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ABSTRACT The surface conformation and accessibility of oligonucleotides within arrays are two key parameters that affect the utility
of immobilized nucleic acids in sensor technologies. In this work, a novel combination of analytical techniques was used to compare
two methods for DNA immobilization on glass. The aim of the study was to identify a method that generated a high surface density
of hybridization-accessible oligonucleotides in a true planar monolayer. The first method based on direct coupling of silanized DNA
to the glass surface showed a high immobilization density of 0.013 molecules/nm2 but low surface accessibility, as shown by the
hybridization measurements (e15%). The second method, based on the biotin-streptavidin interaction, generated a high immobiliza-
tion density (0.02 molecules/nm2) and high surface accessibility (90%). Atomic force microscopy and X-ray photoelectron spectroscopy
indicated that both methods achieved uniform surfaces. Using the biotin-streptavidin system, the intermolecular distance between
the hybridized molecules could be tightly controlled by titrating biotinylated complementary and noncomplementary oligonucleotides.

KEYWORDS: biochips • DNA immobilization • DNA hybridization • surface accessibility • intermolecular distance control •
fluorescence imaging

INTRODUCTION

Reproducible methods for DNA immobilization are
central to a range of important technological ap-
plications. These techniques include, but are not

limited to, analyses of gene expression using microarrays
(1, 2), chromatin structure using immunoprecipitation (ChIP)
(3), and DNA copy number determination (4, 5). These
applications have encouraged detailed studies of surface
modification methods [reviewed by Zhao (2008) and Xu
(2007) (6, 7)]. Techniques for DNA immobilization are highly
dependent on the nature of the substrates, which include
gold, silicon, or glass. Gold is frequently used to immobilize
thiol-modified oligonucleotides (8-12) based on the strong
interaction between the sulfur group and the gold surface,
leading to a high density of immobilized DNA (0.11 mol-
ecules/cm2 (13)). However, glass surfaces are preferable in
a range of applications because of their transparency, low
fluorescence background, and physical rigidity. Glass is also
amenable to various chemical modifications based on si-
lanization chemistry. Silane analogues are used to create a

monolayer surface with chemical reactivity that covalently
couples to modified oligonucleotides. For example, mercap-
tosilanes can be used to couple thiol-modified oligonucle-
otides (14, 15), while epoxysilane- and carboxysilane-
activated glass surfaces can be used to immobilize amino-
modified oligonucleotides (16, 17). Last, aminosilane-treated
surfaces can be directly coupled to aldehyde-modified oli-
gonucleotides or can be indirectly coupled via spacer mol-
ecules such as p-phenylene-1,4-diisothiocyanate, which con-
verts the support’s primary amines to amino-reactive
phenylisothiocyanate groups (18, 19). Direct immobilization
can also be carried out by using directly silanized DNA (20).

The key features of DNA-modified surfaces are DNA
density and hybridization accessibility. Most published im-
mobilization methods achieve a good surface density, but
surface conformation and surface accessibility are less
frequently characterized. In many cases, high surface densi-
ties are intentionally generated by accessing the “z dimen-
sion”. For example, branched surface-projecting dendrimers
allow very high “surface” densities when projected as a
hypothetical two-dimensional surface representation (21, 22).
In other cases, the z dimension may be inadvertently ac-
cessed through the formation of sol gels during glass modi-
fication. While high surface densities are reported for these
surfaces, many of the sites are inaccessible for hybridization.

Several methods have been enormously used to chara-
cterize DNA interfacial immobilization. These methods in-
clude optical spectroscopy methods like surface plasmon
resonance (23), ellipsometry (24), X-ray photoelectron spec-
troscopy (XPS) (25), and fluorescence microscopy (26); these
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methods can quantify the surface density but do not give
enough information about conformation. Other methods like
atomic force microscopy (AFM) can reveal the surface
structure with high resolution (27). In most studies, a subset
of these techniques are used to characterize DNA surfaces.

In the current study, we aimed to identify a method that
generated planar DNA-modified surfaces with a high density
of hybridization-accessible oligonucleotides. To reveal as
much information as possible, an orthogonal mix of tech-
niques including AFM, XPS, radioactive measurements,
fluorescence imaging, and fluorescence spectroscopy were
used to assess the surface density, structure, and accessibil-
ity. Two commonly used methods for immobilization of
DNA oligonucleotides were compared. The first method
involved the coupling of silanized DNA directly to the glass
surface; this method showed a high surface density but
resulted in poor surface accessibility. The second method
involved the coupling of biotinylated DNA through a biotin-
streptavidin-modified surface; this method generated an
optimal surface structure with both a high surface density
and hybridization accessibility. Importantly, this surface
approximated a planar monolayer surface that was not
multilayered or rough at the nanoscale.

EXPERIMENTAL METHODS
Preparation Procedures. Glass coverslips from Fisher Scien-

tific were cleaned by sonication in Milli-Q water for 20 min
followed by sonication in ethanol for 20 min, dried with
nitrogen, and kept under nitrogen until use. Areas to be modi-
fied were defined by overlaying of the slides with a silicon gasket
(Stratech Scientific, Newmarket Suffolk, U.K.) containing 50
wells of 3 mm diameter and 1 mm depth.

Silanized DNA Method. Silanized DNA was obtained by
mixing 50 µM thiol-modified DNA (Thio-Target; Table 1) and
250 µM (3-mercaptopropyl)trimethoxysilane from Sigma-UK (in
a ratio of 1:5) for 10 min at room temperature according to the
protocol described in ref 20. The mixture was applied to the
surface for 15 min. Unbound material was removed by washing
with 30 mM sodium acetate (pH 4.3) for 2 min and by dipping
in boiling water for 30 s. Coverslips were dried with nitrogen
for storage if necessary.

Biotin-Streptavidin System. The glass surface was amino-
modified by incubation in 2.4 mM (aminopropyl)triethoxysilane
(APTES), from Sigma-UK, for 1 h at room temperature; the
APTES solution was prepared using toluene as the solvent. The
incubation was followed by three washes in toluene and one in
Milli-Q water. The amino groups were coupled to biotin by
incubation in 1.4 mM NHS-biotin (Sigma-UK) for 1 h at room
temperature; the NHS-biotin was prepared using dimethyl
sulfoxide (DMSO) as the solvent. This was followed by three

washes in DMSO and one in Milli-Q water to remove any DMSO
traces. Binding of streptavidin (from Roche Diagnostics) was
carried out by incubation in 1 µM streptavidin for 30 min
followed by washing with phosphate-buffered saline (PBS),
containing 0.0027 M KCl and 0.137 M NaCl. Biotinylated DNA
oligonucleotides (Table 1; at 50 nM unless otherwise stated)
were applied to the surface for 30 min before washing with PBS.
All of the DNA sequences were purchased from Biomers.net
(Ulm, Germany).

Hybridization. Oligonucleotides labeled with γ32P ATP (Per-
kin-Elmer) for radioactive measurements or with the Atto 488
fluorophore for the fluorescence imaging were hybridized to
complementary oligonucleotide-coupled surfaces at a final
concentration of 500 nM for times as described in the text. The
sequences of the oligonucleotides used are shown in Table 1.
Following hybridization unbound material was washed away
with three washes in PBS.

Surface Characterization. AFM. Samples were imaged by
AFM using a Veeco multimode atomic force microscope in air
at room temperature. Phosphorus n- doped silicon tips were
used for scanning in the tapping mode to avoid physical
damage to the surface. AFM images were recorded for, at least,
three different surface positions to check the surface uniformity.
The images were analyzed using WSxM software (28), and the
root-mean-square (rms) roughness was calculated for all of the
images. Surface rms roughness is defined as the standard
deviation of the heights in nanometers in the XYZ three-
dimensional AFM map.

XPS. XPS analysis was performed with a Kratos Axis Ultra-
DLD XPS system with a monochromated Al KR source. XPS data
were analyzed using Casa XPS software, where the surface
density of the elements was quantified by calculating the area
of the peak at the element’s binding energy (29).

Radioactive Measurements. Trace levels (400 nM) of oligo-
nucleotides were labeled with γ32P ATP (Perkin-Elmer) by
incubation with polynucleotide kinase according to the standard
KinaseMax (Ambion) protocol. Labeled oligonucleotides were
purified from unincorporated ATP using a Sephadex TM G-50
column and mixed with unlabeled oligonucleotides at an 80 µM
final concentration in the surface modification studies and at a
final concentration of 1 µM for hybridizing oligonucleotides (see
the text for details). Quantification of the radioactive signal was
measured in an LS 6500 multipurpose scintillation counter.

Fluorescence Measurements. Fluorescently labeled surfaces
were imaged with an inverted microscope (Olympus IX71)
equipped with a 10× objective (0.3 NA). A 490 nm filter (from
Chroma) was used to define the wavelengths for fluorescence
excitation, and a 520 nm filter was used in the emission path.
The images were collected using a Hamamatsu high-resolution
digital camera (ORCAAG) and analyzed by Image-j software. All
images were collected for an area of 258 µm × 322.5 µm.
Surfaces were also characterized with a time-correlated single
photon counting (TCSPC) set up with optical excitation in the
total internal reflection (TIR) mode, having a 90 nm evanescent
field decay length, as 1/e of the maximum field intensity. TIR
fluorescence was used to measure the surface hybridization in
real time. TCSPC was performed using a laser source providing
∼50 ps pulses at a 20 MHz repetition rate at 473 nm wavelength
(Becker & Hickl GmbH) and photon counting electronics (SPC-
150, Becker & Hickl GmbH) connected to a cooled photomul-
tiplier (Hamamatsu H7422P-40). The time resolution of the
system was ∼250 ps. A 1.42 NA objective (from Olympus) was
used to excite at TIR and collect the fluorescence signal. A mirror
in a Gimbal mount allowed adjustment of the light incident
angle without changing the position of the spot onto the sample.
The fluorescence signal was collected over a typical integration
time of 30 s. This setup was designed to measure the lifetime
of fluorescently labeled oligonucleotides; however, in this work,
it was only used to collect the fluorescence surface signal.

Table 1. DNA Sequences
name sequence

5′3′
Thio-Target thiol···GCTCAGCACCAGGTGACTGGGTGACTTCAG···Atto488

Radio-Target thiol···GCTCAGCACCAGGTGACTGGGTGACTTCAG

Thio-Probe thiol···GCTCAGCACCAGGTGACTGGGTGACTTCAG

Biotin-Target biotin···GCTCAGCACCAGGTGACTGGGTGACTTCAG···Atto488

Probe1 biotin···GCTCAGCACCAGGTGACTGGGTGACTTCAG

Probe2 biotin···CGAGTCACCTGTCACGGTGCCCAGTAAGTC

Target Atto488···CTGAAGTCACCCAGTCACCTGGTGCTGAGC

Control Oligo Atto488···GCTCAGCACCAGGTGACTGGGTGACTTCAG
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Measurements were performed in a rectangular flow cell built
of a quartz glass slide and a poly(dimethylsiloxane) gasket with
the dimensions of 15.94 mm length, 4.88 mm width, and 300
µm depth and with an inlet and an outlet at each end.

Calculation of the Surface Density and Intermolecular
Distance. For radioactive measurements, the number of surface-
bound molecules was calculated by comparing the sample
coverslips with a standard curve of labeled oligonucleotides that
had been dried onto coverslips. For fluorescence imaging,
samples were uniformly illuminated and imaged using an
epifluorescent microscope. Bulk solutions of fluorophore-labeled
oligonucleotides of known concentration were used to produce
a series of projected surface “densities” as references. Incuba-
tion of fluorophore-modified surfaces with PBS did not signifi-
cantly alter the fluorescent signal (data not shown). From the
ratio between the fluorescence intensity of the surface and the
intensity of the reference bulk solution, the surface density was
deduced and accordingly the mean distance between the DNA
molecules calculated according as

where I1 is the intensity (or number of counts) of the reference,
I2 is the intensity (or number of counts) of the surface, N1 is the
number of molecules of the reference, and N2 is the number of
molecules of the surface. The surface density (F) is defined as
the ratio between the number of molecules on the surface and
the modified area (A):

The average intermolecular distance (d) was calculated as

RESULTS AND DISCUSSION
Two methods of immobilizing oligonucleotides to glass

were investigated: direct coupling of silanized DNA and
indirect coupling through the biotin-streptavidin interac-
tion. XPS, AFM, and radioactivity measurements and fluo-
rescence imaging were used to characterize the resulting
surfaces.

Immobilization of Silanized DNA. Direct coupling
of silanized DNA to a surface has previously been shown to
generate high surface DNA densities (20); oligonucleotides
with thiol end groups are coupled in solution to mercaptosi-
lane. The silanized DNA then binds selectively to the glass
surface (Scheme 1a). AFM images of the unmodified glass
surface are compared in Figure 1 with those from surfaces
treated with the silanized DNA and mercaptosilane alone.
Both modified surfaces showed an increase in roughness
from an rms of 1.5 nm on the untreated glass to 5 nm on
the treated surfaces. It is likely that the increased roughness
was due to the development of multilayer islands of silane.
Silanized surfaces are known to be prone to polymerization,
and it is likely that this is responsible for the increased
roughness observed here. However, silanization results in
only a negligible attenuation of the K 2p photoemission peak
at 292.5 eV binding energy (Figure 1d). Because the latter
arises from a potassium component in the underlying glass

substrate and the mean-free path of electrons at this kinetic
energy is approximately 3 nm, we can infer that polymer
growth does not significantly exceed this depth.

The XPS data also show the surface presence of the
silanized DNA with a strong peak in the N 1s region (Figure
1e) and an increase in the intensity of the C 1s peak at 288
eV characteristic of carbons associated with electron-
withdrawing groups such as nitrogen and oxygen. Quanti-
fication of the XPS data is hindered, however, by the
roughness of the surface, which can lead to errors in surface
concentration estimates. Radioactive measurements of thiol-
modified, labeled DNA (Radio-Target; Table 1) indicated a
nominal surface density in the range of 0.03-0.04 DNA
molecules/nm2, i.e., an intermolecular distance in the range
of 5-6 nm. The surface density for thiol-modified, fluores-
cent, silanized oligonucleotides was quantified by fluores-
cence imaging, as shown in Figure 1f. In this case, the
calculated surface density was in the range of 0.01-0.04
molecules/nm2, which corresponds to an average intermo-
lecular distance of 5-10 nm. The different methods were
used several times for different samples to confirm the
reproducibility of the surface immobilization; overall, the

I1/I2 ) N1/N2 (1)

F ) N/A (2)

d ) (1/F)1/2 (3)

Scheme 1. (A) Immobilization of Silanized DNA
Prepared by Mixing (3-Mercaptopropyl)trimeth-
oxysilane with Thiol-Modified DNA Labeled with
Atto488, (B) Immobilization by the
Biotin-Streptavidin Interaction; Glass Modified with
APTES Followed by NHS-Biotin, before Binding of
Streptavidin, Biotinylated Probe, and Hybridization
of the Labeled Target, and (C) Control of the
Intermolecular Distance by Varying the Ratios
between Two Different Probes Immobilized on the
Surface
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surface densities as calculated by radioactive and fluores-
cence imaging were felt to be comparable based on the
uncertainties in the absolute quantification associated with
each technique. The surface accessibility was examined by
DNA hybridization. Fluorescent-labeled oligonucleotides were
hybridized to surfaces modified with unlabeled, comple-
mentary sequences. Figure 1g shows a fluorescent image
after hybridization. The maximum surface density achieved
was in the range of 0.002-0.006 molecules/nm2, suggesting
a hybridization efficiency of up to 15% relative to the
primary coupled “anchor” oligonucleotides. Similar hybrid-
ization densities (0.003 molecules/nm2) were obtained using
radioactive measurements. Previous studies have suggested
that steric interference with the silanized surface may
interfere with hybridization and showed that additional
“spacer” bases at the 5′ end of the oligonucleotide could raise
the hybridization efficiency (30). On the basis of this hy-
pothesis, we tried to hybridize a 15-mer complementary
oligonucleotide to the last 15-mer of the silanized DNA.
However, this did not improve the hybridization efficiency
where it did not exceed the previously achieved value (15%).
We also investigated hybridization times ranging from 30
min to 6 h; however, there was no significant increase in

the surface hybridization efficiency (data not shown). We
therefore concluded that, using silanized DNA, it was pos-
sible to prepare glass surfaces with a high density of im-
mobilized DNA molecules but that the DNA was largely
inaccessible for hybridization. We speculate that the low
hybridization efficiency may be due to DNA physisorption
of hybridization-accessible bases to the glass surface follow-
ing covalent coupling of the 5′ base.

Immobilization of DNA by the Biotin-Streptavidin
System. The second method used to immobilize the DNA
to the glass surface involved the use of a streptavidin protein
tetramer as a “sandwich” to link a biotinylated glass surface
to biotinylated oligonucleotides (Scheme 1b). In this in-
stance, the glass surface was first amino-modified using
APTES prior to modification with NHS-biotin. The surface
was then coated with streptavidin prior to the addition of
biotinylated “anchor” oligonucleotides. Using streptavidin
has potential advantages; it has at least two free binding sites
that increase the possibility of the probe binding, and
streptavidin is also thought to reduce nonspecific adsorption
(31, 32). AFM imaging was performed for the clean glass and
after application of APTES and NHS-biotin. Figure 2a shows

FIGURE 1. (A) AFM images of a clean glass surface. (B) Glass surface coated with silane. (C) Glass surface modified with silanized DNA. (D) XPS
spectra of the C 1s region for clean glass, silanized glass, and silanized DNA-modified glass surfaces. Note the strong K 2p signal at ∼292.5 eV
due to a potassium component of the substrate. (E) XPS spectra of the N 1s region showing the strong peak due to the adsorption of silanized
DNA on the glass surface. (F) Fluorescence image of the silanized DNA labeled with Atto488. (G) Fluorescence image of the surface after
hybridization showing a very low hybridization efficiency.
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the AFM image of the clean glass with a rms roughness of
1.5 nm. After application of APTES and NHS-biotin, the rms
roughness was reduced to 0.65 nm. It is known that the
APTES layer can have a surface thickness of 0.8 ( 0.1 nm
(33). The value we determined for the APTES/NHS-biotin-
modified surface suggested that gaps in the original glass
surface may have been filled by the silane/biotin molecules
to form a flat homogeneous layer. After application of
streptavidin, the surface rms roughness was 3.2 nm, which
is of an order similar to that of the dimensions of a strepta-
vidin tetramer (∼5 nm; Figure 2c). To quantify the surface
density of biotinylated oligonucleotides, 500 nM biotinylated
DNA labeled with Atto488 (Biotin-Target; Table 1) was
applied to the surface prior to imaging. A surface density of
0.016 molecules/nm2 was determined, corresponding to an
intermolecular distance of 8 nm (Figure 2d). To examine
surface accessibility, a biotinylated “anchor” oligonucleotide
(Probe1; Table 1) was bound to the surface and was then
hybridized to 500 nM complementary oligonucleotide la-
beled with Atto488 (Target; Table 1). After washing with PBS,
a surface density of the hybridized target of 0.014 molecules/
nm2 was determined (Figure 2e). This equated to an average
intermolecular distance of 8.5 nm and a hybridization
efficiency of 90%. This high hybridization efficiency indi-

cated very good surface accessibility and was comparable
to the hybridized efficiency achieved on gold surfaces, which
was 95% at low probe densities (13). Notice that this high
hybridization efficiency was achieved with a fully comple-
mentary probe oligonucleotide and did not require the
presence of “spacer bases” to increase the surface acces-
sibility. One advantage of the biotin-streptavidin surface is
that hybridized oligonucleotides (but not the biotinylated
oligonucleotide) could be removed with a brief wash in 50
mM NaOH (34). This allowed repeated measurements to be
made on the same surface using TIR in a flow-cell format.
Time-lapse measurements were carried out during the batch
injections of oligonucleotides and wash solutions. Figure 2f
shows that the initial incubation of the surface with a
noncomplementary oligonucleotide labeled with Atto488 as
a control (Control Oligo; Table 1) gave rise to a low signal
that was washed away by PBS. By contrast, the complemen-
tary labeled target gave a strong fluorescence signal that was
stable after washing in PBS.

Intermolecular Distance Control. Control of the
intermolecular distance between the DNA molecules was
achieved by the immobilization of two different biotiny-
lated “probe” or anchor oligonucleotides (Probe1 and
Probe2) and hybridization of a target or hybrid oligo-
nucleotide (Target 1) that was complementary to just
Probe1 (Scheme 1c). Several samples were prepared with
different Probe1:Probe2 ratios. Parts a-c of Figure 3 show
the fluorescence images with a subset of Probe1:Probe2
ratios. Figure 3d, determined by in situ fluorescence mea-
surements in the TIR mode, shows a clear relationship
between the fluorescence intensity and the Probe1:Probe2

FIGURE 2. (A) AFM image of clean glass. (B) Glass modified with
NHS-biotin. (C) Glass surface after coupling of streptavidin to
NHS-biotin. (D) Fluorescence image of the surface after coupling
of the biotinylated DNA labeled with Atto488 to streptavidin. (E)
Fluorescence image of the surface after hybridization of the labeled
target to a biotinylated probe. (F) Real-time TIR fluorescence
measurements of a mismatch oligonucleotide as a control showing
a very low signal and hybridization of 500 nM target showing a very
strong binding signal.

FIGURE 3. Fluorescence imaging of the hybridization of a labeled DNA
oligonucleotide to three different samples with (A) a 50:50 ratio of
biotinylated probe1:probe2, (B) 70:30, and (C) 100:0, showing the
increase in the fluorescence intensity. (D) In situ TIR fluorescence
measurements of the surface hybridization as a function of probe1:
probe 2 ratios. The nonlinearity might correlate with a slight variation
in the intensity on different areas on the surface as in part B.
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ratio. The increase in the fluorescence signal with an in-
crease in the ratio of the complementary probe suggests that
this method could be a useful way of controlling the surface
density. The increase in the fluorescence intensity for some
of the samples did not tightly fit with the oligonucleotide
ratio. The primary reason for this variation was probably
due to the lack of homogeneity in oligonucleotide coupling
across the coupled surface area. For example, fluorescence
images in Figure 1b show a level of nonhomogeneity across
the surface. The fluorescence imaging collects the average
signal over a wide imaged area, while the laser beam used
in the TIR fluorescence optical setup was much smaller in
size and was therefore more sensitive to local variations of
the fluorescence intensity.

CONCLUSIONS
In this work, we successfully generated a uniform

planar surface of oligonucleotides that was highly acces-
sible for hybridization. Direct silanization and an indirect
biotin-streptavidin technique were compared. An or-
thogonal mix of characterization methods, AFM, XPS,
radioactivity, and fluorescence imaging, were shown to
be required for a robust comparison of the surface
modification methods. Both methods generated high
surface oligonucleotide densities, but hybridization mea-
surements clearly showed that the silanized DNA had low
accessibility while biotin-streptavidin-coupled “anchor”
oligonucleotides were highly accessible. Importantly, the
biotin-streptavidin method did not generate rough sur-
faces at the 2-4 nm scale. We conclude that the biotin-
streptavidin method is an appropriate technique where
high levels of oligonucleotides need to be coupled on
molecularly flat monolayer surfaces.
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