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Abstract

First and original results are reported regarding the surface evolution of two kinds of oxide film after covalent grafting and hybrid-
ization of hairpin oligonucleotide probes. These hairpin probes were monolabelled with a 1.4 nm gold nanoparticle. One kind of oxide
film was rough Sb doped SnO, oxide film and the other kind was smooth SiO, film. Same process of covalent grafting, involving a sil-
anization step, was performed on both oxide surfaces. Atomic force microscopy (AFM) was used to study the evolution of each oxide
surface after different steps of the process: functionalization, probe grafting and hybridization. In the case of rough SnO, films, a slight
decrease of the roughness was observed after each step whereas in the case of smooth SiO; films, a maximum of roughness was obtained
after probe grafting. Step height measurements of grafted probes could be performed on SiO, leading to an apparent thickness of around
3.7 £ 1.0 nm. After hybridization, on the granular surface of SnO,, by coupling AFM with SEM FEG analyses, dispersed and well-
resolved groups of gold nanoparticles linked to DNA duplexes could be observed. Their density varied from 6.6 + 0.3 x 10'° to
2.3 4 0.3 x 10" dots cm™2. On the contrary, on smooth SiO, surface, the DNA duplexes behave like a dense carpet of globular structures

with a density of 2.9 & 0.5 x 10'! globular structures cm™>.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

DNA biochips are in high development since they have
shown tremendous promise for medical research diagnosis,
process monitoring in the food industry and environmental
testing. They rely on the specific hybridization between sin-
gle stranded DNA (ssDNA) immobilized on a surface
(DNA probes) and free complementary ssDNA (DNA tar-
get) in solution. The hybridization is strongly influenced by
the conformation, the density and the accessibility of the
probes on the solid surface. In order to improve the sensi-
tivity, the selectivity and the reliability of such devices, the
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interface solid surface/ssDNA and the interaction between
probes and targets must be characterized precisely with
high resolution techniques. Indeed, the commonly used
detection techniques such as fluorescence microscopy [1]
and *?P-radiolabeling experiments [2] allow global mea-
surements over large surface area. However, these tech-
niques cannot resolve the high lateral resolution required
to characterize DNA biochips. A technique with higher lat-
eral resolution is the atomic force microscopy (AFM)
which allows obtaining a topographic image of a solid sur-
face with a nanometric resolution. Consequently, AFM be-
come more used to characterize single molecules in air or in
solution.

However, in the field of DNA biochips, only few publi-
cations deal with AFM studies performed on DNA strands
covalently grafted on biochip surfaces. Indeed, most of the
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studies deal with long DNA molecules such as plasmid ad-
sorbed on different substrates: sapphire [3], silicon [4], mica
[5-7] or shorter double-stranded DNA (dsDNA) and linear
ssDNA either physisorbed on highly oriented pyrolitic
graphite (HOPG) [8] or chemisorbed on gold films [9]. By
contrast, AFM studies performed on short DNA strands
covalently grafted are limited. For example, such a study
has been performed on SiO, film by Rouillat et al. [10],
who investigated the organization of linear DNA strands
(25 bases) after covalent grafting and hybridization. To
the best our knowledge, no publication has been
reported about grafting and hybridization of hairpin
DNA probes.

Hairpin probes compose a stem in which both strands
are complementary and a loop. The interest of such
DNA probe conformation is that these oligonucleotide se-
quences are very sensitive to detect one or more mismatch
[11-13]. Furthermore, these hairpins can be functionalized
by different elements such as gold nanoparticle, in associa-
tion with a fluorescent dye, for detection by fluorescence
microscopy [14]. Another interest can be provided by the
use of gold nanoparticle labelled DNA: an unexpected
rearrangement of the surface-confined probe-target hy-
brids. This rearrangement significantly enhances the qual-
ity of AFM imaging [15].

Present work shows the use of hairpin oligonucleotides
modified by a 1.4 nm gold nanoparticle as probes grafted
on two kinds of thin oxide films: antimony doped tin
oxide (Sb doped SnO,) film and silicon oxide (SiO;) film.
These oxide films can undergo the same process of cova-
lent DNA probe grafting on their surface. Sb doped SnO,
films were deposited at the laboratory using aerosol pyro-
lysis technique. The films were polycrystalline and exhib-
ited a granular and rough surface [16]. As they are
electrically conductive, they can be used as DNA-modified
electrodes involved in electrochemical detection based bio-
chips. Indeed, we have demonstrated their relevant and
promising use for label-free electrical detection of DNA
hybridization by electrochemical impedance spectroscopy
[17]. In this reference, the naturally rough SnO, surface
was modified with oligonucleotide probes exhibiting linear
conformation. However, as mentioned above, a better
sensitivity to detect mismatch should be expected when
using hairpin probes. So, in the aim to better control
the SnO, surface morphology when modified with gold
nanoparticle labelled hairpin probes, we have investigated
its evolution using AFM after different modification steps:
functionalization, hairpin probe grafting and hybridiza-
tion with fluorescent complementary target. In order to
have a reference surface, thermally oxidized Si (SiO,) sur-
face was also systematically explored after each step of
the process. On the contrary of SnO, surface, SiO, exhib-
its a smooth and featureless surface which makes it
favourable to AFM study. On both materials, fluores-
cence measurements have been systematically performed
to check hybridization process. We have presented the de-
tailed results elsewhere [18].

2. Experimental
2.1. Thin film preparation

2.1.1. SiO; films

SiO, films were obtained from cleaned (111) Si wafers
by thermal oxidization performed at 1050 °C in presence
of O, and H, during 190 min. The obtained SiO, thickness
was 460 + 4 nm as measured using ellipsometry taking 1.46
as a refractive index. The SiO, film surfaces were very
smooth and flat (Fig. la and b), exhibiting a roughness
of 0.23 + 0.01 nm (Table 1).

2.1.2. Sb doped SnO, films

Electrically conductive Sb doped SnO, thin films were
deposited directly on glass substrates using the aerosol
pyrolysis technique which is described elsewhere [19]. This
is based on the pyrolysis of an aerosol obtained by ultra-
high frequency spraying of a precursor solution on a heated
substrate at atmospheric pressure.

The precursor solution was obtained by dissolving
SnCly - 5SH,O salt in pure methanol (solution 0.2 M) and
adding a 2% volume of a 0.2 M solution of SbCl; salt dis-
solved in pure methanol (Sigma—Aldrich). The substrate
temperature during deposition was kept at 420 °C. The
solution consumption was about 1.6 + 0.1 ml min~'. Un-
der these conditions, the deposition rate was about
45 nm min~'. The resulting film thickness was 90 + 10 nm
as measured using ellipsometry taking 1.95 as a refractive
index. The electrical resistivity of the films was
254+05x107° Qem. Compared to SiO, film surfaces,
SnO, (Fig. 1c and d) exhibited important roughness values,
i.e., 8.21 £2.00 nm (Table 1), which were correlated to the
high deposition rate and to the polycrystalline structure
[16]. The roughness resulted in a grain agglomeration of
110 4+ 20 nm.

2.2. Synthesis of oligonucleotides

The synthesis and the functionalization of the oligonu-
cleotides (ODN) (probes and targets) were carried out by
Biomérieux (France). ODN syntheses were achieved on
an EXPEDITE 8900 DNA synthesizer (Applied Biosys-
tems) using standard phosphoramidite chemistry at 1 umol
scale. All the sequences are presented in Table 2.

2.2.1. Synthesis of modified hairpin oligonucleotides probes

The 32-mers synthetic oligonucleotides were used as
probe precursors. They were modified with a primary
amine at their 5 end and a disulfide group at their 3’
end. Selected sequence of 5-NH,-TTTTT GCG ATG
GAT AAA CCC ACT CTA CAT CGC-SSdT-3’, allowed
the oligonucleotides to auto-hybridize on a stem of 6 bases
to form a probe with the following characteristics : a spacer
of 5 bases T, a stem of 6 base pairs and a loop of 15 bases.
Fig. 2 illustrates the native conformation of the hairpin.
The 3’ modification of the probes was introduced via the
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Fig. . AFM images (scan size 1 pm x 1 um) of SiO, and SnO, bare surfaces in different modes. Respectively, (a) SiO, in topography or height mode (Z
range 10 nm), (b) SiO; in phase mode (Z range 60°), (c) SnO, in topography mode (Z range 100 nm) and (d) SnO, in phase mode (Z range 90°).

Table 1
Roughness values (r.m.s.) of Sb doped SnO, and SiO, film surfaces
obtained after each step of the process (scan size 1 pm x 1 pm)

Sb doped Si0,/Si
SnO,/glass
Bare surface (nm) 821 £2.00 0.23+0.01
Functionalized surface 6.52+£2.00 0.28£0.01
(APTES + glutaraldehyde) (nm)
Grafting of hairpin monofunctionalized by a  6.21 £2.00 0.66 4 0.01

gold nanoparticle (Probe A) (nm)

Hairpin (probe A) hybridization (nm) 593+£2.00 0.47+0.01

3’ end disulfide group, which, after reduction was further
mono-functionalized either by a maleimide-gold nanoparti-
cle (probe A, Table 2) or by a maleimide-modified fluores-
cein, FAM (probe B, Table 2). FAM (6 FAM, succinimidyl
ester of carboxyfluorescein) and gold nanoparticles (1.4 nm

diameter nanogold® monomaleimide) were purchased
from Molecular Probes. Because FAM and gold nanopar-
ticle presented the same reactive monomaleimide group,
the development of the mono-functionalization process of
the probe was primarily investigated with FAM and then
nanogold®.

The HPLC purified 5-NH,-ODN-SSdT-3’, was dis-
solved in a phosphate buffer 34 uM at pH 6.6. Then
1.5 ul of TCEP (tricarboxyl ethyl phosphine) 1 M was
added to the solution of ODN to cleave the disulfide group.
The solution was stirred and placed overnight at 4 °C.
Then, the solution was precipitated by centrifugation two
times with 18 ul of LiClO4 3 M, 230 pl of de-ionized water
and 900 pl of acetone. Dry residue after solubilization in
water was twice quantified by UV spectrometry. Measure-
ments were taken on a 96 well Spectramax 190 (Molecular
Devices) spectrophotometer at 260 nm. The cleavage of the

Table 2

Labels of the different oligonucleotides used in experiments

Name of sequences Sequence 5’ end to 3’ end 5" end 3’ end
Probe A TTTTT GCG ATG GAT AAA CCC ACT CTA CAT CGC NH, C6 Nanogold®
Probe B TTTTT GCG ATG GAT AAA CCC ACT CTA CAT CGC NH, C6 Fluorescein
Target A CAGCG ATG TAG AGT GGG TTT ATC CACA Cy3
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Fig. 2. Structure of the DNA hairpin probe obtained with the software
mfold and calculated apparent lengths.

disulfide group was monitored by Reverse phase HPLC
analyses on a Waters Alliance 2795 system using a XTER-
RA C18 MS 2.5 um column 4.6 x 50 mm (Waters), with an
acetonitrile gradient from 4.5% to 8.5% in triethylamonium
acetate buffer (50 mM), for 30 min at 60°C and at
1 ml min~'. A part of this crude product was subjected to
mass analysis. Mass spectra for oligonucleotides were per-
formed on a MALDI-TOF system from Bruker using 3-hy-
droxy picolinic acid as matrix for oligonucleotides.

The same functionalization procedure was used for
FAM and nanogold® maleimide: 6 nmol of the maleimide
compound was dissolved in 20 ul of isopropanol and 180 pl
of de-ionized water. This solution was mixed with 5'NH,-
ODN-3'SH for overnight coupling reaction at 4 °C. HPLC
monitoring demonstrated the efficiency of the conjugation
between the —SH moiety and the maleimide (95% in the
case of FAM and 90% in the case of nanogold). Crude
reactions were submitted to microspin purification (Amer-
sham) in order to remove the non conjugated molecules. It
is worth to note that this step is very efficient to remove the
excess nanogold®. After UV quantification, products were
used with no further purification for grafting experiments.

2.2.2. Synthesis of target

One sequence of ODN was synthesised: target A (Table 2).
The ODN target sequence was complementary of the hair-
pin probe and labelled by a Cy3 fluorescent dye, at its 5’
end in order to control the hybridization by fluorescence
microscopy.

2.3. Functionalization, probe grafting and hybridization

For both SiO, and SnO, oxide films, the respective pro-
cesses of Dbio-modification including functionalization,

probes grafting and hybridization were strictly the same.
First, the surface of the oxide films was hydroxylated in a
Piranha solution ( H>O», 2 H,SO,) during 15 min to create
OH groups at the surface and eliminate organic contamina-
tion. These OH groups allowed covalent bonding of a func-
tional organosilane.

The silanization was accomplished by liquid phase
deposition of a solution of silane in an organic solvent.
Samples were placed for 12 h in a solution 0.5 M of 3-ami-
nopropyl-tri-ethoxy-silane (APTES, ABCR) in 95% etha-
nol under shaking. After two successive rinses with
ethanol (Riedel den Haen) and de-ionised water to remove
unbound silane, samples were dried and heated for 3 h at
110 °C.

To facilitate strong covalent binding between the NH,
termination of APTES and the 5'NH, termination of the
oligonucleotide, a cross linker (10% glutaraldehyde solu-
tion in H,O, glutaraldehyde 50% purchased from Sigma-
Aldrich) was applied for 90 min at room temperature.
Then, the samples were rinsed with de-ionised water.

The hairpin probes were diluted in a sodium phosphate
solution 0.3 M/H,O to a concentration of 10 pM. The 10 ul
of this solution was manually deposited on the surface of
each sample. The samples were incubated overnight at
room temperature. The probes were then reduced and sta-
bilized using a NaBH4 solution 0.1 M (Fluka). Then a
stringent washing with an anionic detergent (0.2% sodium
dodecyl sulfate) was performed to eliminate not correctly
bound probes to the surface.

Hybridization was performed using a target A (Table 1).
The DNA target solution was diluted in a hybridization
buffer solution (NaCl: 0.5 M, phosphate buffer solution:
0.1 M, ethylediaminetetraacetic acid or EDTA: 0.01 M at
pH 5.5) to a concentrate of 1 pM. Droplets of this solution
were spread (V=10 ul) on the sample surface, covered
with a hybrislip®, and then placed into a hybridization
chamber at 42 °C for 45 min. After that, samples were
rinsed with SSC (saline sodium buffer concentrate, Fluka)
2 X solution, SSC 0.2 X solution and dried.

2.4. Characterization techniques

The surface topography and the roughness (in root
mean-square, r.m.s.) of the thin films were explored using
a Dimension 3100 Atomic Force Microscopy, AFM (Veeco
Inc, Santa Barbara, CA). Measurements were performed in
air in tapping mode with tip ATEC NC 10 from Nanosen-
sors. These Si tips have a curvature tip less than 10 nm, a
thickness of 4.6 pm, a length of 160 pm, a width of
45 um, a resonance frequency between 210 and 490 kHz
(nominal value: 335) and a force constant between 12
and 110 N/m (nominal value: 45). Images were collected
with a resolution of 512 points per line at a scan rate of
1 Hz. Most of them were processed by flattening in order
to remove the background slope, except for the image of
Fig. 3a. In this case a planefit was performed to measure
step height. Contrast and brightness were adjusted.
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Fig. 3. (a) AFM image of near-edge of grafted fluorescein monolabelled hairpin probes, scan size 2 pum x 2 um, obtained on SiO; film (Z range 20 nm). A,
B, C profiles gave steps heights respectively of 3.8, 4.9 and 4.2 nm. (b) Fluorescence image of the same near-edge of grafted hairpin probes.

A scanning electron microscope equipped with a field
emission gun (SEM-FEG) ZEISS Ultra was used to supple-
ment AFM observations on SnO, films. This SEM-FEG,
equipped with a detector in lens, collects back scattered
electrons (BSE) which allow obtaining chemical contrast
images. The higher is the atomic number of a considered
element, the more important is the number of back
scattered electrons, the brighter appears this element and
enhanced is the contrast on the image. This technique

has been used essentially as to visualize gold nano-
particles.

3. Results and discussion
3.1. Control of hairpin probe grafting

AFM was used to measure the surface roughness for
both oxide films — SiO, and Sb doped SnO, — at each main
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step of the process: before (Fig. 1a and b) and after func-
tionalization (silane + glutaraldehyde), then after grafting
of the probes (Table 1).

For SiO, films, roughness slightly increased from
0.23 £0.01 nm before functionalization (Fig. la) to
0.28 £0.01 nm after functionalization This process in-
duced a smooth and homogeneous layer.

The nanogold® probe (probe A) grafting induced circu-
lar structures which roughened the surface as the roughness
(r.m.s.) increased to 0.66 + 0.01 nm. By comparison, this
value was slightly superior to 0.55 nm obtained by Rouillat
et al. [10]. In this paper, the authors observed a granular
structure with oblong shape after covalent grafting of lin-
ear 25 base ssDNA on a SiO, film. Regarding the average
height, we obtained 1.2 4+ 0.2 nm which is slightly inferior
to 1.5-2 nm of Rouillat et al. [10]. These weak differences
can be explained by the different Nanogold® hairpin probe
conformation. From statistical counts, the density of struc-
tures could be estimated to 2.6 x 10'! structures cm 2 (with
lateral dimensions 20-24 nm) and was also comparable to
the one obtained by Rouillat et al.

On the other hand, for rough doped SnO; films, rough-
ness slightly decreased from 8.21 + 2 nm before functional-
ization to 6.52 + 2 nm after functionalization. It seemed
that this step induced a smoothing of the surface reducing
the gap between the holes and the tops. Then nanogold®
probe grafting did not induced significant roughness differ-
ence (Table 1).

From AFM study of a near-edge of grafting area, we
have attempted to measure the height or apparent thick-
ness of grafted hairpins on oxide surface. Such experiments
could only be performed on the flat SiO, film surface
(Fig. 3a) modified with fluorescein functionalised probes
(probe B, Table 2). The use of fluorescein was justified in
order to check the grafting efficiency by fluorescence
microscopy (Fig. 3b). From Fig. 3a, several information
could be drawn. On the left side of the figure, the SiO, film
covered by the functionalization layers (APTES and glutar-
aldehyde) could be easily identified due to weak roughness
and homogeneous aspect. In contrast, the upper area with
higher roughness located on the right side corresponded to
grafted probes. This area revealed two different parts: a
thin layer of covalently bound hairpin probes covered by
an inhomogeneous thicker layer located mainly in the top
right of the image. The origin of this thicker layer was
not clearly explained. It could be due to some adsorbed
hairpin probes on top of the thin layer. A less probable
explanation could be provided by some residual salts. A re-
sponse could be given by collecting these images in liquid
under buffer conditions. This observation emphasized the
importance of the rinsing procedure after hairpin probe
grafting. Despite, we measured the thickness of the layer
of interest, i.e., covalently bound probes. Thickness values
were ranging from 0.7 nm to 4.9 nm (examples are shown
in Fig 3a, profiles A, B and C), the average height being
3.7 £+ 1.0 nm. To confirm that the step height corresponded
to DNA material, a counter experience was performed. A

drop containing only the grafting buffer (sodium phosphate
solution) without DNA probe was deposited. The AFM
scans performed all along the drop edge showed no height
difference between external and internal areas of the drop.
Only some residual salts contributed to roughen locally the
surface.

A theoretical value of the whole height of the hairpin
probe could be calculated. As shown in Fig. 2, the stem
was constituted of 6 hybridized base pairs which can take
the structure of a double helix of DNA. According to
Tinland et al. [20], the base-base length is 0.43nm in a
ssDNA and 0.34 nm in a dsDNA. Consequently, the stem
is about 2.04 nm length. The length of the spacer T-T-T-T-
T is about 2.15 nm. Regarding the loop, if we consider the
15 bases as a linear single strand DNA, the loop length is
about 6.45 nm which can be considered as its perimeter.
The theoretical diameter D of the loop and so its apparent
height in the hairpin, is about 2.05 nm. On the whole, the
total apparent height of the hairpin is about 6.24 nm. By
comparison, this value could be attributed to the length
of a linear ssDNA of 14 or 15 bases.

This calculated value was approximately twice than the
experimental one measured by AFM (Fig. 3a). This could
be explained by the fact that the measurements were per-
formed in air and not in liquid. As a consequence, these
hairpins could be tilted towards the surface with a tilt angle
ranging from 38° to 59° as deduced from experimental
height. Equally, the low experimental height value could
also be explained by the interaction between the tip and
the DNA molecules at the surface of the thin films. This
interaction could induce some flattening of the DNA mol-
ecules. As a result, lower heights than expected were often
measured [6,21].

As mentioned before, few publications have reported
AFM studies of single strand DNA grafted on a substrate.
Guiducci et al. [9] have studied chemisorbed linear ssDNA
(30 bases) on a gold surface via gold-sulfur bonds. The
authors used the technique named ‘“‘nanoshaving”, i.e.,
an AFM probe can be used to scrape off the oligonucleo-
tide layer by applying a force higher than the oligonucleo-
tides adhesion on the surface. Using this technique, they
found that ssDNA were not laid on the surface but they
were stood up or tilted. They found an apparent thickness
of ssDNA layer of 2 nm. Using a similar process to immo-
bilize ssDNA (15 bases) on a gold surface, Legay et al. [22]
have measured a height of 3.5 nm. This value could be
compared to our experimental value as our hairpin height
is similar to the one of a linear ssDNA of 14 or 15 bases.
As for us, the experimental value is twice smaller than
the calculated value according to Tinland et al. [20]. This
shows the difficulty to measure a real value of the height
of a ssDNA grafted on a solid substrate.

3.2. Study of DNA hybridization

During the hybridization, the hairpin probes unfolded
and hybridized with the complementary Cy3 labelled
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ssDNA target A (Table 2). Hybridization on both oxide
films was confirmed by fluorescence microscopy as shown
in a recently published paper [18] where specific phenom-
ena of Cy3 quenching by the close gold nanoparticle are
detailed. For both kinds of oxide films, we have studied
the surface morphology obtained after hybridization of
each kind of hairpin probe, especially in the case of nano-
gold® labelled probe (probe A). Results are reported in
Table 1.

3.2.1. DNA hybridization on SiO, films

Whatever the hairpin probe, the roughness (r.m.s.) de-
creased after hybridization. In the case of nanogold® la-
belled probes (probe A), an homogeneous field of
globular structures was observed on the surface (Fig. 4a).
The roughness was found to be 0.47 + 0.01 nm. The glob-
ular structures (Fig. 4a) exhibited nanometric dimensions
of typically 1.3 + 0.2 nm height and 20.8 + 2.0 nm mean
width. Compared with the calculated height of 12.3 nm
(according to Tinland et al. [20]) for the duplex molecule
without the contribution of the nanogold®, the measured
height was very small. This could be explained by a high
DNA duplex density on the surface of the SiO, film. The
DNA duplexes behaved as a homogeneous “‘carpet” with
molecules very close to each other. As the tip curvature is
around 10 nm and the resolution is in the same order,
one molecule (2 nm diameter) could not be individualised
by the tip. The tip only scanned the top of the duplexes
without crossing the whole thickness of the DNA carpet.
A statistical count could be performed and provided a den-
sity of 2.9+ 0.5x 10" globular structures cm 2. It was
impossible to know how many DNA duplexes were in-
cluded in one globular structure.

The results were confirmed from the corresponding
phase image (Fig. 4b). Indeed, a significant advantage of
tapping mode AFM compared with contact mode AFM,
is the ability of using the changes in phase angle of the
AFM cantilever probe for producing a second image: the
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phase image. The phase image is recorded simultaneously
with the topographic image of the surface, and represents
the difference between the oscillation of the cantilever
and its true response at surface contact. The reference
phase is considered the free oscillation phase of the AFM
cantilever, far away from the surface. During the scanning
of the sample, changes in phase contrast depend not only
on topography changes, but also on the adhesion, elasticity
and viscoelastic properties of the surface. The modifica-
tions in the phase angle are correlated with different damp-
ing produced by different areas of the sample. Frequently,
the phase images show an improved contrast compared
with the corresponding DNA topographical image. As
the gold nanoparticles presented mechanical and morpho-
logical properties different from those of DNA or thin film,
we could expect a contrast image showing the presence of
gold nanoparticles in the case of the hybridization per-
formed with the nanogold® labelled probes. Fig. 4b
showed a homogeneous field of globular structures as on
Fig. 4a with the same characteristics of height and width.

3.2.2. DNA hybridization on SnO; films

The large grain structure observed on the bare SnO, sur-
face (Fig. 1b) was remained at each step of the process.
Whatever the kind of grafted probe, the hybridization in-
duced a slight decrease of the roughness. In the case of
nanogold® labelled probes (probe A), no globular structure
was observed (Fig. 5a) as on SiO, films (Fig. 4a). Interest-
ingly, the phase image (Fig. 5b) showed the presence of dis-
tinct nanodots dispersed on the SnO, surface.

These nanodots could be individualised and could be
better distinguished by the AFM tip as they were dispersed
on a granular surface, contrary to the smooth SiO, surface
with a homogeneous “carpet” of DNA. Dimensions of
these nanodots could be measured in terms of width but
their width was more dispersed compared to the width of
globular structures on SiO,. Indeed, the smallest nanodots
were 8.0 nm width whereas the biggest could measure

Fig. 4. AFM images (scan size 1 pm x 1 pm) obtained on SiO, film after hybridization of covalently grafted nanogold® labelled probes: (a) topography

mode or height image (Z range 10 nm) and (b) phase image (Z range 60°).
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a. b.

Fig. 5. AFM images (scan size 1 um x 1 um) obtained on SnO, film after hybridization of covalently grafted nanogold® labelled probes: (a) topography

mode or height image (Z range 100 nm) and (b) phase image (Z range 90°).

Fig. 6. SEM-FEG images obtained with (a) secondary electrons and (b) with back scattered electron (BSE) after hybridization of nanogold® labelled
probes covalently grafted on SnO, film. The brightest islands were gold nanoparticles.

60.0 nm width. The most of the nanodots measured be-
tween 16.0 and 20.0 nm width. The measured width was
higher than the expected value of around 2 nm, as already
observed for SiO,. It seemed that the DNA duplexes with
their nanogold® tend to group together themselves. A sta-
tistical count on several samples provided a density ranging
from 6.6 +0.5x 10'° (Fig. 5b) to 2.9 + 0.5 x 10'! nanod-
ots cm 2. These results showed the inhomogeneous loca-
tion of the hairpin probes and consequently of the
duplexes on a rough surface compared to a flat surface as
Si0,.

To confirm that these nanodots corresponded to DNA
duplexes with gold nanoparticles, SEM-FEG analyses were
performed. On the secondary electron image (Fig. 6a), the
large grain structure of SnO, surface was easily observed
with small white dots of different sizes. To check that these
dots could be attributed to groups of nanogold® particles,
a chemical contrast image with back scattered electrons
was performed (Fig. 6b). Small and bright structures were
obtained which perfectly corresponded to the white dots in

Fig. 6a. These structures, characterized by an atomic num-
ber superior to the one of SnO,, were attributed to groups
of gold nanoparticules. It is to be noted that the resolution
limit of the apparatus when using BSE mode is poorer. For
this reason, dots were less resolved than in secondary elec-
tron mode so the smallest dots could not be observed. This
confirmed that groups including several DNA duplexes
were “dispersed” on the rough SnO, surface and did not
behave like a dense carpet as on the smooth SiO, surface.
One advantage for an AFM exploration of a rough and
developed surface like the SnO, surface was the given pos-
sibility to better individualise the groups of DNA duplexes.

4. Conclusions

Hairpin oligonucleotide probes monofunctionalized
either by a 1.4 nm gold nanoparticle or a fluorescein dye
were grafted on two different oxide film surfaces: SiO,
and Sb doped SnO». Each step of the modification process
was studied by AFM.
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In the case of rough SnO, films, a slight decrease of the
roughness was observed after each step of the modification
process. In the case of smooth SiO» films, a roughness evo-
lution has been evidenced with a maximum of roughness
obtained after the grafting of hairpin probes. From step
height measurements performed on SiO,, an apparent
thickness of grafted hairpin probes could be estimated to
3.7 + 1.0 nm. After hybridization of hairpins, the coupling
of AFM in phase mode with SEM-FEG analyses allowed
to show well-resolved groups of several gold nanoparti-
cle-DNA duplexes which are dispersed on the rough
SnO, film whereas the DNA duplexes behave like a dense
carpet of globular structures on the smooth SiO, film.
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