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This work describes a comparative study between two biosensing platforms that are commonly used to immobilize
capture probes. These platforms refer to thiolated and biotinylated oligonucleotide strands chemisorbed on Au surfaces
(DNA SAM) and bioconjugated on streptavidin (SA) monolayers (SA SAM), respectively. Both interfacial architectures
were studied using surface acoustic wave (SAW) devices and surface plasmon spectroscopy (SPR). Our studies
indicated that DNA SAM platforms enable higher densities of surface-confined oligonucleotide probes. However, their
hybridization efficiency is lower when compared to that obtained in SA SAM platforms, thus impacting on a lower
detection limit, 5 nM. Furthermore, binding of SA molecules to the biotinylated targets, in an attempt to enhance the
signal in both platforms, revealed striking differences between both architectures. The SA underlayer used in the SA
SAM configuration confers nonfouling characteristics to the interfacial assembly, thus precluding the nonspecific
binding of SA onto the surface. The antifouling behavior of the SA DNA platform is an important feature to be
considered in the amplification of hybridization events through the bioconjugation of biotinylated targets with streptavidin-

based tags.

Introduction

DNA sensors represent a key tool in molecular biology and
biotechnology with growing relevance during recent years. The
results of the human genome project further increased the possible
applications of DNA sensing including diagnostics of genetic
diseases, detection of infectious agents, drug screening, envi-
ronmental monitoring or forensic science, just to name a few
examples.' 3

The fabrication of DNA sensors involves the immobilization
of a capture probe, which is a single-stranded DNA (ssDNA)
complementary to the target oligonucleotide. The same surface
architecture is also valid to probe chemical variations of DNA
such as peptide nucleic acid (PNA)® or locked nucleic acid
(LNA).” There are different methods to immobilize the capture
probes on the biosensor surface. The most straightforward
one is the direct adsorption of the DNA on the surface. Materials
reported for this type of immobilization include nitrocellulose,®
nylon membranes,” polystyrene, and metal'® and carbon-
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aceous'' surfaces. Adsorption is the simplest method to
immobilize DNA, because it does not require any other reagent
or any special modification of the nucleic acids. However, the
main drawback of this method is the poor hybridization
efficiency and the inherent instability of the nucleic acid
physisorbed on the surface.

ssDNA can also be retained in meshes'? or composites'?
that have been previously immobilized on a solid support.
Meshes are characterized by their large area of adsorption,
which increases the amount of oligonucleotide strands attached
to their surface, thus increasing the sensitivity of the system.
However, the lack of oligonucleotide orientation sensitively
decreases the accessibility to the captured molecules. The
details of the oligonucleotide orientation at surfaces have been
recently addressed by Goldberg and co-workers. These
researchers using spectral self-interference fluorescence
microscopy have estimated the shape of coiled single-stranded
DNA, the average tilt of double-stranded DNA of different
lengths, and the amount of hybridization.'*

A more robust immobilization can be achieved via chemical
linkage between functional groups confined on the surface
and reactive groups of the DNA, which should not affect the
hybridization event.'> A most widespread immobilization
method for DNA sensing is via a self-assembled monolayer
(SAM) of thiolated ssDNA (HS-ssDNA)'® chemisorbed on a
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Scheme 1. Chemical Structure of the Biotinylated Thiol Used for the Preparation of the SA SAM
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gold surface. The strong interaction between the thiol group
and the gold surface results in a robust linkage similar to a
covalent bond."”

On the other hand, the use of streptavidin (SA) monolayers
is receiving increasing attention for the immobilization of
biotinylated ssDNA.'®'? SA is a 60 kDa protein purified from
the bacterium Streptomyces avidinii presenting extremely high
and very specific interactions® with biotin (K = 10'5 L mol ).
The linkage is very strong and is affected only under extreme
conditions. This protein has four binding sites for biotin located
on two opposite sides of the tetrameric protein. It can thus be
used to link two different functions in the new molecular complex.
This means that the protein has unique properties as a building
block for the binding of a second layer of biotinylated molecules.

The differences between both interfacial architectures would
probably have an impact on their probe densities and
hybridization efficiencies, thus influencing their performance
and characteristics to a large extent. For example, Lee et al.
demonstrated that the chemisorption of mercaptoundecanol
on a HS-ssDNA-modified Au surface leads to the reorientation
of the oligomers into a more upright position followed by the
displacement of oligonucleotides from the surface.?' Moreover,
incorporating functional tags into the DNA assembly to amplify
the hybridization readout signal is gaining increasing interest
within the research community. A most common procedure
is based on conjugating streptavidin-based labels such as
fluorescent probes, enzymes, nanoparticles, or electroactive
materials to biotinylated targets hybrized on the sensor
surface.?”> However, little is known about the interaction
between streptavidin and biotinylated double-stranded (ds)
DNA confined in both interfacial architectures. As a conse-
quence, a detailed study comparing both platforms is mandatory
in order to achieve a deeper understanding of the molecular
design of biosensing interfaces.

In this work, we performed a comparative study on the
biosensing characteristics of thiolated oligonucleotide strands
chemisorbed on Au surfaces and their biotinylated analogues
bioconjugated on streptavidin monolayers. Our results indicate
that the nature of the supramolecular architecture strongly
influences the hybridization efficiency and has an impact on
the detection limit. Binding studies of SA bioconjugated to
biotin-terminated hybridized DNA strands then revealed that
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the appearance of nonspecific adsorption can be substantially
suppressed in the presence of SA as an anchoring layer.

Materials and Methods

Materials and Equipment. The oligonucleotide sequences an
18-mer thiol labeled capture probe (SH—Cs—5"-TTTTGTACAT-
CACAACTA-3"), an 18-mer biotinylated capture probe (bi-
otin—5'-TTTTGTACATCACAACTA-3"), and a 15-mer bioti-
nylated target (biotin—5"-TAGTTGTGATGTACA-3') involved
in this work were purchased from MWG Biotech AG. All stock
oligonucleotide solutions were prepared at 100 xM with Milli-Q
water and stored at —20 °C.

Streptavidin (SA), mercaptoundecanol, 2-mercaptoethanol,
phosphate buffered saline (PBS), and polyethylene glycol sorbitan
monolaurate (Tween 20) were purchased from Sigma. Biotin
terminated thiol was from Roche Diagnostics (Scheme 1).

Mixed Self-Assembled Monolayers of ssDNA (DNA SAM). A
mixed SAM of 2-mercaptoethanol and thiolated ssDNA was used
to obtain the ssDNA layer on the gold surface. First, the gold
substrates were incubated during 2 h in a 1 uM solution of the
thiolated capture probe (in 1 M KH,PO,). The ssDNA-modified
gold substrates were then incubated during 1 h in 1 mM
2-mercaptoethanol aqueous solution (backfilling step). The
backfilling was carried out by the sequential chemisorption of
2-mercaptoethanol after immobilizing the thiolated oligonucle-
otide strands. This promotes the reorientation of the DNA chains,
enabling an optimized conformation for a rapid hybridization
process as indicated by previous experiments reported by Arinaga
et al.”* and Castner et al.?'

The immobilized capture probes were incubated in different
solutions of biotinylated oligonucleotide target (in 0.1 M PBS
solution, pH 7.4). Bioconjugation of SA to the biotinylated targets
to enhance the hybridization signal was accomplished by injecting
a1 uM SA solution (in 0.1 M PBS, pH 7.4) into the SPR or SAW
sample chamber. The sensors were washed with 0.1 M PBS
solution between individual steps in order to remove all
nonspecifically bound proteins

ssDNA Immobilization by Affinity Interactions onto a SA
Monolayer (SA SAM). Gold substrates were incubated overnight
in an ethanolic solution constituted of a 1:9 mixture of biotin-
terminated thiol (0.05 mM) and 11-mercapto-1-undecanol (0.45
mM). Afterward, the surface was rinsed with ethanol and dried
with N». This mixture gives the optimum coverage of biotin centers
to achieve maximum binding of SA. These particular conditions
are based on experimental evidence reported by Spinke et al.>*
and corroborated by Lépez and co-workers.>”

Afterward, the biotinylated gold substrates were incubated for
1 hin 1 uM SA (in PBS solution, pH 7.4). The assembly of SA
was followed by bioconjugation of the biotinylated capture probes
using a 1 M solution (in 0.1 M PBS, pH 7.4) during 1 h. Finally,
the capture probes were hybridized in 1 M biotinylated targets
during 1 h. Careful washing steps were carried out between each
layer deposition in order to remove nonspecifically adsorbed
molecules.
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Scheme 2. Simplified Scheme Describing Both Supramolecular Interfacial Architectures Used in This Work: Biotinylated
Oligonucleotide Strands Conjugated on a Streptavidin Monolayer (SA SAM) (on the Left) and Thiolated Oligonucleotide Strands
Chemisorbed on a Au Surface (DNA SAM) (on the Right); the Different Building Blocks Are Also Indicated
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Surface Acoustic Wave (SAW) Sensing. SAW measurements
were carried out with an S-sens k5 system from Nanofilm Surface
Analysis (Germany). This equipment works with shear waves to
ensure low damping of the acoustic waves in an aqueous
environment and with Love waves to provide high wave amplitudes
at the sensor surface, improving the sensitivity. The sensor chip
array consists of five gold sensors with a sensing area of 6.3 mm?
each. Two interdigitated arrays are placed on each side of the
sensor: one transforms the electrical signal into an acoustic wave,
and the second array transforms the acoustic wave into an electrical
signal. The sensors were cleaned with plasma treatment in a
200G plasma system from Technics Plasma GmbH for 5 min at
300 W under argon atmosphere. All incubations were programmed,
and injection was done automatically at a flow rate of 20 uL
min~! at 25 °C. The substrates were rinsed by injecting during
5 min 0.1 M PBS buffer at a flow rate of 20 4L min~! at 25 °C.
After each experiment, an injection of 5% glycerol solution was
required for calibration purposes.”® The experimental values
described in the plots were obtained after averaging four
measurements.

Surface Plasmon Spectroscopy (SPR) Measurements. The SPR
substrates were BK7 glass slides (n = 1.5151, 4 = 632.8 nm)
(Menzel-Gliser) coated with 2 nm chromium + 50 nm gold film,
which were deposited by evaporation with an Edwards Auto 306
evaporator.

Surface plasmon spectroscopy was performed in the Kretschmann
configuration with a custom-made setup.?’ The instrument contains
a HeNe laser (Uniphase) operating at A = 632.8 nm that passes
a chopper (EG&G), an intensity polarizer, and a control polarizer
(Glan-Thompson polarizer, Owis) before being reflected off the
base of a 90° high index glass prism (n = 1.8449) on a two
goniometer arrangement (Huber). A photodiode (BPW 34Bsilicon)
collects the reflected light. The reflected intensity is monitored
as a function of the angle of incidence, which gives the angular
reflectivity scans. The SPR angle shifts were converted into mass
uptakes using the experimentally determined relationship, I' (ng
mm~2) = Af (deg)/0.19. The sensitivity factor was obtained
following procedures reported in the literature.”® During the
experiments, samples were injected in the SPR chamber at a flow
rate of 100 4L min~' at 25 °C.

In the case of oligonucleotide hybridization, the limit of
detection (LOD) was estimated following the guidelines recom-
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mended by the International Union of Pure and Applied Chemistry
(IUPAC) which defines the LOD as 3 times the signal rms plus
the mean background.?’

Results and Discussion

We compared two different interfacial architectures used for
detecting DNA hybridization. These platforms are based on
different strategies for anchoring the oligonucleotide probes.
Scheme 2 depicts both supramolecular architectures indicating
the different building blocks constituting the platform.

To compare the different characteristics of both platforms, we
studied the changes in phase signals obtained with the SAW
device in two sequential steps: (a) after the hybridization of the
surface-confined capture probes with different target concentra-
tions and (b) after the bioconjugation of the biotinylated targets
with 1 uM SA (Figure 1).

Hybridization of the capture probe at the high target
concentrations (1 #M) yields a higher response in the case of
the SA SAM platform (2.6° versus 1.4° in DNA SAM) (Figure
1). This implies that the SA SAM platform is more sensitive,
achieving detection limits of 5 nM. Conversely, in the DNA
SAM configuration, the lowest target concentration that can be
detected above the background signal is 100 nM. In this respect,
it is worthwhile to mention that both platforms (SAM DNA and
SA DNA) could operate under different kinetic regimes,** which
would imply that assay completion could have different time
windows. Another explanation for the different detection limits
could be attributed to nonspecific immobilization of target DNA
on the HS-ssDNA-modified surface. In this context, Castner and
co-workers introduced the use of HS-ssDNA covalently attached
to maleimide-ethylene glycol disulfide monolayers®' or HS-
ssDNA diluted with short thiolated oligo(ethylene glycol).>?

Once the oligonucleotide targets were hybridized, a further
enhancement of the sensor signal was achieved by conjugating
the SA to the biotinylated target strands. In this case, SA is
acting as a tag for amplifying the readout. Figure 1 shows the
response from both systems due to the interaction of SA with
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Figure 1. (a) Phase changes obtained in both interfacial architectures
after hybridizing the capture probes at different target concentrations.
(b) Phase changes recorded after interacting 1 uM SA (in PBS, pH 7.4)
with the biotinylated oligonucleotide targets immobilized at different
concentrations.

the biotinylated DNA target at different concentrations. The
enhancement of the signal due to the interaction of SA with
the platforms is clearly seen; however, no improvement of the
detection limit in either of the two systems is observed.
Despite these findings, relevant information central to our
work can be obtained from these results. From the analysis
of phase signal changes at very low target concentrations, it
can be observed that significant nonspecific adsorption is
affecting the readout of the DNA SAM platform while in the
SA SAM architecture this phenomenon is observed to a lesser
extent (Figure 1b). For example, at zero target concentration,
the DNA SAM configuration showed an increase in the phase
signal of roughly 3° while it was virtually 0° for the SA SAM
platform (Figure 1b). This is clear evidence that a significant
amount of nonspecifically adsorbed SA molecules were retained
on the DNA SAM platform after rinsing the sensor surface.
This observation is in agreement with recent results reported
by van Oss and co-workers.** These authors discussed the
macroscopic-scale surface properties of SA and their influence
on the nonspecific interactions with biopolymers. SA-coated
glass substrates presented highly hydrophilic surface properties
and prevented the fouling of biomolecules such as immu-

(33) van Oss, C. J.; Giese, R. F.; Bronson, P. M.; Docoslis, A.; Edwards, P.;
Ruyechan, W. T. Colloids Surf., B 2003, 30, 25.
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noglobulins (IgG) or human serum albumin (HSA).>® The
“hydrophilic repulsion”, as described in detail by van Oss,
originates from very hydrophilic molecules that attract water
molecules more strongly than the free energy of attraction of
these molecules or particles for one another, plus the hydrogen-
bonding free energy of cohesion between the water molecules,
thus resulting in a net nonelectrical double layer repulsion.*
The hydrophilic repulsion between the SA-coated surface and
the IgG or HSA precluded the nonspecific binding to the
surface, to which biotinylated molecules can be easily and
firmly attached. These results explain our experimental
observation indicating that in the SA SAM platform the SA
underlayer repels the nonspecifically bound proteins. Ac-
cording to van Oss et al., this antifouling behavior is governed
by macroscopic-scale hydrophilic repulsion between the SA-
coated surface and the biomolecules. In aqueous solutions,
biomacromolecules such as IgG or HSA cannot approach the
SA layer closer than 3 nm, which is enough to prevent any
nonspecific binding to the interfacial architecture. In our case,
the SA underlayer would be responsible for conferring similar
properties to the supramolecular assembly, where a strong
hydrophilic repulsion would prevent the nonspecific binding
of SA from solution.

The different fouling properties of these platforms are an
important point to take into account prior to choosing the
right platform for biosensing. This choice can be a concern
when the amplification of the biorecognition event heavily
depends on the specificity of the biotin—streptavidin interaction
to accurately introduce a number of functional tags (fluoro-
phores, redox labels, nanoparticles, and others) into the
biosensing platform.?? As a consequence, building an inter-
facial architecture having suitable recognition sites to bind
specific ligands into a nonfouling environment represents a
major achievement in the molecular design of biosensing
platforms.

To gain a better understanding of the differences in the
hybridization efficiency and fouling properties, we studied
both platforms with SPR. The immobilization of biomolecules
on the sensor surface was detected by measuring the shift of
the minimum in the reflectivity versus angle-of-incidence scans,
which is proportional to surface coverage. In our calibrated
experimental setup, the mass coverage was estimated using
a sensitivity factor corresponding to the relationship I' (ng
mm~2) = A6 (deg)/0.19.%®

The coverage of thiolated capture probes chemisorbed on
the Au surface (DNA SAM platform) resulted in 0.050 pmol
mm ™2 (Figure 2). The hybridization of the capture probe with
the biotinylated target resulted in the immobilization of 0.010
pmol mm~? of complementary oligonucleotide, which gives a
hybridization efficiency of 20% in the DNA SAM configuration.
The hybridization efficiency was calculated by the ratio between
hybridized targets and immobilized capture probes. These results
are in quite good agreement with recent results reported by
Goldberg et al., in which capture probes with a surface density
of 0.035 pmol mm~2 displayed a hybridization efficiency of
30—50%.'* It is worth mentioning that other groups also working
with thiolated capture probes reported higher surface probe
densities, 1.7 x 1013—4.4 x 10'3 probes cm™2, thus achieving
hybridization efficiencies in the 8—13% range.* The reduced
hybridization efficiency at higher probe densities can be explained
by electrostatic repulsion between close packed oligonucleotides

(34) van Oss, C. J. Mol. Recognit. 2003, 16, 177-190.
(35) Gong, P.; Lee, C.-Y.; Gamble, L. J.; Castner, D. G.; Grainger, D. W. Anal.
Chem. 2006, 78, 3326-3334.
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Figure 2. Reflected intensity as a function of the angle-of-incidence
scan () describing the supramolecular assembly of the different interfacial
architectures: (a) DNA SAM and (b) SA SAM. The insets show the
expanded view of the SPR minimum part indicated with gray circles in
panels (a) and (b).

and steric hindrance of target DNA. In our case, the subsequent
interaction of biotinylated target with SA led to a surface coverage
0f 0.014 pmol mm 2. The fact that the coverage of SA molecules
is higher than the coverage of biotinylated targets corroborates
the presence of nonspecific adsorption of SA molecules, as
previously detected by SAW. Assuming 100% efficiency for the
interaction between SA and the biotinylated targets, these results
would indicate that ~40% of the SA molecules are nonspecifically
bound to the sensing platform.

The multilayered SA SAM architecture was also studied by
SPR and compared to the DNA SAM platform. The surface
coverage of the first SA layer was 0.040 pmol mm~2, which
is equivalent to ~230 ng cm~2. This value is in complete
agreement with recent results reported by Nelson et al.*® and
Jung et al.>” working with mutant and wild-type streptavidins
on similar biotinylated SAMs who estimated 230 ng cm ™2 for
SA coverage. The coverage of biotinylated capture probes
then turned out to be 0.034 pmol mm~2. The resulting SA/
biotinylated capture probe ratio was 1:0.85. Even if it is
assumed the SA exposes two biotin binding sites to the solution,
the SPR results indicate that nearly each SA is conjugated to
one biotinylated target. This has been attributed to a
combination of electrostatic repulsion and steric hindrance of
the oligonucleotide strands that precludes the coordination of

(36) Nelson, K. E.; Gamble, L.; Jung, L. S.; Boeckl, M. S.; Naeemi, E.; Gollegde,
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the second binding site.*®*® The coverage of the capture probes
on the SA SAM configuration was lower than that estimated in
the DNA SAM platform; however, the SA SAM platform
achieved a higher hybridization efficiency, ~90%. The high
hybridization efficiency of the SA SAM platform may be
surprising if we consider that the hybridization efficiency is highly
dependent on the capture probe coverage. Notwithstanding this
observation, in the SA SAM platform, like in other platforms,*°
a lower capture probe density yielded a higher hybridization
efficiency. The SA molecules act as building blocks in the
construction of organized supramolecular architectures*' capable
of forming a monomolecular capture probe layer. This surface
architecture provides a sufficient binding area and allows optimum
anchoring of the capture probe in order to avoid steric hindrance
and minimizing the repulsion between negatively charged strands.
These characteristics facilitate the hybridization of target oli-
gonucleotides from solution with the surface-confined capture
probes. Conversely, the target molecules encounter more
difficulties to hybridize in the DNA SAM platform due to high
density of the capture probes. In a similar fashion, the higher
amount of target oligonucleotides hybridized on the SA SAM
platform (0.031 pmol mm™2) in comparison to the DNA SAM
architecture (0.010 pmol mm~2) explains the higher phase increase
detected by the SAW device.

The SA layer conjugated to the biotinylated dsDNA, that
is, the topmost SA layer, in the SA SAM architecture led to
a SA coverage of 0.031 pmol mm™2, thus resulting in a
conjugation efficiency to the biotinylated target of ~100%.
This value has been obtained considering the background signal
(close to zero) obtained in the control experiments without
target oligonucleotides.

Conclusions

In this work, we carried out a comparative study between
two biosensing platforms constituted of thiolated and bioti-
nylated oligonucleotide strands chemisorbed on Au surfaces
(DNA SAM) and bioconjugated on SA monolayers (SA SAM),
respectively. Our studies indicated that the interfacial archi-
tecture provided by the DNA SAM platform enables higher
densities of oligonucleotide probes confined on the sensor
surface. However, the higher probe density promotes lower
hybridization efficiencies in comparison to those obtained in
SA SAM architectures. The differences in interfacial archi-
tecture also have an impact on the detection limits. SAW
results indicated that the SA SAM achieves a lower detection
limit (~5 nM) when compared to the DNA SAM (~100 nM).

Signal enhancement through the binding of SA molecules to
the biotinylated targets displayed interesting differences between
both supramolecular architectures. Our results derived from SAW
and SPR meaurements indicate that the SA monolayer used in
the SA SAM architecture confers significant antifouling char-
acteristics to the biosensing platform. In other words, the SA
underlayer helps to control and minimize the nonspecific binding
of SA molecules from solution. This is a new outstanding feature
of the SA SAM platform with strong implications on the
widespread use of streptavidin-based tags to amplify hybridization
events using different readout systems. We consider that these
results promote a better understanding of the molecular design
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of biosensing platforms as well as they provide a route for the
construction of biosensing platforms incorporating nonfouling
properties. We envision that these platforms resisting the
nonspecific binding of SA from solution will be of great benefit
for those interested on using streptavidin-based tags to amplify
biosensing readouts, as they can reduce significantly the
generation of false signals.
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