisition of AuNSs in plastic cuvettes
with an optical path of 10 mm. The wavelengths range was 400–
700 or 400–1100 nm.
2.5.2. Transmission electron microscopy (TEM)
JEOL JEM 1011 TEM was used to record microscopic images of

AuNSs operating at an accelerating voltage of 100 kV. TEM images
were taken after separating the gold nanoparticles from the CTAB
surfactant by 21 min at 11,000 rpm centrifugation, supernatant
was discarded while AuNSs were re-suspended in PBS buffer so-
lutions (pH 7.4), placed on a carbon-coated copper grid and dried
at room temperature.
3. Results and discussions

3.1. Assay optimization: DNA probe labeled to nanostars and syn-
thetic target

A sandwich-like assay was designed as follows: Probe1 was
immobilized on the gold sensing surface as capturing probe se-
lective for the Target analyte (complementary to Probe1), while
the EProbe_NS (complementary to a different region of the target)
was added to the preformed Probe1/Target hybrid to improve %
RVs recorded.

In Fig. 2 the sketch of the assay is reported. The Target sequence
was selected from the MDR1 fragment, strategic in pharmacoge-
nomics and clinical diagnostics (Marzolini et al., 2004, Mariani
et al., 2015a).

The analytical performances of the biosensor were first assayed
on the synthetic Target (84 mer) to evaluate the repeatability of
the affinity interaction with Probe1 and the detection limit of the
system. As result, a linear range of calibration was recorded be-
tween 0 and 100 nM with a good linear correlation R2¼0.997,
while between 100 nM and 1.00 mM a saturation trend occurs (Fig.
A1a in Electronic Supplementary Information, ESI). The %CV
averaged for all the calibration points, for the three replicates, was
8.7% emphasizing the good repeatability of the measurements.
Then the detection limit from the calibration curve sensitivity
(0.015 %RV/nM) and the 3.3-fold instrumental noise (S¼0.092 %
RV, N¼0.028 %RV) was evaluated, obtaining a DL¼6.1 nM in
agreement with the nanomolar detection limits reported in lit-
erature for SPRi based DNA sensing with synthetic targets without
enhancing strategies and/or instrumental or biochip advance-
ments (D’Agata and Spoto, 2013). The binding resulted well re-
generable through the injection of a chaotropic agent (NaOH,
10 mM in aqueous solution at flow rate 300 mL/min), as reported
by the sensorgram in ESI Fig. A1c.

Afterwards the effect of the EProbe_NS adduct in enhancing the
signals by the secondary hybridizationwas evaluated in sandwich-like
format. To this aim, the EProbe_NS was added in sequence (Fig. 2) and
the effect of its addition was evaluated in terms of DL limit lowering.
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Aiming at maximizing the hybridization efficiency and the
magnitude of %RV, the EProbe/NSs ratio was optimized. Three
different EProbe/NS ratios were tested, i.e. 2�103, 2�104 and
2�105. These values should be however considered as indicative,
i.e. theoretical and approximate values since after the incubation
NSs and EProbe mixtures were centrifuged to remove eventual
unbounded EProbe. Such ratios have been intentionally chosen
higher than those reported in literature for different NPs in
sandwich like DNA assays (hundreds of probe for NP) (Zanoli et al.,
2012) in order to explore the effect of increasing the EProbe sur-
face area density on the NPs stability, making the NSs more dis-
persed in solution, thanks to nucleic acid electrostatic repulsion,
and then less subjected to aggregation and collapse at chip surface,
in order to promote a more efficient regeneration. The signals
recorded after the addition of the EProbe_NS at different ratios
were: 1.16470.333, 2.38970.155 and 0.78270.070 %RV for
2�103, 2�104 and 2�105 EProbe/NSs, respectively. Therefore,
the 2�104 oligonucleotidic surface coverage allowed the best
hybridization efficiency and was further used for the ultrasensitive
detection of the Target sequence in human genomic DNA. In pre-
sence of lower surface EProbe density (2�103 EProbe/NSs), a
random interaction (%CV¼29%) was recorded, probably due to
gold NSs collapsing and subsequent lowering of the recorded
signal on Probe1. At 2�105 EProbe/Ns ratio was recorded the
Fig. 3. (a) Sensorgram (Reflectivity% vs time) of 250 nM Target recorded on Probe1 (capt
curve of sensorgram). Above the black Probe1 sensorgram are reported the sketches
subsequent addition of the EProbe_NS performed to achieve signal enhancement. The re
at the different steps are reported in (b) (c) and (d). In (b) is reported the image after 30 m
in (d) is monitored the rinsing step where the excess of EProbe_NS is removed. Blue-sk
increasingly efficient bio-affinity interaction (in relation to the color scale bar) causing a
color in this figure legend, the reader is referred to the web version of this article.)
lowest %RV (0.782%RV), probably due to the high steric hindrance
of EProbe strands on the nanostars surface that affects the DNA/
DNA binding efficiency.

In Fig. 3 the sensorgram of the affinity interaction with 250 nM
synthetic Target (a) and the subsequent EProbe/NSs secondary
binding (b) is reported, together with the digital images recorded
at the corresponding steps of the sandwich-like strategy.

The sensorgram emphasized that the interaction with the
complementary Target occurred selectively only on the Probe1
(step (I)), while on CProbe ‘C’ and on the bare gold surface no
signal was observed. When the EProbe_NS adduct was injected on
the pre-formed hybrid to enhance the signal, a huge variation in
reflectivity is obtained, as expected (step (b)). However, this var-
iation involved with a lesser extent the control spot ‘C’. In parti-
cular, %RV�11% was observed on the Probe1 while �2% on
CProbe. This behavior could be elicited by the establishment of
electrostatic interactions between the partial positive charge of
nanostars and the negatively charged spots and bare gold. Positive
residual charges on AuNSs could result from the CTAB, the cationic
surfactant used as stabilizer to maintain stable the NSs dispersion
and to avoid their collapse. Despite AuNSs were centrifuged and
re-suspended in PBS buffer before their functionalization with
EProbe, some residual CTAB could be left from the previously
centrifugation protocol optimized for an efficient NSs washing step
uring probe, black curve of sensorgram) and on CProbe spots (Control Probe, green
of the assay with synthetic Target (84 mer), hybridizing on Probe1, and of the

lative digital images recorded for Probe1 (5 replies for chip), CProbe and Blank spots
in from Target injection; in (c) is lasted the image after the injection of EProbe_NS,
y blue colors means no interaction while colors ranging from green to red means
n increasingly reflectivity variation % (% RV). (For interpretation of the references to
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without NPs collapse. As reflection, the interaction of EProbe_NS
with the negatively charged Probe1 could be governed not only by
the specific DNA/DNA recognition (base pairing) but also by the
electrostatic force between cationic CTAB and the biochip surface.
This hypothesis is supported by the evidence that this interaction
is weak and quickly fades off under buffer flushing (30 mL/min).
After the flushing step, the remaining signal is essentially ascrib-
able to the sole base pairing on Probe1, whereas negligible signal is
detectable on the CProbe and on bare gold surface (step (c)). To
assure system selectivity, %RVs of all the reported measurements
were thus sampled after the flushing step, under the unspecific
contribution became zero. Finally, the hybrid was completely
dissociated and the baseline instantly recovered by the injection of
a chaotropic agent (10 mM NaOHaq, 300 mL/min, 30 s), making the
DNA sensor regenerable for subsequent measurements. This result
is in general not obvious when working with metallic nanos-
tructures, since possible unspecific interactions and NPs collapsing
could lead to supra-molecular clusters, which poison the surface,
preventing any surface reuse. The possibility of a fast surface re-
covery represents a main requisite in SPR-based bioassays, not
only to limit costs and preparation times, but also to rise up the
Surface Plasmon Resonance imaging-based sensing applicability to
routine analyses. This result represents thus an important in-
novation compared to the current literature where chips are re-
ported for only single use.

To evaluate the improvement obtained with the use of gold
nanostars, the signal amplification obtained by using the EPro-
be_NS adduct was compared to that obtained by conventional gold
nanoparticles (nanospheres, AuNSPs). The AuNSPs were modified
with EProbe at the same theoretical EProbe/Ns surface density
previously optimized for nanostars, to equalize contingent differ-
ences in steric hindrance of EProbe strands on the nanoparticle
surface.

As a result, when the EProbe_AuNSPs adduct (nanospheres) is
applied, a signal�5-fold lower (0.46370.032 %RV) than the one
recorded with EProbe_NS (nanostars, 2.38970.155 %RV) was ob-
tained. This finding confirms that, among gold nanostructures
potentially useful for this aim, a rational selection of size and
shape to be employed is a key feature to maximize the secondary
signal enhancement. The 5-fold improvement of the signal ob-
tained with nanostars could be attributed to various positive
contributions: the increase of the particle size (AuNSPs,�24 nm;
AuNSs ranging from 50 to 70 nm) as recently reported also by
Homola's group (Špringer et al., 2014); the more efficient
Fig. 4. (a) Reflectivity Variations (%RVs) recorded at decreasing Target concentration
strategy, i.e. the injection of EProbe_NS; (b) Zoom in of (a), between 10 nM and 10 pM. Bo
concentration point are split in the two different contributions of the sandwich-like ass
wavelength overlapping between source wavelength (635 nm)
and AuNSs plasmon peak (�632 nm), causing a more efficient
plasmons coupling with a collateral improvement of the sensitiv-
ity (Mariani et al., 2015a); a more a stronger plasmon coupling
between AuNSs and SPs, elicited by the highly enhanced electric
field at the star tips (Hao et al., 2007).

After the previously reported optimization we tested analytical
performances at decreasing Target concentration from 1.00 mM to
the lowest detectable concentration in the sandwich-assay with
AuNSs. The results were reported in Fig. 4.

In Fig. 4a the overall %RV signal obtained for each concentration
point is split in the two different contributions of the sandwich-
like assay, i.e. the first elicited by the binding of the Target and the
second one by the secondary addition of the EProbe_NS adduct. A
sigmoidal dose response was observed both for Target and for the
amplification with EProbe_NS, in agreement with previously re-
ported experiments of signal enhancing with AuNSs in LSPR-based
DNA sensing (Spadavecchia et al., 2013). In Fig. 4b was reported
the zoomed graph (from Fig. 4a) below 10 nM Target concentra-
tion, in which no significant primary signals were recorded. This
result is in line with the calculated detection limit for the Target, as
extrapolated from the relative calibration curve (Fig. A1b in ESI),
resulting 6.1 nM from the S/N ratio (S/N¼3.3). On the contrary,
significant %RV signals were recorded with the addition of EPro-
be_NS binding at these concentrations, confirming that the use of
nanostars modified with the secondary probe allows an im-
provement of the system experimental DL from 6.1 nM to 10 pM
(0.09770.047), i.e. 610-fold lower than the DL recorded by the
direct detection in absence of the EProbe_NS secondary binding.

This strategy opened a new interesting perspective in the ul-
trasensitive detection of unamplified DNA fragments from blood
cells, as further tested in this work.

3.2. Hybridization experiments with human genomic DNA

The previous section of the work was conducted with a rela-
tively short sequence (84 mer), selected in silico (Ermini et al.,
2013) able to hybridize two different probes (Probe1 and EPro-
be_NS) mapping in different sites, as mimicking model for more
complex and longer fragments possibly present in real matrices,
such as DNA extracted from biological specimens, which could be
the best candidate for system application to clinical molecular
diagnostics.

Indeed the system was finally tested on commercially available
from 1.0 μM to 10 pM, directly compared to %RVs obtained by the sandwich-like
th graphs are reported in semi-logarithmic scale, and %RV signals obtained for each
ay.



Fig. 5. (a) Bar plot for the selectivity evaluation of the EProbe_NS binding through
the simultaneous hybridization of 3.0 fM genomic DNA on Probe1(capturing probe)
and CProbe (control probe); (b) Plotting %RVs of EProbe_NS addition vs genomic
DNA ranging from 1.5 fM to 10 aM in a logarithmic diagram.

Fig. 6. Sensorgram (Reflectivity% vs Time, black line) recorded on capturing probe
(Probe1) of the affinity interaction with 3.0 fM human genomic DNA and of the
subsequent hybridization with EProbe_NS on the preformed hybrid (after the rin-
sing step).
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human genomic DNA extracted from donors' pool lymphocytes.
The DNA was only subjected to a fast and simple pretreatment
consisting of ultrasonic fragmentation, which ensures the gen-
eration of long fragments (�10,000C20,000 bp), and followed by
thermal denaturation (Ermini et al., 2013), both of them strategic
for the femtomolar detection of genomic DNA sequences (Ermini
et al., 2013; Mariani et al., 2015b).

Pretreated genomic DNA samples were then assayed by the
same sandwich-labeled strategy, previously reported in Fig. 2 for
the synthetic Target, exploiting the EProbe_NS adduct as signal
enhancer. We first evaluated the selectivity of the assay with a
3.0 fM human genomic DNA sample concentration (Fig. 5a), and
then the logarithmic dose-response trend to evaluate the experi-
mental detection limit (Fig. 5b).

As reported in Fig. 5b, after the injection of 3.0 fM human
genomic DNA significant %RVs both on Probe1 (0.09370.028 %RV)
and on control CProbe (0.10870.048 %RV) were recorded. This
result was expected since CProbe might randomly hybridize to
genomic DNA sequences (Mariani et al., 2015b). The randomicity
on CProbe was indeed suggested by the %CV (�44%), higher than
the one reported for Probe1 (�30%). The selectivity of Probe1
binding versus the Target sequences was further assessed by the
secondary binding of EProbe_NS to the hybrid; indeed we proved
that only on Probe1 the secondary hybridization was significant
(0.53070.081 %RV, %CV�15%), confirming that only this probe
selectively hybridizes to the complementary MDR1 fragments.
Therefore, on the CProbe the secondary interaction could not be
considered selective (0.10170.070 %RV), confirming the rando-
micity of the genomic hybridization as suggested by the really
high %CV�70%.

Once assessed the selectivity of the interaction, we tested the
analytical performances of the assay at decreasing concentrations
of human genomic DNA. As reported by the logarithmic diagram of
the EProbe_NS addition in Fig. 3c a linear dose response was
shown between 1.5 fM and 10 aM genomic DNA samples. As result
by the recorded mathematical correspondence (y¼0.366x0.278, or
after linearization y¼0.278x–0.436, R2¼0.994) and by the 3.3-fold
instrumental noise (S¼0.092 %RV, N¼0.028 %RV) an instrumental
DL¼6.9 aM was found, being �435-fold lower than those without
EProbe_NS, proving the suitability for applications to ultrasensitive
and selective detection of target sequences directly in genomic
DNA, by avoiding the classical pre-amplification step by PCR.

Furthermore, we demonstrate that the interaction with these
nanoparticles is well reversible (see sensorgram in Fig. 6) by the
simple injection of 10 mM NaOH, making the biosensor reusable
for tens analyses of different samples on the same biochip.

Effectiveness and effects of the regeneration were estimated
after 30 measurement/regeneration cycles on DNA samples (with
synthetic and extracted genomic samples). To this aim, the Target
(synthetic, 84 mer) was used as indicator both for the surface re-
generation effectiveness and for its possible degradation. SPRi
signal (%RV) obtained by injecting 250 mM Target on Probe1 at the
beginning of the experiment was taken as 100% of the recordable
signal and finally compared with the same one obtained after 30
measurement/regeneration cycles. The hybridization signal re-
corded at the 30th measuring cycle was 2.14870.202 %RV, not
significantly diverging from the same one recorded at the first
measurement cycle of the experiment, i.e. 2.33370.186 %RV (t-
student test, 3 replicates, significance level p¼5%).

The biosensor regenerability is an important task which could
eventually contribute to decrease the analysis costs (especially
when expensive chips are employed as in SPR-based sensing),
among others advantages.

These achievements are the results of several rational ap-
proaches applied to the development of the whole bioassay: the
rational selection of the capturing probe (Probe1) ensures the
selectivity of the affinity interaction; the functional choice of the
nanoparticles (material, size, and shape) proves that gold nanos-
tars allow a 5-fold signal enhancement compared to the mostly
used Au nanospheres as SPR couplers (2.389 %RV vs 0.463 %RV,
respectively for AuNSs and AuNSPs); the optimization of the na-
nostars coating with EProbe allows finding the best compromise
between an efficient coverage of NSs to avoid collapse on the
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biochip surface (with subsequent no reusability of it) and a re-
duced steric hindrance among EProbe strands (with subsequent
low binding efficacy).
4. Conclusions

In this research we developed a selective, ultrasensitive (down
to 10 aM) and regenerable/reusable (over 30 measurement cycles)
DNA-based sensor, by SPRi optical transduction, for the detection of
unamplified human genomic DNA extracted from lymphocytes. This
goal was achieved by using emerging gold nanoparticles, i.e. gold
nanostars (AuNSs). We proved that the analytical performance of a
direct detection can be strongly improved, in terms of DLs, by a
sandwich-like assay based on the selective capturing of the geno-
mic target and the subsequent signal amplification using a com-
plementary secondary DNA probe labeled with gold nanostars
(AuNSs). For the first time, this kind of NPs are employed for human
genomic DNA biosensing by SPRi, pointing out that the rational
choice of their size, shape and plasmonic profile can be critical for
the maximization of the result, as we proved by the comparison
with conventionally employed gold nanospheres (AuNSPs).

We also assessed that the tuning of the NSs surface coverage
with the secondary probe (EProbe) is crucial not only for the in-
crease of signals but also for the regenerability/reusability of the
biosensor, thus avoiding the nanostructures collapse on the gold
sensing surface.

The employment of NSs in the labeled sandwich-like assay
reduced the detection limits of about three orders of magnitude
(from 6.1 nM to 10 pM) for a synthetic DNA target (84 mer). The
strategy was successfully applied also to the detection of human
genomic DNA pretreated with a tuned ultrasonication (Ermini
et al., 2013), down to 6.9 aM, putting this result at the forefront of
ultrasensitive detection in this field. In perspective, the developed
ultrasensitive strategy could be possibly tested also for the direct
detection of in-trace genetic material (e.g. oligonucleotidic bio-
marker) directly from biological samples (cell-free nucleic acid, ng/
ml) in ‘liquid biopsy’, fast and helpful diagnostic tool for less in-
vasive and fast clinical applications (Schwarzenbach et al., 2011).
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