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Optical sensors based on fluorescence methods are used in numerous areas of society, ranging from
healthcare to environmental monitoring. But the race to elaborate portable and highly sensitive detection
systems leads to the huge development of nanomaterial-based sensors. Here, we have fabricated a silicon
nanonet, or silicon nanowire (SiNW) network, ‐based biosensor for DNA hybridization detection by
fluorescence microscopy. We demonstrate that by leveraging the properties of the SiNWs such as their
large specific surface and the high aspect ratio, these nanonet sensors have significantly enhanced
sensitivity and better selectivity compared to plane substrates. The fluorescence signal shows an in-
tensity increasing with the SiNW density on the nanonet and for the denser nanonets, the detection limit
for DNA hybridization is 1 nM. The elaborated Si nanonet-based DNA sensors present more than 50%
change in fluorescence intensity between complementary DNA and 1 base mismatch DNA which shows
their high selectivity. Finally, we have integrated the Si nanonet-based sensor into a DNA chip and we
have shown that this selective sensor can be reproduced on a large scale area.

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

It is believed that combining nanotechnologies and bio-
technologies will result in a new class of multifunctional devices
and systems for biological and chemical sensing characterized by
better sensitivity and specificity and higher recognition rates
compared with current solutions based on bulk materials (Fortina
et al., 2005). Indeed, molecular biologists operate in the domain of
molecular and cellular dimensions ranging from several nan-
ometers (DNA molecules, viruses) to several micrometers (cells)
while engineers work on reducing material dimensions reaching
feature sizes as small as several nanometers. Nano-objects with
important analytical applications include nanoparticles, nano-
pores, nanotubes and nanowires. Among them, silicon nanowires
(SiNWs) have attracted an increasing interest in the last decades.
By considering their semiconducting properties, precise doping
control during growth, high aspect ratio and superior specific area
along with surface functionalities of the native oxide shell
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aupt),
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surrounding the SiNWs, they are indeed very interesting for in-
tegration into chemical and biological sensors (Chazalviel et al.,
2011; Demami et al., 2012). Previously, individual SiNWs were
reported as the sensing material for the detection of nucleic acids
(Gao et al., 2011; Hahm and Lieber, 2004), proteins (Stern et al.,
2007; Wang et al., 2005) and viruses (Ahn et al., 2010; Lin et al.,
2009). However, despite the great potential of such nanowires, the
above-mentioned unique SiNW-based sensors usually entail sev-
eral limitations such as high-cost and time-consuming methods
for the integration of the SiNW into functional devices. Indeed,
this integration necessitates that an individual nanowire be posi-
tioned at a precise location on a substrate, which requires ex-
pensive, complex and numerous technological steps.

In the field of biosensing, there are two main classes of signal
transduction for biochemical recognition: labeled signal trans-
duction techniques measuring a particle or molecule attached to a
receptor and label-free techniques directly measuring physical
effects caused by specific biochemical binding events (Gervais
et al., 2011). The optical detection using labels is the simplest and
the most pervasive detection method used. Particularly, direct
detection using fluorescence is simple and very sensitive. Constant
improvements of technologies (labels, light sources, detectors,
etc.) have contributed to the high sensitivity of fluorescence mi-
croscopy. One other possible way to increase further the fluores-
cence signal is to optimize the surface on which the probe is im-
mobilized. First, it is possible to increase the number of available
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sites for the labeled molecules while reducing steric hindrances
and improving target accessibility. Second, working on the optical
paths of the signal can increase the amount of excitation or
emission light (Gervais et al., 2011).

Herein, we develop a material composed of randomly oriented
SiNWs, that addresses these two issues. Also called “nanonets”, for
NANOstructured NETworks (Gruner, 2007), such materials show
several interesting properties arising either from their individual
components, the NWs or nanotubes, or from the structural prop-
erties of the network itself (Ternon et al., 2013). First, due to the
NWs, the surface area increases in comparison with thin films. As a
consequence, it provides a higher probe immobilization capacity
(Peterson et al., 2001) while reducing steric hindrance (Murthy
et al., 2008). Second, due to the overall geometry, the fluorophore
labeled targets are located at varying distances from the reflecting
substrate, instead of a unique distance in case of flat surfaces. As a
consequence, the optical path is more complex so that the re-
duction in fluorophore efficiency due to interference phenomena
between excitation and emission light disappears (Murthy et al.,
2008).

The nanonet elaboration can be carried out by various techni-
ques such as direct growth (Kocabas et al., 2007) or self-assembly
from solution for e.g. spray coating (Madaria et al., 2011; Scardaci
et al., 2011), Langmuir–Blodgett (Acharya et al., 2006) or vacuum
filtration (Mulazimoglu et al., 2013; Wu et al., 2004). The vacuum
filtration method, used in this work, is particularly attractive since
it enables low cost fabrication of nanonets that are homogeneous
over large surfaces and present a wide range of thicknesses. Sub-
monolayer coverage to over 1 mm thick with a precise control of
the NW density in the nanonets (Serre et al., 2014, 2015) can be
achieved.

In this paper, we describe the elaboration technique of silicon
nanonets using the vacuum filtration method and we detail the
integration of the silicon nanonet into DNA sensors by presenting
the functionalization steps of the SiNW native oxide. We demon-
strate the nanonet advantages for DNA hybridization detection by
fluorescence, as well as their overall performances. For this pur-
pose four parameters are studied: (i) the detection limit which is
the smallest detectable target concentration, (ii) the sensitivity
which shows a link between the signal variation of the sensor and
the target concentration, (iii) the selectivity which describes the
sensor's capacity to detect a target in presence of other species and
(iv) the recyclability which expresses the possibility to reuse the
sensor without deteriorating its properties. And finally, these
sensors were integrated into a DNA chip on a large scale area.
2. Material and methods

2.1. Chemical reagents

APTES, (3-Aminopropyl)-triethoxysilane was bought from Carl
Roth and glutaraldehyde 10% was bought from Sigma-Aldrich.
Table 1
ssDNA sequences used for the biochip fabrication (purchased from Apibio) and for the

Function Label Sequence

Biochip non-complementary Probe nonCt-pDNA 5′-NH2-TTT
2 base mismatch Probe 2bm-pDNA 5′-NH2-TTT
1 base mismatch Probe 1bm-pDNA 5′-NH2-TTT
ssDNA Probe pDNA 5′-NH2-TT
ssDNA Target Ct-tDNA 3′-AC

General study 1 base mismatch Target 1bm-tDNA 3′-AC
2 base mismatch Target 2bm-tDNA 3′-AC
non-complementary Target nonCt-tDNA 3′-AC
Single-stranded DNA (ssDNA) was synthesized by Biomers or
Apibio and the different DNA sequences used in this work are
given in Table 1. The sensor was designed for the detection of
ssDNA target hybridization with complementary ssDNA probes
grafted on the sensor. The target was labeled with a cyanine (Cy3)
fluorophore, and DNA hybridization was detected by fluorescence
measurements. The DNA probes were diluted at 10 mM in a sodium
phosphate solution (0.3 M, pH 9) and the target DNA sequences
were diluted at concentrations between 0.2 nM and 30 mM in a
hybridization solution composed of phosphate buffered saline
0.1 M and NaCl 0.5 M, in deionized water (pH 7).

2.2. Si nanonet fabrication

SiNWs were synthesized by reduced pressure chemical vapor
deposition using the classical Vapor–Liquid–Solid mechanism (see
Supplementary material). The obtained vertically standing SiNWs
were then self-assembled by the vacuum filtration method form-
ing the silicon nanonet (Wu et al., 2004). First, the SiNW solution
was prepared by dispersing the SiNWs in 40 mL of deionized
water using ultrasonic agitation for 5 min and this SiNW solution
was characterized by absorption spectroscopy in order to quali-
tatively determine the SiNW amount in solution which is related
to the SiNW density in the nanonet (Serre et al., 2013). The ab-
sorbance at 400 nm of the SiNW solution was fixed at 0.06. Then,
the SiNW solution was filtered through a 0.1 mm porous ni-
trocellulose membrane (47 mm in diameter). As the solvent went
through the pores, the nanowires were trapped on the membrane
surface forming subsequently the Si nanonet with nanowires
randomly oriented as shown on the SEM images of Figs. 3a and 4a.
As described in Serre et al. (2015), a systematic SEM image analysis
has been performed to determine surface coverage and NW den-
sity. Different volumes (20–160 mL) of the SiNW solution were
filtered in order to prepare SiNW networks of controllable density,
ranging from 10 to 120�106 NWs cm�2.

2.3. Sensor design and use

The sensors designed in this work are based on a covalent
ssDNA probe immobilization on the Si nanonet surface. First, the Si
nanonets were transferred onto Si substrate by membrane dis-
solution in an acetone liquid bath for 30 min. Then, the DNA im-
mobilization was conducted through a multistep procedure which
was described in details in our previous study (Serre et al., 2013):
(i) the hydroxylation of Si nanonets on Si substrate using oxygen
plasma for 4 min; (ii) the functionalization of the SiNW surface
and the Si substrate with an aminosilane (APTES) in vapor phase at
80 °C for 60 min followed by an annealing treatment at 110 °C
during 60 min; (iii) the grafting of a cross-linker (glutaraldehyde,
10%) onto the APTES-functionalized surface for 90 min at room
temperature and (iv) the immobilization of 10 mM ssDNA probes
on the Si nanonet through covalent bonds and the NaBH4, 0.09 M,
treatment for 60 min in order to reduce imine bonds. After this
general study (purchased from Biomers).

TT CCA AGA AAG GAC CCG �3′
TT GAT AAA GAC ACT CTA �3′
TT GAT AAA GCC ACT CTA �3′
TTT GAT AAA CCC ACT CTA �3′

CTA TTT GGG TGA GAT AC-Cy3-5′
CTA TTT GCG TGA GAT AC-Cy3-5′
CTA TTT GCA TGA GAT AC-Cy3-5′
TGG CGC AAT CAC TCT AC-Cy3-5′
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last process, which allows stabilizing the covalent binding through
amine bonds, the Si nanonets are functionalized with ssDNA
probes and the sensors based on these nanonets are ready for use.

For sensor use and DNA hybridization detection, the DNA-
modified nanonet is incubated at 42 °C for 45 min by immersion in
the hybridization solution with one of the different ssDNA target
sequences at various concentrations. To characterize the selectivity
of the hybridization, four target-DNA sequences (Table 1), were
used: the complementary ssDNA target (tDNA), two sequences
with 1 or 2 base mismatches with respect to the pDNA (1bm-tDNA
and 2bm-tDNA) and finally a non-complementary ssDNA sequence
(nonCt-tDNA). Fluorescence measurements were carried out in
order to detect whether hybridization occurred. The recycling of
the sensor was obtained thanks to DNA denaturation carried out
by immersing the hybridized Si nanonets in a NaOH 0.1 M solution
during 60 min.

2.4. Characterization techniques

Scanning electron microscopy (SEM) images of the synthesized
nanonets were obtained using a Zeiss ultra plus model from Ge-
mini technology. Fluorescence measurements were performed in
different modes after each hybridization and denaturation proce-
dure in order to evaluate the hybridization rate. First an Olympus
BX41M epifluorescence microscope coupled with a 100 W mer-
cury lamp was used. Cy3 dyes were excited at 550 nm and emitted
fluorescence recorded at 570 nm. Second, fluorescence measure-
ments were performed with a confocal laser scanning microscope
Zeiss LSM700 equipped with a 63� oil objective (numerical
aperture 1.4). The emission wavelength of the argon laser diode
was set at 555 nm and confocal images were collected (pinhole set
at 1 Airy Unit) using an MBS405 dichroic filter ranging from 560 to
700 nm. The Image Pro plus software was used for image analysis
and to determine the fluorescence intensity inside the regions of
interest. Therefore, for each fluorescence measurement in the
epifluorescence mode, 6 images issued from 2 identical samples (3
images per sample) were acquired and analyzed: first the back-
ground signal, originating from a non-hybridized area of the
sample, was deduced from the signal of interest. Second averaging
over all images was done, so that the mean fluorescence intensity
was obtained. For each mean fluorescence intensity, the minimum
Fig. 1. Fluorescent images captured with a confocal laser scanning microscope (a,b) and
for silicon nanonets with a NW density of 27�106 NWs cm�2 (a,c) and bare Si substrat
and the maximum of the measured intensities were used for the
error bars.

2.5. DNA biochip

The DNA biochip was produced on commercial glass slides
from Genewave Amplislide specially manufactured for fluores-
cence-based microarray applications. Such slides are coated with
an optical thin film, which allows a 10 to 20-fold fluorescence
signal enhancement (Choumane et al., 2005). The Si nanonet was
transferred onto the 19 cm2 glass slides and the DNA modification
process was performed as described in Section 2.3. Then, four
specific ssDNA probes (Table 1) were grafted on the chip using a
robot (Microgrid II Compact from Biorobotics) according to the
scheme given in Fig. 5a. Each robot pin spotted a few hundreds
micrometers DNA droplet of 10 mM. Four pins were used and this
process was repeated over most of the slide surface. For a given
nanonet density, the spot diameter should be constant. Then,
NaBH4 stabilization treatments were applied as previously de-
scribed. The DNA hybridization was performed at 42 °C for 60 min
by immersion in the hybridization solution (Sigma H-7140) with
the ssDNA target sequence at 1 mM. Then, post-hybridization rin-
sing was done and the slide was optically characterized using an
Amplireader from Genewave.
3. Results and discussion

3.1. Nanonet advantages for DNA hybridization detection over flat
surfaces

The DNA immobilization procedure described in Section 2.3
was first applied to Si nanonets with a NW density of
27�106 NWs cm�2 deposited on bare Si substrate and was also
applied to bare Si substrate. The hybridization procedure was
conducted with 1 mM of complementary target DNA. We have al-
ready shown that the fluorescence signal obtained from epi-
fluorescence measurement on the nanonet exhibits a discrete
distribution (Serre et al., 2013). To further investigate where the
DNA hybridization is located, a confocal fluorescence microscope
with better spatial resolution was used. On the fluorescence image
schematic representation of the surface with double-stranded DNA localization (c,d)
e (b,d) after the DNA hybridization with a complementary Cy3-labeled DNA target.
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(Fig. 1a), differences in the signal intensity coming from both the
substrate and the Si nanonet can easily be seen. One can notice
that the fluorescence emission is very high on the Si nanonet
(mean value 1560 a.u.), whereas it is very low on the surrounding
substrate (mean value 15 a.u.) as confirmed on the dark fluores-
cence image acquired on the bare substrate (Fig. 1b). Therefore, the
fluorescence signal is enhanced by 2 orders of magnitude when a
Si nanonet is added on silicon substrate. However, the larger sur-
face area of the nanowires in comparison with a flat surface, which
allows increasing the immobilized probe concentration and hence
the number of available sites for target–probe recognition per
surface unit does not explain such an increase. Indeed, the density
of 27�106 NWs cm�2 leads to a small increase of surface area of
15.4%. Beside this geometrical effect, the Si nanonets provide an
elevated layer for the fluorophore localization in comparison with
plane substrates as illustrated in Fig. 1(c) and (d), which optimizes
the interference from the reflecting Si surface (Murthy et al.,
2008). As a consequence, in the case of the nanonet, the fluores-
cence signal is emitted over a large height (0–100 nm over the
substrate on NWs and 0–200 nm in case of NW–NW junctions)
while, in the case of bare silicon, the fluorescence signal is emitted
at around 6 nm from the reflecting Si substrate. This last config-
uration implies destructive interferences, whereas the first con-
figuration allows cumulative effects resulting in the 2 orders of
magnitude enhancement (Bras et al., 2004).

To further evaluate the role of the surface area in hybridization
detection enhancement, the effect of the SiNW density on the
fluorescence response was investigated. As demonstrated in our
previous work, the NW density of the nanonets is precisely con-
trolled during the vacuum filtration process (Serre et al., 2014). As
shown on Fig. 2a, for a fixed ssDNA target concentration
(1 mM), the fluorescence intensity increases with NW density. Two
regimes can be distinguished. For low densities (o30�
106 NWs cm�2), the observed quadratic increase suggests that the
NW–NW junctions dominate the optical behavior. Indeed, on one
Fig. 2. (a) Fluorescence intensity as a function of SiNW density in the silicon nanonet wit
DNA concentration using nanonets with different nanowire densities when exposed to c
fluorescence signal lower than 3 a.u. is not significant (noise). (c) Detection limit as a fu
hand, the junction number is proportional to the square of the NW
density and on the other hand the cumulative effect previously
described is enhanced on the junctions. For the highest densities
(above 30�106 NWs cm�2), the fluorescence signal seems to in-
crease linearly with the NW density, suggesting that the silicon
surface is too densely covered to allow reflection so that inter-
ference phenomena no longer occur. Fig. 2b displays the fluores-
cence intensity as a function of the target DNA concentration for
various nanonet densities when exposed to complementary and
non-complementary DNA target. With the help of an un-
functionalized nanonet characterized by fluorescence microscopy,
it was possible to determine that a fluorescence signal lower than
3 a.u. corresponds to the noise and is not significant. To define the
detection limit, we determined the concentration for which the
specific signal is greater than the mean of the non-specific signal
to which we add three times the standard deviation. In such a way,
the false positive rate is 0.1%. In Fig. 2c, the detection limit is
plotted as a function of the nanonet density.

As expected, the detection limit depends on the NW density.
The lowest detection limit achieved in this study is 1 nM
for Si nanonet-based sensors obtained with a density of
118�106 NWs cm�2.

Thus, the nanonets used as DNA hybridization detectors exhibit
two main advantages favoring a highly sensitive detection of
biological species by fluorescence. The first one originates from
cumulative effects of interference phenomena. The second one is
geometrical and is based on the high surface area developed by
the NWs. Therefore, we investigated the sensitivity, the selectivity
and the reusability of the nanonet-based sensors with respect to
the SiNW density.

3.2. Si nanonet-based DNA sensor characteristics

As shown above, the NW density in the nanonet plays a key
role for the hybridization detection limit. A higher density allows
h a DNA target concentration of 1 mM. (b) Fluorescence intensity as a function of the
omplementary (full symbol) and non-complementary (open symbol) DNA target. A
nction of the SiNW density.



Fig. 3. Si nanonet-based DNA sensor characteristics for a NW density of 27�106 NWs cm�2. (a) SEM image of the silicon nanonet. (b) Sensitivity as a function of the DNA
target concentration. (c) Si nanonet-based DNA sensor selectivity. Normalized fluorescence intensity is shown for the complementary DNA sequence (Ct), the DNA with 1
(1bm) and 2 (2bm) base mismatches and the non-complementary DNA sequence (nonCt) for a ssDNA concentration of 1 mM. (d) Reusability of the DNA sensor.
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to increase the fluorescence signal leading to a slight improvement
of the detection limit (Fig. 2c), but it seems that higher NW den-
sities are also detrimental for fluorescence sensitivity when the
ssDNA target concentration is high as depicted on Fig. 2a (curve
flattening at 30�106 NWs cm�2 for 1 μM ssDNA). Moreover, the
substrate surface is totally covered by NWs when the density
reaches 90�106 NWs cm�2. Based on these experimental evi-
dences, NW densities of 27�106 NWs cm�2 and
90�106 NWs cm�2 are investigated in the following.

3.2.1. Low SiNW density nanonet-based biosensors
First, DNA sensors based on low SiNW density nanonets

(27�106 NWs cm�2) were investigated. Results in terms of sen-
sitivity, selectivity and reusability are plotted in Fig. 3. For the
sensitivity study, the DNA target concentration was varied from
1 nM to 30 mM and the mean fluorescence intensities are plotted
as a function of the ssDNA target concentration in Fig. 3b. As ex-
pected, the fluorescence signal increases with the ssDNA target
concentration demonstrating the sensitivity of the Si nanonet-
based DNA sensors. Moreover, the sensitivity is enhanced for low
DNA concentrations (below 1 mM) for which a small variation in
concentration leads to a more important variation in the intensity
of the fluorescence signal in comparison to higher DNA
concentrations.

The specificity of such sensors is also studied for a target DNA
concentration in the hybridization solution of 1 mM. For this pur-
pose, the nanonet-based sensor was incubated with different
ssDNA sequences detailed in Table 1 (Ct-, 1bm-, 2bm- and nonCt-
tDNA). The normalized fluorescence intensities recorded for each
DNA sequence are reported in Fig. 3c. The highest signal (100%) is
observed using complementary ssDNA and the lowest fluores-
cence response (2.5%) is obtained with non-complementary
ssDNA. When the ssDNA sequence differs from the probe sequence
with one or two bases an intermediate intensity is measured, 43%
and 17% respectively. Such discrimination between the different
target DNA sequences demonstrates that a low density nanonet-
based sensor is selective enough allowing the monitoring of single
base differences.
The last important characteristic of a biosensor is its potential
for reuse which is defined as the number of DNA hybridization/
DNA denaturation cycles that are possible without fluorescence
signal loss after the hybridization process. The DNA denaturation is
fully reversible when the physicochemical conditions are well
chosen. In this work, the alcaline pH (NaOH, 0.1 M, 60 min) de-
naturation procedure was tested. Fig. 3d illustrates the successive
hybridization/denaturation cycles by showing the fluorescence
intensity variations after each step. One can notice that the de-
naturation is almost complete for the first cycle with the post-
hybridization fluorescence fully recovering. However, after the
second denaturation, the hybridization leads to a weaker fluores-
cence signal (26% of initial intensity). This phenomenon is attrib-
uted to silicon oxide etching by NaOH (Sakaino et al., 2000) and
hence the loss of functionalized surface and the reduced ssDNA
probe amount at the sensor surface. As a consequence, although
well adapted for DNA denaturation, the alkaline process allows
only one sensor recycling run. Further studies are conducted to
optimize the denaturation process in relation to the sensor
integrity.

3.2.2. High SiNW density nanonet-based biosensors
In this part, DNA sensors based on high SiNW density nanonets

(90�106 NWs cm�2) are investigated. As high NW densities are
detrimental for fluorescence sensitivity when the ssDNA target
concentration is high (Fig. 2a), only the results in terms of se-
lectivity and reusability are plotted in Fig. 4. The target DNA con-
centration in the hybridization solution is 1 mM.

As depicted in Fig. 4b, it is noticeable that the selectivity of such
sensors is very poor. Indeed, a high fluorescence signal is obtained
with non-complementary ssDNA, reaching 55% of the fluorescence
intensity obtained with the complementary ssDNA target. When
the ssDNA sequences differ from the probe sequence with one or
two bases an intermediate intensity is measured, with a value of
87% and 69%, respectively. The observed fluorescence may prob-
ably arise from non-specific adsorption of target DNA at the sur-
face of the sensor based on high NW density nanonets. Indeed,
due to the high specific area (increase of 50% in comparison with



Fig. 4. Si nanonet-based DNA sensor characteristics for a NW density of 90�106 NWs cm�2. (a) SEM image of the silicon nanonet. (b) Si nanonet-based DNA sensor
selectivity. Normalized fluorescence intensity is shown for the complementary DNA sequence (Ct), the DNA with 1 (1bm) and 2 (2bm) base mismatches and the non-
complementary DNA sequence (nonCt) for a ssDNA concentration of 1 mM. (c) Reusability of the DNA sensor.
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flat surface), the opportunity for hydrogen bonds or any weak
interaction forces between the functionalized surface and the
tDNA increases drastically. As shown in Fig. 4a, when the NW
density of the nanonets is as high as 90�106 NWs cm�2, the
surface is fully covered by the NWs while only 25% is covered in
case of 27�106 NWs cm�2 (Fig. 3a). As a consequence, denser
nanonets offer a high porosity due to the interlaced NWs that
could trap the single DNA strands even after washing, leading to
non-specific fluorescence signals.

For the DNA sensor recycling, the same phenomena as for low-
density nanonets are observed as depicted in Fig. 4c. The alkaline
denaturation leads to the progressive decrease of the ssDNA
probes grafted on the nanonet by silicon oxide etching. One can
notice that the ssDNA targets trapped between the NWs are par-
tially removed through alkaline treatment.

3.2.3. Conclusion
Based on the previous results, it is noticeable that both NW

density nanonets exhibit advantages for DNA hybridization de-
tection but for different purposes. On one hand, DNA sensors with
highest NW densities allow the detection of small amounts of DNA
target, as low as 1 nM (Fig. 2b). But with high concentrations of
DNA target, the non-specific adsorption is so high (450%, Fig. 4b)
that the sensor shows poor selectivity. On the other hand, the low
NW-density nanonet-based DNA sensors are highly selective
(Fig. 3c) and sensitive over a large range of DNA concentrations
(from 5 nM to 30 mM, Fig. 3b) but the limit of detection only
reaches the nanomolar range. As a consequence, depending on the
purpose of the detection, it will be necessary to adapt the NW
density in the nanonet and by combining several densities, it is
possible to target all desired functionalities.
In the following part, we demonstrate that the Si nanonets can

be easily integrated into standard DNA chips. For this purpose,
nanonets with low density (27�106 NWs cm�2) have been
chosen.

3.3. Si nanonet-based DNA biochip

With the biochip, we want to make a proof of concept and to
confirm that a single-stranded target DNA solution hybridizes
differently on spots exposing different DNA probes immobilized
on a nanonet. For the DNA biochip fabrication, a Si nanonet with a
NW density of 27�106 NWs cm�2 was transferred onto a 19 cm2

glass slide coated with a micrometer thin film dielectric mirror.
Such elaborated biochips are composed of 14 patterns each of
them being composed of 4 spots for each of the 4 ssDNA probe
sequences (Table 1) as described on Fig. 5a, making in total 224
reaction zones on the chip surface. The fluorescence readout is
given in image files showing the array of DNA hybridization spots.
Part of this array (15%) is shown on Fig. 5b. Differences in fluor-
escence response are observed on this chip. First, the sensor se-
lectivity is good with 1 base mismatch discrimination. Second, the
fluorescence signal is reproducible from one spot to another for a
given DNA probe sequence. Further studies are under investigation
in order to develop a method for quantitative DNA determination
using the biochip. Thus, the Si nanonet-based sensors elaborated
in this work are successfully integrated into DNA chips with good
performances in terms of selectivity and reproducibility on large
scale areas.



Fig. 5. (a) Scheme used for the grafting of the four specific ssDNA probes on the chip using a robot. (b) Fluorescence readout obtained with a DNA chip based on a Si nanonet
with a NW density of 27�106 NWs cm�2 on a glass slide coated with a micrometer thin dielectric film using a DNA target concentration of 1 mM.
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4. Conclusions

In summary, we have designed DNA sensors based on silicon
nanonets that were integrated for the first time in DNA biochips.
These nanowire networks have been elaborated by the vacuum
filtration method, which is a low-cost fabrication technique com-
patible with large-scale applications. The nanonet geometry is
attractive for DNA hybridization detection. Indeed, compared with
DNA sensors with oligonucleotides directly grafted on plane sub-
strates, the elaborated Si nanonet-based sensor with its large
surface area and its ability to optimize interference phenomena
increases the ssDNA probe availability and enhances DNA hy-
bridization detection, respectively. Both of these properties
improve the sensitivity of complementary DNA detection. This
enhanced sensitivity has been demonstrated by a discrete fluor-
escence signal on Si nanonets, which is two orders of magnitude
higher and by a decreased detection limit in comparison with
plane substrates. Further, the influence of the SiNW density on the
fluorescence signal and on the DNA sensor characteristics has also
been demonstrated. The fabricated DNA sensors based on Si
nanonets show a high sensitivity to DNA hybridization with a
detection limit down to the nanomolar range. For Si nanonets with
27�106 NWs cm�2, an excellent selectivity to complementary
DNA targets has been evidenced with the capacity to discriminate
1 base mismatch in the DNA sequence. In order to increase the
reusability of the sensor, the denaturation has to be optimized.

Finally, we integrate the Si nanonet-based sensors into DNA
biochips at the macroscopic scale. In view of the improved per-
formances of these chips compared with plane substrates, we
believe that the Si nanonet-based DNA biochip could be integrated
on lab-on-chip devices. Therefore, depending on the purpose, it is
important to adapt the NW density in the nanonet.

For the future, two main points ensue from this study. First the
nanonet is an interesting geometry for hybridization detection by
fluorescence and further study should be conducted with other
NW types in order to reduce the non-specific adsorption which is
quite high with silica. Second, the Si nanonets are good candidates
for DNA grafting and the next step consists in moving towards
electrical detection of DNA hybridization (Serre et al., 2014).
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