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Research Article

Signal enhancement in ultraflat
electrochemical DNA biosensors

The ability of holding back the undesired molecules, but at the same time to provide
the right distribution and orientation of the bioreceptors, are critical targets to reach an
efficient hybridization and enhanced detection in electrochemical DNA biosensors. The
main actors responsible of these key functions are the substrate of the sensor and the
interface auto-assembled on it. In this paper we present the annealing as a method to
improve commercial gold evaporated substrates for biosensor applications. The restruc-
turing of granulated gold surface by means of annealing heating treatment leads to the
formation of ultraflat gold lamellar terraces. The formation of terraces was characterized
with scanning tunneling microscopy and optical interferometry. The performance of the
sensor sensitivity on granular substrates and ultraflat substrates was studied, concerning
the orientation and surface coverage of the bioreceptor interface applied in electrochemical
biosensor. The hybridization efficiency of ferrocene-labeled DNA amplified by PCR was
characterized with surface plasmon resonance and electrochemistry. The experimental re-
sults demonstrate that annealing process, positive influence on optical and voltammetric
readings, due to a structured organization of the bioreceptors on the flat substrate, gaining
more efficient immobilization and DNA hybridization. The results suggest the annealing
as a powerful tool for improving gold substrates in biosensors applications.
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1 Introduction

Chemisorption of thiolated molecules chains on gold leads
to well-structured self-assembled monolayers (SAMs). SAMs
are ordered molecular assemblies formed by a strong and
spontaneous chemical bond and weak intermolecular inter-
actions between its components on a solid support. This as-
sembly is given by the adsorption of a molecular constituent
(called head group, usually a thiol molecule) on a gold sub-
strate. Self-assembly at the nanoscale is itself a purely molec-
ular process that requires a wide network of connections and
full interactivity between them. In the self-assembly process
there are several topics to consider, including the type of
assembly and the nature of the interface [1]. SAMs on metal
surfaces have attracted considerable attention because to their
importance in fundamental bioresearch and also in tech-
nological applications such as electronic devices and chem-
istry supramolecular assemblies applications. SAMs offer a
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versatile platform for nanotechnology being widely used in
electrochemical and optical biosensors [2, 3]

Biosensors are devices that include a complex, highly
specific, and sensitive biodetection process. These features
cause the most common problems on developing efficient
sensor devices [4–6]. The affinity between complementary
bioelements that are chosen as analytes and receptors is cru-
cial. So, relation between structures such as antigen-antibody,
receptor-hormone, or DNA capture probe-complementary
target are of great importance. But not only the affinity con-
stant between the two main actors is responsible of a produc-
tive interaction, also the orientation of the bioreceptor on the
sensor surface plays a key role in the interaction.

The ideal conception of a biosensor consists on the
reproduction of molecular biological interactions on inor-
ganic platforms. This bioreactions are detected by physico-
chemical transduction. The most common transducers for
biosensors applications are based on optical techniques such
as surface plasmon resonance (SPR), fluorescence, among
others [7]. However, electrochemical detection offers a low
cost biosensor production, portability, and sensitivity [8]. For
electrochemical DNA biosensors, a good distribution of the
biomolecules on the solid substrates, mainly on gold elec-
trodes, provides less obstruction for the bioreceptor and the
analyte interaction. The electron transfer from the label to

Colour Online: See the article online to view Figs. 1, 2, and 4 in colour.

C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



1906 W. A. Pardo et al. Electrophoresis 2015, 36, 1905–1911

the electrode, the hybridization efficiency, and the quality of
the detection signal are beneficiated after the optimization of
the anchor patterned [9, 10].

Besides the way for capture probe immobilization, the
surface substrates play a key role on the distribution of the
bioreceptors on the surface. The most conventional methods
of gold chips fabrication for biosensors applications are based
on sputtering and evaporation of gold on a glass surface [11,
12] However, the high roughness of these substrates is not
appropriate for an optimum pattern and so; the organization
of the recognition bioelements is affected [13]. Besides, the
formation of gold islands on the deposited layer, condition
the effectiveness, and sensitivity of biosensor [14].

Ultraflat surface are essentials in wherein the nanometric
characterizations of the surface patterns is required, such as:
bond distances, atomic distances, molecular orientation, sin-
gle molecule conductance, among others [15–17]. Generally
gold evaporated mica surface are used for this purpose, but
the fragility of this material difficult its application. In a more
robust way, gold evaporate glass substrates with an anneal-
ing posttreatment are used in the same applications. Ultra-
flat annealing consists on heating the gold particles above its
critical temperature, altering the microstructure of this mate-
rial, to obtain a better rearrangement of their crystallographic
characteristics and to reduce the surface roughness [18, 19].
However, these kinds of ultraflat substrates have never used
in practical biosensors applications. So, the impact of this
posttreatment on the hybridization efficiency and the qual-
ity of the electrochemical signal in DNA biosensors has not
studied or reported in literature.

In this work, the annealing is presented as a treatment to
modify commercial gold surfaces and used as platforms for
DNA electrochemical biosensors. The effect of the annealing
on gold substrates has been characterized with scanning tun-
neling microscopy (STM) and optical interferometry. SPR
and electrochemical techniques have been used to charac-
terize the monolayer distribution of the bioreceptors and to
measure the target hybridization efficiency on the two stud-
ied substrates, annealed and untreated gold substrates. The
DNA sample analyzed is a real amplified PCR DNA sample
specific for prostate cancer.

2 Materials and methods

2.1 Material and chemicals

Maleimide-polyethylene glycol disulfide (MalPEG) -HO-
EG6-C11-S-S-C11-EG6-NHCO-Maleimide- was supplied
by ProChimia. 6-Mercapto-1-hexanol (MCH), Tris-HCl,
EDTA, magnesium chloride (MgCl2), sodic phosphate
(Na2HPO4), triton, sodium citrate, potassium chloride (KCl),
potassium dihydrogen phosphate (KH2PO4), and sodium
chloride (NaCl) were purchased from Sigma. All aqueous
solutions were prepared in double distilled MilliQ water.
The DNA was manufactured by Metabion International

AG. The complementary capture probe sequence was
3’ SH-CGTGTTTGTCCGCTTTCGTGGTC 5’ and the
noncomplementary capture probe sequence was 3’
SH-GGCAAAGCGCAGGGTCT 5’. The DNA target comple-
mentary was amplified by PCR with Qiagen PCR reagents.
The amplified target DNA had a size of 106 mer; 3’GC-
CCAGTAGATGCCCCTGTGCCTGTCGCACAAACAGGCG
AAAGCACCYGACTGCGGCGTCCGAGACCACCGCGCAC
CCGGGTCGGACCGCGTGATGCACTGCCGAA ‘5, the
region where the capture probe hybridizes is marked in bold.
The amplification was performed with a ferrocene labeled
primer, generating a target ferrocene labeled at 5’ end.

2.2 Annealing treatment

The gold substrates purchased from Menzel–Gläser consist
in BK7 glass square chips of 2 cm2 with refraction index (n)
1.5151 and coated with 2 nm of chromium and 50 nm of
gold, which were deposited by evaporation with an Edwards
Auto 306 evaporator. For its cleaning, first it was sonicated in
ethanol for 5 min and then it was dried with nitrogen. Finally,
the chip was placed in UV for 10 min. For the annealing
treatment, it was used a butane flame for 5 min at a distance
of 3 cm from the chip, making a zigzag movement onto gold
surface. The chips were cooled under argon atmosphere at
room temperature.

2.3 STM and optical interferometry

To characterize the structural changes given by annealing on
the gold surface both STM experiments and interferometry
were performed. To obtain roughness and waviness values a
Veeco STM Agilent and Optical Interferometer Veeco Wyko
9300 NT were used respectively. The measurements were
performed in air in both cases.

2.4 DNA target amplification by PCR

The PCR amplification of the DNA template was performed
with 106 target DNA molecules. It was used a standard am-
plification protocol from Quiagen, where is included; H2O
RNAse free, dNTPs 10 mM each one, buffer enzyme, Q solu-
tion, and RT one step enzyme and internal control oligonu-
cleotide. For starting reaction, we assembled all reagents on
ice, adding polymerase enzyme last. This mixture is trans-
ferred to the thermocycler preheated to denaturation tem-
perature (95°C) for 15 min. The PCR cycles used were: 30
amplification cycles of 95ºC (0.5 min), 56ºC (1.5 min), and
72ºC (1 min) was performed. Later, one cycle at 72ºC for
10 min was performed to end the DNA polymerization. Fi-
nally the thermocycler is kept under 4ºC until the tubes are
collected.
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2.5 Functionalization of gold surface. SPR

and electrochemical biosensor characterization:

Bioreceptors immobilization

The gold chips were cleaned as was described in the anneal-
ing treatment protocol and annealed or untreated the gold
substrate. Then the substrates were functionalized with spe-
cific thiolated DNA capture probes. This immobilization was
performed by immersing for two hours in 20 �M solution
of MalPEG diluted in 10 mM Tris-HCL, 1mM EDTA, 5 mM
MgCl2, and 1 M NaCl at pH 7.5 (Tris Buffer), and then incu-
bated inside 10 �M solution of CP diluted in tris buffer for
one hour. Once the CP was immobilize. In order to block free
Maleimide groups from the linkers, the chips was incubated
for one hour in 20 �M solution of MCH diluted in Tris buffer.
The oligonucleotide target used for this detection was ampli-
fied by PCR, obtaining a 110 mer ferrocene labeled dsDNA,
as was detailed before. The amplified target was not separated
from the PCR reagents and so a complex matrix of enzyme,
ferrocene labeled primer and remaining DNA are inside the
target solution. The amplified dsDNA was denatured at 90ºC
for 10 min and then kept into ice. For the hybridization of the
target, the amplified sample was diluted (1:20) with 250 mM
NaH2PO4, 15 mM Sodium citrate, 150 mM NaCl, 1 mM
EDTA, and 0,02 mM Triton at pH 7,4 (hybridization buffer)
and incubated on the CP functionalized chip for 1 h. All
immobilizations were performed at room temperature in the
electrochemical SPR chamber at flow rate of 300 �L/min. Be-
tween each immobilization steps the chips was rinsed with
1 M NaCl, 1mM KCl, 1 mM Na2HPO4, and 1 mM KH2PO4

(washing buffer).
Before and after each immobilization step, it was made

a scan to determine the angle shift due to the biomolecule
immobilization on the SPR chip. The reflected intensity is
monitored as a function of the incidence angle, which gives
the angular reflectivity. The SPR angle shifts were converted
into mass uptakes surface coverage �, using the experimen-
tally determined relationship reported in the literature [20,21].
SPR was performed under Kretschmann configuration with
a custom-made setup from Res-Tec Company (Germany).

Electrochemical measurements were performed in
10 mM NaCl by differential pulse voltammetry (DPV). For
this purpose CH660C potentiostat from CH Instruments was
used.

3 Results and discussion

The gold BK7 glass substrates commonly used in SPR and
electrochemical biosensors are fabricated by the evaporation
of gold in a vacuum chamber where the glass substrates are
deposited by condensed atoms of gold. This is a common
method for thin film deposition, but the obtained surfaces
have pebble-type structures with high roughness and contain
gold islands. The annealing treatment on these substrates
restructures the crystallographic organization of gold, leading
to formation of flat terraces with a pronounced (111) texture.

Figure 1. STM images taken on the nonannealed (left side) and
annealed gold substrates (right side). Bottom graphs show the
section profile along a line drawn on both substrates.

Annealing is a widespread method to obtain ultraflat surfaces
for nanometric characterizations methods. This transition is
temperature dependent [22], and influenced by the distance
between the flame and the gold surface and the heating time
[23]. It is reported that the gold layer thickness also influences
the quality of the new flat terraces [24].

3.1 STM substrate characterization

The typical gold evaporated SPR chips are no truly flat. A
quick look on the STM characterization (Fig. 1) reveals the
differences in shape, size, and the condition of the gold grains
before (left) and after (right) surface heating treatment. The
fusion of the gold islands found on the unannealed sub-
strates, generates after heating grain enlargement organized
as flat terraces, giving homogeneity to the surface nanostruc-
ture. The gold grain size average in the pebble-type untreated
substrate is 14 nm, while it is reduced to 4 nm after the
gold restructuration by the annealing process, reducing the
surface roughness of the substrate.

3.2 Optical interferometry substrate characterization

Nanoscale characterization blinds us to another important
surface characteristic; the waviness. It is a broader view of
roughness and its measurement permits to observe irreg-
ularities more periodic, whose spacing is greater than the
roughness length.

The roughness and waviness of gold surface does not
depend exclusively on the method in which is deposited the
metal on the substrate, but also strongly depends on the na-
ture of the solid support. Often it is believed that the supports
are stable solids. However, high temperatures and frequent
shelling during the processes of gold deposition have effects
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Figure 2. Roughness and waviness factors measured by optical
interferometry of nonannealed surface (A) and annealed surface
(B).

on them. Some of the consequences of these effects are the
waviness and roughness.

To determine the impact of annealing on these features,
optical interferometry measurements were performed. This
technique allows us to analyze larger areas (micrometric
scale) at nanometric distances. Figure 2 shows the differ-
ences between the arithmetic average of absolute values (Ra
factors) in both roughness and waviness. The interferometry
results show a decrease of four times on roughness of the
annealed surface versus the untreated gold (0.04 nm versus
0.16 n, respectively). Large-scale measures allow us to say that
annealing is not only a method for forming flat terraces of
low roughness but also it masked glass support defects. This
heating treatment helps to reduce the waviness of the glass
substrate from 0.66 to 0.37 nm.

3.3 Voltammetry characterization of effective surface

To measure the effective conductive area in both type of
nanostructured gold electrode surface, cyclic voltammetries
were carried out in sulfuric acid, for measuring the exper-
imental active area. For its mathematical calculation this
formula reported in literature [25] was used;

Ar ea = QAu
∗(r Au/rO2)2/n Q0

Where QAu is the area under the curve of the sulfuric acid
reduction peak; (rAu/rO2)2 is the square of the atomic radius
ratios between the gold substrate and the adsorbed oxygen;
n is the number of electrons involved in oxygen oxidation and
Q0 is the reference charge for reduction of an oxide mono-
layer on polycrystalline gold. For this experiments Q0 equal to
390 �C cm−2 was considered [26].

Table 1 shows the results obtained with this electrochem-
ical characterization. The variations of the real active area of
gold after annealing and without annealing are compared
with the geometric theoretic area of the electrode. From this
results, it can be observed that the electrochemical rough-
ness factor (� = experimental area/theoretical area) [27] in

nonannealed surface is 2.4; while in the annealed electrode
is only 1.2. Thus, the decrease of the roughness and the ef-
fective area after annealing treatment is nearly 50%, which
approaches annealed surfaces to the theoretical value of
ultraflat surfaces.

3.4 Surface coverage characterization with SPR

Once the nano-structuration of both studied substrates;
pebble-type untreated gold and annealed flat terraces-
type gold, has been characterized. The effect of the sub-
strates roughness was studied in the performance of DNA
biosensors.

SPR offers a deep understanding about the amount of
biomolecules attached on the chip surface in each step of
the biosensor set up. It should be point out that the heating
treatment used in annealing for flattering the gold layer, di-
rectly impact on the SPR reproducibility, since the read out of
this technique is intimately related with the thin metal layer
on the SPR substrate. So, the metal heating protocol intro-
duces a variable in all the treated substrates, as is appreciated
in the higher standard deviation of the annealed substrates
response.

The theoretical values of biomolecules surface coverage
proposed in the table, were calculated taking into account
shielding diameters of the MalPEG (1.17 nm) [28] as the
basement of the bioreceptor immobilization and dsDNA di-
ameter (2.55 nm) to consider the hybridized DNA in a perfect
geometrical distribution of the biomolecules on the surface.

The differences observed on the roughness and effective
area, are reflected in the adsorption rates of molecules in
each type of substrate. The experimental values measured in
the ultraflat annealed substrate shows a very similar biore-
ceptor surface coverage compared with the theoretical one. It
was assumed that the theoretical values are calculated under
a virtual flat surface, and the closer surface coverage values
obtained on the annealed surface reveals that the treatment
helps to achieve this goal, giving well-ordered and packed
monolayers. On the other side, the grainy surface of the un-
treated gold has larger area of gold for the immobilization of
bioreceptor interface.

The visible differences between the monolayer immo-
bilization efficiency reflect structural changes of the gold
surface (see Fig. 4.). The reorganization of the crystalline
structure formed on flat terraces of gold, decreases the avail-
able places, also observed on the reduction of the effective area
of the gold surface. For this reason, the bioreceptor molecules
diminish its surface coverage on the annealed treated sur-
faces, comparing with nonannealed substrate that has higher
roughness and so higher effective area and bioreceptor
immobilization.

However, although more receptors site were deposited
on the pebble-type surface, the amount of hybridized DNA
molecules are lower comparing with the annealed flat chip,
being the double of targets detected on the annealed one.
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Table 1. Experimental and theoretical values of electrode areas characterized by CV

Surface coverage (� = molecules/mm2)

Monolayer Theoretical values Experimental values without annealing Experimental values with annealing

Electrode area 0.567 (cm2) 1.353 (cm2) 0.661 (cm2)
Bioreceptor 9.3 × 1011 1.21 × 1012 9.9 × 1011

Target DNA 1.9 × 1011 2.78 × 1010 6.1 × 1010

DNA hybridization efficiency 100% 14% 32.10%

Surface coverage (�) measured by SPR of bioreceptor immobilization and DNA target hybridization on annealed and nonannealed
surfaces (n = 3).

Figure 3. Angle shift in SPR characterization after bioreceptor
immobilization and DNA target hybridization on annealed and
untreated substrates.

Considering the theoretical value calculated for the covering
of ds DNA molecules, in the case of ultraflat substrate was
observed 32% of efficiency, while this percentage is reduce to
14% in the case of the grainy surface.

Dates show in Fig. 3 confirmed the varied distribution of
biomolecules on the different nano-organized substrates.

Figure 3 shows the increase of angle due to the SPR chip
covering. The change of refracted angle is measured under
equal refractive index conditions on the chip before and af-
ter biomolecules incubation. So, the shift of angle is only
due to the modification of the resonant oscillation of excited
plasma with the adsorbed molecules on the gold chip. As it
was commented in the previous table, higher adsorption of
the bioreceptors is observed on the untreated surface. How-
ever, higher hybridization is detected on the ultraflat chip.

The new surface organization on the ultraflat substrates
turns out in the formation of immobilization patterns that
reduce both steric hindrances and electrostatic repulsion.
The monolayer formation has been studied to form the
thiol chains approximately (

√
3x

√
3)R30◦ angle titled to the

gold surface [29]. In a planar annealed surface the deposited
molecules have the similar angle. However in the case of a
pebble-type surface the monolayer follows the distortions of
the flat surface. Thus, the well-ordered and organized distri-
bution, in similar direction of the bioreceptors, in the pla-
nar configuration, contrast with the random orientation of
the highly packed linking sites on the untreated substrate
(Fig. 4). This chaotic distribution of the negatively charged
bioreceptors hinders the entrance of the negatively charged
DNA target.

Moreover, many of the features of the SAMs depend di-
rectly of the crystalline organization substrate where they are
deposited. By changing this surface organization also changes
the thermal stability and kinetics of chemisorptions of the
head groups on gold and thus its distribution, covering, and
angle with respect to the surface are different [30].

These small but important changes greatly enhance the
hybridization efficiency, being the increase in more than
twice in surface coverage DNA hybridization, although an-
nealed substrate contains lower amount of bioreceptors.

3.5 Electrochemical DNA sensor characterization

The DNA target was amplified by PCR with a ferrocene-
labeled primer, giving a 110-mer ferrocene labeled dsDNA.
The redox reaction of the hybridized ferrocene molecule on
the gold electrode surface was successfully detected by DPV.

From the electrochemical point of view, pebble-type elec-
trodes have some drawbacks comparing with ultraflat sub-
strates. The ions adsorbed on the grainy electrodes have
a larger area for adsorption, and so higher capacitance ef-
fect [31]. In this way, the electron transfer from the fer-
rocene label to the electrode becomes more difficult, thus
decreasing the signal obtained. Moreover, the charge redis-
tribution between molecules in the ordered assembled inter-
face has a beneficial effect on electron transport and charge
transfer [32], helping in the transport of the electrons from
the redox label to the electrode, and thus in the sensitivity
of the electrochemical biosensor [31].The distance between
oxidation and reduction peaks, the reversibility of a redox re-
action, and reproducibility of electrochemical measurements,
are also affected by the state and nature of the substrate [33].

Besides the fact that the flat electrodes have beneficial
effects on the electrochemical read-out, the well-ordered
distribution of the bioreceptors on annealed electrodes,
as surface coverage characterization with SPR shown,
demonstrate more efficient hybridization of the DNA target.
The electrochemical characterization of the DNA biosensor
on evaporated wrinkled gold electrodes and on annealed flat
gold surfaces, shown higher hybridization efficiency in the
sensor previously treated with annealing (see Fig. 5). In elec-
trochemical sensors the improvement is much clearer than
in optical detection, being more than twice in magnitude
the current observed in the annealed system. These results
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Figure 4. Schemes of different bioreceptor SAM distribution on ultraflat terraces of annealed (A) substrates and on rough not annealed
(B) substrates. Note a well-ordered distribution of bioreceptors in annealed surface (n = 3).

Figure 5. Current signal from DPV biosensor characterization on
annealed and nonannealed substrates. DNA target biosensor re-
sponse is plotted as complementary capture probe and the se-
lectivity of the biosensor was tested with two controls, using a
noncomplementary capture probe and without capture probe.

are due to the synergy effects on annealed substrates of both
facts; a less steric hindrance for the target hybridization in
a more ordered distribution of the bioreceptors, and easier
transfer of the charge and less capacitance on the electrode.

The random distribution of the DNA captures on the
nonannealed substrates brings a more unpredictable DNA
arrangement and electron transfer and hence irreproducibil-
ity into the system, as is shown in Fig. 5. This irrepro-
ducible signal is represented by 38% of signal deviation in
the untreated electrochemical DNA sensor, while only 8% was
observed in the annealed biosensor.

Moreover, the disorganized interface on the sensor may
give rise to the formation of uncovered areas on the substrate
that attracts the undesired fouling of biomolecules. This fact
is observed in the higher control currents detected in the
untreated platform.

The increase of signal currents due to a more efficient
hybridization event on annealed substrates is accompanied by
a decrease of the controls signal. The synergy of both effects

brings a better selectivity in the annealed platform. Although
both systems demonstrates a clear differentiation between
the selective signal from the complementary hybridization of
the target and the unspecific signal from the controls, the
more selective annealed sensor shows higher current signal
difference of 2.56 nA, while only the half of this difference is
observed on the untreated sensor (1.27 nA) (Fig. 5).

4 Concluding remarks

In summary, it was demonstrated that the annealing
treatment on commercial gold evaporated substrates has
a beneficial effect on the biosensor performance. The
transition between the nanoparticulate substrate to the
laminar-annealed surface has deep consequences over the
biomolecules distribution and interaction and so in the sensi-
tivity of the sensor. The heating treatment causes the molecu-
lar rearrangement of the gold, forming ultraflat terraces. The
pebble-type untreated substrates, with higher surface area
demonstrate broader bioreceptor coverage. However, the flat
annealed surface favors improved and well-ordered biorecep-
tors patterns with its subsequent lower steric hindrance for
the hybridization of the DNA target. The organization more
homogeneous of the monolayers in annealed substrates re-
sults in a high quality monolayers and sensors. Moreover, an
ordered charged bioreceptors interface facilitates the transfer
of electrons from the redox label to the electrode and reduce
the capacitance effects. This involves improvements in both
the hybridization efficiency and electrochemical reading,
making the annealing a powerful tool in the optimization
of biosensors interfaces. An optimum standard treatment
before the formation of SAMs is essential for developing
efficient biosensing platforms.
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