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Amplification-free (referring to enzymatic amplification step) detection methodologies are increasing in
biosensor development due to the need of faster and simpler protocols. However, for maintaining sen-
sitivity without this step, highly detectable molecules or very sensitive detection techniques are required.
The nanostructuration of transducer surfaces with carbon nanotubes (CNTs), gold nanoparticles (AuNPs)
or both in nanohybrid configurations has been employed in this work for DNA hybridisation sensing
purposes. Methylene blue (MB), covalently attached to single stranded DNA, (ssDNA) was incubated with
a complementary sequence immobilized on nanostructured screen-printed electrodes (AuSPEs).
Although CNTs can increase notoriously the signal of the marker, adsorptive properties should also be
considered when bioassays are performed because non-specific adsorption (NSA) phenomena are
magnified. In this work, strategies for decreasing NSA were thoroughly evaluated for the detection of
Mycoplasma pneumoniae (MP) on CNTs-nanostructured screen-printed electrodes. Among them, the
employ of UV-radiation or long incubation times (72 h) allowed obtaining higher signals for the com-
plementary strand with respect to the non-complementary one. The use of CNTs/AuNPs nanohybrids,
together with the use of streptavidin-biotin (ST-B) interaction allows the higher differentiation (with a

3.5 ratio) in the genosensing of M. pneumoniae.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Amplification-free (with no enzymatic reaction steps) detection
methodologies are currently having a great development as bio-
sensing detection strategies mainly due to the simplification of the
procedures and the reduction of analysis time and costs [1].
Enzymes are active proteins that constitute the best example of
amplification approaches, since one molecule can covert a high
number of substrate molecules into a detectable product. This is
the reason why they have been widely employed as labels for
indirect detection methods of affinity assays [2], with almost
infinite possibilities such as redox cycling [3], bienzymatic
approaches [4] or product signal amplification [5]. In the special
case of DNA sensors, one of the strands has to be labeled to an
enzyme. Although equilibrium measurements are possible, in
order to decrease analysis time, kinetic measurements are com-
monly made and a strict control of conditions has to be followed,
usually including a reaction stopping step [6]. Non-enzymatic
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based approaches will produce faster speed of response and also
lower costs since expensive biorreagents are avoided. Direct
monitoring of the analyte through a reporter molecule is possible
in different ways, mainly by differential interaction with the single
and double strands or by covalent attachment of the indicator to
the DNA oligonucleotide.

Methylene blue (MB), 3,7-bis(dimethylamino)phenazathio-
nium chloride is a biolabel that has been used as an indicator of
the hybridization event [7-17] through the electrostatic interac-
tion between cationic MB and anionic DNA [11,12], by intercala-
tion of MB in the DNA double helix between alternating G-C base
sequences [13,14] and by covalent bound to the end of the single-
stranded DNA target (ssDNA) [15,16], the least exploited of all. An
immobilized stem-loop strand with MB attached at the end is
employed in the first strategy, in such a way that the signal
decreases after hybridization and subsequent opening of the
strand [15]. An unlabeled strand is immobilized in the second
strategy, that proposes both, direct and competitive assays, with
MB covalently labeled to a complementary strand [16]. Gold disk
[15] and thin film [16] non-disposable electrodes are employed.
The covalent attachment avoids the step of washing away the
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excess of label because the labeled strand that did not interact, it is
eliminated after the hybridization event. Moreover, the com-
plementary covalently labeled DNA strand contains all-in-one the
hybridization and detection agents, simplifying the procedure.

Since the discovery of carbon nanotubes (CNTs) [18] intensive
studies have been made, receiving a great deal of attention for
their properties, especially high specific surface area, electronic
conductivity, chemical and electrochemical stability and one
dimensional tubular-structure [19]. Other nanostructures that
have aroused great interest owing to unique electric, magnetic,
optical and catalytic properties are gold nanoparticles (AuNPs),
with applications in several areas [20,21]. These properties differ
from those of the bulk materials and mainly depend on the par-
ticle size and morphology [22]. Combination of both in AuNPs/
CNTs nanohybrids generates a new kind of composite materials
which successfully integrate the unique properties of two class
materials and exhibit some new functions caused by the coop-
erative effects between them. Therefore, nanohybrids have shown
very attractive applications in many fields. Since the first report
about the assembly of Au nanoparticles on carbon nanotubes [23]
the number of literatures escalates at an enormously increasing
rate each year.

Mycoplasma pneumoniae (MP) is a very small bacterium that
has been associated to a variety of clinical infections in humans,
including those involving the respiratory tract. It is considered an
important pathogen responsible for acute respiratory illnesses in
children and adults. Approximately 10% of the cases of commu-
nity-acquired pneumonia that occur endemically, and up to 50% of
the cases that occur in epidemic periods are caused by M. pneu-
moniae [24]. Its diagnosis still relies on classical methods of culture
and serology. Bacteria culture is time consuming, labor-intensive
and expensive with only 23-64% of serologically cases successfully
diagnosed [25]. These methods are easier to perform but are
generally non-specific [26], and insensitive [27].

In this work, an enzyme-free electrochemical sensor strategy
was proposed. With this aim, methylene blue (MB) covalently
attached to ssDNA was incubated with complementary ssDNA on
nanostructured screen-printed gold electrodes (AuSPEs) and the
electrochemical detection of the hybridization event was then
carried out. A non-complementary sequence corresponding to
Chlamydophila pneumoniae, a widely distributed pathogen that
also causes infections of the respiratory tract was employed for
studying non-specific adsorptions. This bacterium is responsible,
apart from sinusitis, for pharyngitis, bronchitis and community-
acquired pneumonia, the most important clinical manifestation
[28] in elderly and debilitated patients as well as in healthy adults.
This is the first time, to the best of our knowledge, that an elec-
trochemical genosensor based on the detection of MB as electro-
active biolabel on AuSPEs modified with either carbon nanotubes
(CNTs), gold nanoparticles (AuNPs) or both (in a nanohybrid con-
figuration) is performed.

2. Experimental
2.1. Reagents and solutions

Synthetic oligonucleotides were obtained from Isogen (Barce-
lona, Spain) and from BioTez (Berlin, Germany). The target
sequence employed corresponds to a portion of the genotype of
one of the bacteria responsible of community acquired pneumo-
nia, M. pneumoniae (Myc). The probe sequences, complementary
(SH-Myc) and non-complementary (SH-Chla, Chlamydophila
pneumoniae), are labelled in the 5’-end with a thiol group sepa-
rated from the first base by an aliphatic linker of three carbons.
The sequences employed in this work were

MB labeled ssDNA MB-Myc 5’-MB-TTG GCA AAG TTA

(40-mer) TGG AAA CAT AAT GGA GGT
TAA CCG AGT G-3’
Complementary  Without 5’-CAC TCG GTT AAC CTC
ssDNA (40-mer) modification, CAT TAT GTT TCC ATA ACT

Myc TTG CCA A-3

Thiolated, 5’-SH-(CH5)3-CAC TCG GTT

SH-Myc AAC CTC CAT TAT GTT TCC
ATA ACT TTG CCA A-3’

Biotinylated, 5’-B-CAC TCG GTT AAC CTC

B-Myc CAT TAT GTT TCC ATA ACT
TTG CCA A-3’

Non-com- Without 5’-GTA TCT GTC CTT GCG
plementary modification, GAA AGC TGT ATT TCT ACA
ssDNA (40-mer) Chla GTT GTC AAA T-3'

Thiolated, 5’-SH-(CHs)3-GTA TCT GTC
SH-Chla CTT GCG GAA AGC TGT ATT

TCT ACA GTT GTC AAA T-3’
Biotinylated, 5’-B-GTA TCT GTC CTT GCG
B-Chla GAA AGC TGT ATT TCT ACA

GIT GTC AAAT-3/

Oligonucleotide solutions were prepared in 0.1 M Tris—-HNOs3
pH 8.0 buffer solution, 1 mM EDTA. Aliquots were prepared and
maintained at —20 °C. Working solutions were stored at 4 °C.
Hybridization took place in a 2 x SSC (saline sodium citrate) buffer,
i.e. a 30 mM sodium citrate buffer with 300 mM sodium nitrate
containing 1% BSA, pH 7.2. Tris—hydroxymethyl-aminomethane
hydrochloride (Trizma), streptavidin (ST, molecular weight
66 kDa) and bovine serum albumin (BSA, fraction V) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Nitric acid (65%
purity), sodium citrate and sodium nitrate were obtained from
Merck (Darmstadt, Germany). EDTA (Ethylenediaminetetraacetic
acid) was provided by Panreac (Barcelona, Spain).

Amine-functionalised carbon nanotubes (MWCNT-NH,) were
obtained from Belgium Nanocyl (Auvelais, Belgium). CNTs were
produced via the catalytic carbon vapor deposition (CCVD) pro-
cess. They have 9.5 nm of average diameter, <1 pm of average
length, >95% in carbon purity and < 0.5% of functionalization.
Their dispersion was carried out in a Nafion™/ethanol solution
[29]. Standard gold (IlI) complex (1.000+ 0.001 mg of tetra-
chloroaurate (III) in 500 mL of 1M HCl) was purchased from
Merck. Dilutions from this standard solution were prepared in
0.1 M HClL Nafion® (perfluorinated ion-exchange resin, 5 wt%
solution in a mixture of lower aliphatic alcohols and water) was
purchased from Sigma-Aldrich and ethanol and hydrochloric acid
(37% purity) were obtained from Merck.

Casein from bovine milk, gelatin from cold water fish skin,
poly-ethylene glycol (PEG), 1-hexanethiol, 6-mercapto-1-hexanol
(MCH) and 4-mercapto-1-butanol (MCB) were obtained from
Sigma-Aldrich and Tween 20 was provided by Merck.

Water was purified employing a Milli-Q direct QS system from
Millipore (Bedford, MA, USA).

2.2. Apparatus

Voltammetric and chronopotentiometric measurements were
performed with an Autolab PGSTAT 10 (ECO Chemie) potentiostat
interfaced to a Pentium 120 computer system and controlled by
Autolab GPES software version 4.8. A JEOL JSM-5600 Scanning
Electron Microscope (30 kV) was used to characterize the working
gold electrodes modified with carbon nanotubes dispersions. An
Elma ultrasonic bath, a Nahita centrifuge with interchangeable car, a
Mettler Toledo (AB54) balance, a Crison Micro-pH 2001 pH-meter, a
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magnetic stirrer Asincro (J.P. Selecta), a Sanyo refrigerator and a
Sanyo (MIR-162) incubator were also used. Finally, a UV lamp (MLW
160 W) was obtained from Philips.

2.3. Voltammetric measurements

In all cases, voltammograms were recorded in buffer solution.
Different techniques were employed: cyclic (v=025Vs~1),
square wave (f=50Hz, A=0.05V, s=0.008 V) and differential
pulse (A=0.05V, s=0.008 V) voltammetry, scanning the potential
from 0.0 to —0.7 V. Due to their low cost and the time needed for
effective regeneration, electrodes were considered as single-use
devices. Therefore, all measurements were recorded on 3 dis-
posable electrodes and error bars are included in the corre-
sponding graphics.

2.4. Gold screen printed electrodes (AuSPEs)

Gold screen-printed electrodes purchased from DropSens
(Llanera, Spain) include a traditional three-electrode configuration
printed on the same strip. The format of these SPEs includes a gold
disk electrode (12.6 mm?) as working electrode, a silver pseudo-
reference electrode and a gold counter electrode with the same ink
of the working electrode. All of them are screen-printed on a
ceramic substrate (3.4 x 1.0 x 0.05 cm?®) and subjected to high-
temperature curing (AuSPE-AT). An insulating layer serves to
delimit the working area and electric contacts. The production
characteristics of commercial SPEs are regarded by the manu-
facturers as proprietary information. A specific connector supplied
by DropSens allows their connection to the potentiostat.

2.5. Dispersion of carbon nanotubes

Most of the applications of CNTs and SPEs require a pre-solu-
bilization for obtaining a homogeneous dispersion. Achieving this
step is not easy because CNTs are not dispersed in many solvents.
The CNTs weight/solvent volume ratio and the dispersion proce-
dure are very important. In this case, an ultrasonic bath and a
centrifuge with interchangeable car for 1.5 and 5mL were
employed for dispersion, following a procedure previously opti-
mized [30]. Briefly, 1 mg of MWCNTs-NH, was dissolved in 1 mL of
0.5% Nafion® (in EtOH) and 4 cycles (2 h under sonication and
10 min of centrifugation) were applied. After each cycle the pre-
cipitate is discarded and the supernatant is subjected to a new
cycle. Finally, a completely homogeneous dispersion was obtained.

2.6. Nanostructuration of SPEs with CNTs, AuNPs and nanohybrids
formation on electrode surface

Nanostructuration of electrodes with CNTs was carried out by
evaporation at room temperature of a drop of CNTs dispersion
deposited on the working electrode. The procedure was previously
described by our research group [31]. Similarly, the electro-
chemical generation of gold nanostructures on the electrode sur-
face was performed for modifying its surface. The procedure was
reported, for the detection of lead using underpotential deposition
[32]. To obtain gold nanoparticles on the electrode surface, an
aliquot of 40 pL of a solution of AuCl,~ in 0.1 M HCl was dropped
onto the SPEs and a constant current was applied for a fixed time
to ensure good reproducibility. Different current intensities and
deposition times were tested. A chronopotentiogram was recorded
during the electrodeposition of gold. After the electrodeposition of
gold, AuNPs-AuSPEs were generously rinsed with water.

The modification of the screen-printed electrodes with nano-
hybrid structures was previously studied in our group [33]. AuSPEs
were modified with 4 pL of 0.1 mg mL~! MWCNTs dispersion and
the solution was left to dry at room temperature until its complete
evaporation. Then, the modified electrode was carefully washed
with water and dried at room temperature. The coating process
was followed by in situ electrochemical deposition of gold nano-
particles (AuNPs) by applying a constant current intensity for a
time in an acidic solution of AuCl,~. The resulting AuNPs-
MWCNTs-AuSPEs were rinsed with water and were ready to use.

2.7. DNA-assay formats

Two different assay formats that employed single stranded
DNA probes were tested. In both cases, the hybridization assay is
performed on CNTs nanostructured AuSPEs. In the conventional
assay, Fig. 1, an amount of thiolated DNA probe sequence is
deposited on the electrode surface and maintained at 37 °C for
30 min. After washing with buffer solution, incubation with the
MB-labelled complementary DNA target takes place for 60 min at
room temperature. The electrochemical measurement is carried
out in a 40 pL-drop of buffer solution after washing the electrode
surface with this solution.

In the second format, two electrochemical measurements must
be recorded. After the immobilization of the MB-labelled DNA
sequence and a washing with buffer solution, the first electro-
chemical measurement is performed. Further incubation with the
DNA probe sequence takes place for 60 min at 37 °C. After this
hybridization step and the corresponding washing, the second
electrochemical measurement is performed. A net signal is
obtained as a difference between both signals.

In both formats and in order to avoid non-specific adsorptions,
after the immobilization of the DNA probe, a blocking step is

g
CNTs M Immobilization \/ Blockin Incubation with
—AuSPE —— Llechnd Seteten s
SH-DNA probe ( step MB-DNA target
¢
O oS
o cNTs ® Blocking agent WAV 8H sH.oNA MAAMB MB-DNA

Fig. 1. Scheme of the conventional hybridization assay employed.
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carried out. This was performed using different physical strategies
or chemical agents that prevent or minimize non-covalent
interactions.

Apart from taking advantage of the interaction Au-S, the biotin-
streptavidin affinity interaction was also employed as an immobi-
lization strategy. This was carried out using AuSPEs that were
nanostructured with CNTs and AuNPs. After the exhaustive washing
step with water and drying under a N, stream, a 10 pL-drop of
10~7 M streptavidin (in Tris-H,SO4 pH 7.2) was deposited on the
WE overnight at 4 °C. Then, a 40 pL-drop of B-Myc (complementary
strand) or B-Chla (non-complementary strand) in 2 x SSC buffer
solution were placed on the electrode surface at room temperature
for 30 min. The incubation with the target DNA is performed by
placing 40 pL-drop of B-Myc at 37 °C for 1 h. A washing step is
performed with the next buffer solution between each step. Finally,
electrochemical measurements (DPV) were performed in a deox-
ygenated buffer solution.

3. Results and discussion

Methylene blue is a molecule that presents a well-defined two-
electron redox process [34] with cathodic (conversion to leuco-
methylene blue (LB)) and anodic (reoxidation to MB) peaks. The
electrochemical behavior of this molecule converts it into a sui-
table candidate for electrochemical labeling. Since a covalent
attachment does not produce a high label density (in this case one
DNA strand wear one MB molecule), the transducer has to favor
electron transfer. Although modification of electrodes implies a
slowdown in the process due to the inclusion of new stages,
nanostructuration of SPEs can be performed in order to improve
their sensitivity [35]. It has been demonstrated that nanos-
tructuration with MWCNTs-NH, allows a very substantial increase
in the analytical signal of MB covalently attached to single stran-
ded DNA [36]. In this case, a DNA sensor based in the hybridization
of immobilized probes with a MB labeled strand (target) is
intended.

Screen-printed electrodes are mass-produced low-cost minia-
turized electrochemical cells and then, they allow paralellization
of assays. Therefore, probe immobilization as well as the rest of the
steps required in a specific study could be made in parallel. Later,
after hybridization and detection, electrodes are disposed.

3.1. Evaluation of DNA concentrations.

The study of DNA concentrations (probe and target sequences)
was carried out on CNTs nanostructured AuSPEs, with SWV as the
electrochemical measurement technique. With this aim, con-
centrations of 10, 50, 100, 500 and 1000 nM of probe DNA strands
were incubated for 60 min with 10, 50, 100 and 500 nM target MB
labeled DNA sequences. The results obtained, reported in Fig. 2
show higher analytical signals for the immobilization of 500 nM
probe strand. At the same time, when this strand is immobilized,
the peak current increases for lower target DNA concentrations, in
such a way that the combination 500 nM/10 nM gave the highest
intensity.

3.2. Blocking step

Blocking the surface after the immobilization step is one of the
most important to minimize and control non-specific adsorptions
(NSA). The bars diagrams corresponding to DPV and SWV signals
after the incubation of the MB labeled strand for 30 min on a CNT
modified surface with and without immobilized complementary
strand and further washing are included in the Supplementary
material section (Fig. S1). Even though the adsorption of MB-ssDNA

20"

500
Cprobe/ NM

1000

Fig. 2. Optimization of probe and DNA target concentrations. Conditions: CNTs-
AuSPEs as surface transducer and 30 min for immobilization and hybridization
steps.

on nanostructured electrodes is known [36], it was expected that
the specific interaction with the complementary strand should
increase the amount of captured MB-strand. However, it can be
seen that NSA occur in a great extension, being lower the signal
after the specific interaction and constituting the 84.2% and 76.5%
(for DPV and SWV, respectively) of the NSA. This adsorption-con-
trolled process of MB occurs on CNTs-nanostructured electrodes.
However, a notorious increase of the MB signal is produced when
compared to bare electrodes [36]. In order to take advantage of this
enhancement but avoiding at the same time NSA phenomena, dif-
ferent strategies were checked. Several agents can be employed as
potential blockers of these interactions.

3.2.1. Chemical blocking agents

The most common strategy for avoiding non-specific adsorp-
tions is the addition of a blocking agent (commonly a protein) that
fills void spaces of the electrode surface. In many cases, when
several steps are included in the bioassay, surfactants are included
in the washings for breaking weak interactions, usually between
antibodies. In our case, biomolecules such as proteins and also
DNA were checked, and also polymers such as the cationic
exchanger Nafion® and PEG. On the other hand, and taking into
account that a gold electrode is employed as substrate, one of the
types of molecules more employed for modifying the surface and
properties of gold electrodes are alkanethiols, being in this case
important not to block the electron transfer.

3.2.1.1. Biomolecules. Proteins as bovine serum albumin (BSA) [6,37]
or casein [38-40] are common blocking agents in bioanalysis
and adsorb well onto gold surfaces, due to their amino and thiol
groups. Aqueous solutions of BSA and casein were tested as block-
ing agents. With this aim, a 15 pL-drop of a 2% solution was
deposited on CNTs nanostructured WEs and maintained for 30 min
before washing. Then, a MB-labelled DNA strand was immobilized
for 60 min at room temperature. Finally, a washing was performed
before the electrochemical measurement is recorded. Results
obtained are presented in the bar diagram of Fig. S2, included in the
Supplementary material section. As can be seen here, the BSA
blocking power is lower than this of casein. Thus, smaller currents
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were obtained in the case of casein, ie. —8+ 1 and —6+ 1 pA for
BSA and casein respectively. Even though, the currents recorded
after the blocking step are high compared with those obtained
without any blocking (only a 20% and 40% of decrease in the signal
is obtained for BSA and casein, respectively) and therefore, other
agents have to be introduced. A mixture of 0.8% gelatin including a
0.05% of the surfactant Tween 20 [41] was also checked, but not
appropriate blocking effect was produced.

On the other hand, another biomolecule, a DNA strand could be
used as blocking agent and its use has been reported. With the aim
of knowing if this approach can be used for eliminating the signal
of non-specific MB, thiolated Mycobacterium (complementary) and
Chlamydophila (non-complementary) pneumoniae DNA strands,
both of the same length, were immobilized together on the elec-
trode surface for 60 min. In this way, the incubation of MB-ssDNA
(MB-Myc) will interact only with the specific strands and no
adsorption will occur on the CNTs/gold surface, now occupied also
by the non-complementary strand. However, as shown in the bar
diagram of Fig. 3A, even when the blocking strand is employed a
differentiation between Myc and Chla strands is not possible.

3.2.1.2. Polymers. The important blocking effect observed when
AuSPEs were modified with a Nafion®/ethanol solution [29]
employed for CNTs dispersion was here used as possible blocking
agent of the surface before the hybridization assay. This polymer
produces a total blockage of the electrode surface and no signal is
observed for MB after modification. However, when CNTs are
added on this blocking layer, the signal is totally recovered. Simi-
larly, the modification with CNTs dispersion on Nafion®/ethanol
does not produce this blocking.

After immobilization of the DNA probe (SH-Myc) and washing,
a 4 pL-drop of 0.5% Nafion®/ethanol solution was deposited until
evaporation of the solvent. The intensities of the signals recorded
after interaction with the MB-labeled Mycobacterium strand are
shown in the bar diagram of Fig. 3B. As it can be seen, a blocking
of the electron transfer occurred, so when the nanostructured
electrode with immobilized DNA is modified with a Nafion®™ mem-
brane, lower intensities were recorded for both, complementary
and non-complementary strands. However, discrimination from
the background was higher, indicating a decrease in the NSA.
In SWV these currents were —2.1+0.5 and —0.9+0.5 pA for
the complementary and non-complementary strands, respectively
(S§/B=2.3). However, the analytical signal should be as high as
possible and blocking of the MB-electron transfer for the specific
interaction is not desired.

The use of a different polymer, PEG, as blocking agent in bio-
sensors is reported in the bibliography [42]. Amphiphilic molecules,

as proteins, can interact with surfaces via a variety of intermolecular
forces (van der Waals, electrostatic and Lewis acid-base) and also
via entropically driven effects such as hydrophobic interactions and
conformational changes. The end-result of these effects is an
apparent irreversibility of the adsorption process [43], leading to
increased background signal in the sensor. The inclusion of polar
(neutral) molecules minimizes protein interaction with surfaces and
therefore, their adsorption. In our case, a 2% PEG aqueous solu-
tion was employed as blocking agent before the hybridization assay.
Photographies of three electrodes without blocking step (Fig. 3C-1)
and with PEG as blocking agent (Fig. 3C-2) are presented. Loss
of CNTs and immobilized DNA strands occurs and can be clearly
seen. Incompatibility between PEG and the hybridization assay
here proposed indicates that another blocking agent should be
employed.

3.2.1.3. Thiols. Thiols are a group of compounds that contain sul-
phur atoms and therefore present a high affinity for gold. Solutions
of mercaptohexanol (MCH) [44,45] and 1-hexanethiol [46] are
usually employed for generating self-assembled monolayers
(SAMs) [47]. There is a compromise between length of the chain
and blocking effect. Higher lengths could be difficult for electronic
transfer [48] and the smaller ones result to be extremely volatile
[6]. The use of MCH in the formation of SAMs to control the
structure of DNA monolayers on gold surfaces was reported by
Levicky et al. [49]. The negatively charged —OH head group of the
MCH repels the negatively charged SH-ssDNA and prevent the
non-specific DNA interactions and orients the flat lying SH-ssDNA
strands in perpendicular configuration to give high freedom for
the target coiling to form double stranded DNA (dsDNA) [50].
Moreover, assembly of MCH created a compact layer, which effi-
ciently prevents the non-specific adsorption of the com-
plementary or non-complementary sequences on the gold surface
[45]. The adsorption kinetics of alkanethiols on a gold surface is
often described as a two-step process [51]. Initially, there is a fast
(few minutes) growth of the film thickness to 80-90% of the final
value, followed by a slower process in which both the thickness
and wettability approach an equilibrium value in approximately
10-20 h. As it depends on the composition and concentration,
lower time (3 h) has been reported for a mercaptoundecanoic acid
SAM (40 mM) [52]. The alkanethiol immobilization leads also to a
decrease in the charging currents [6,48], obtaining well-defined
signals when compared with other common blocking agents. MCB
is a less exploited thiol blocking agent, that was used by Lisdat
et al. [17] for reducing non-specific DNA binding in the develop-
ment of a label-free DNA sensor. In this work, 1-hexanethiol and
MCB were tested.

C

A with B
withoutblocking ~ M°""cormblementary without blocking
0 ) 0
2 A
-10 4 4
< T <
= =
= 1 =
= ‘{ 2 6
20
0 SH-Chla/ MB-Myc J -8
(background)
SH-Myc/MB-Myc 10 .

-30 - (SWV)

A

(Blocking effect with BSA)

SH-Chla_MB-Myc
(background)

SH-Myc_MB-Myc
(Swv)

Fig. 3. Effect of biomolecules and polymers as blocking agents. Bars diagram corresponding to the hybridization assay development after surface blocking with non-
complementary DNA (Conditions: CNTs-AuSPEs as surface transducer, 30 min as blocking time and 60 min as immobilization time) (A) and with 4 pL-drop of 0.5% Nafion®™/
ethanol solution (B). Photographs of the effect associated to the blocking with PEG (C). C1 without blocking step and, C2 with a 2% of PEG.
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A 15-pL drop is deposited on the WE until its evaporation
(10 min), taking into account the kinetics of alkanethiol adsorption
on gold [53]. In the case of 1-hexanethiol (Fig. 4A) no blocking
effects were observed (only 41.7% blocking capacity was calculated).
The bar diagram shows also an unusual effect. Lower currents were
recorded without blocking step and when 1-hexanethiol was used
as blocking agent, higher intensities were obtained.

MCB was also checked but employing different conditions
(80 uL for 3 h) based on a previously described work [17]. Fig. 4A
shows the bar diagram from SWV obtained, with peak currents
higher than those by DPV (not shown). Values are —42 +1 and
—39+4 pA (in DPV, with and without blocking respectively) and
—1331+09 and —110+ 14 pA (in SWV, with and without
blocking respectively), indicating a blocking capacity lower than
14.5%.

3.2.2. Physical blocking strategies

It has already been reported in the literature photodesorption
phenomenon from carbon nanotubes and this strongly depends on
the wavelength of light [54], the details of which lead to a funda-
mental understanding of how light stimulates molecular desorption
from CNTs, which can be applied to nanotube-based molecular
electronics, miniature chemical sensors, and optoelectronic devices.
In our case, UV-light isolation was checked in order to minimize
non-specific adsorptions. In this case, nanostructured electrodes
with immobilized probe strands were insolated for 10 min with a
UV-lamp (1=340-380 nm). Then, the hybridization event was
conducted normally and the electrochemical signal was recorded by
DPV and SWV with results shown in Figs. S3 (included in the
Supplementary material section) and 4B, respectively. Similar peak
currents were obtained for both complementary and non-com-
plementary strands in DPV (—6.0 + 0.8 and —6.5 + 0.2 pA, respect-
ively) and a small differentiation could be seen by SWV (-29+3
and —36.0 + 0.9 pA, respectively). In this case, the signal is 19.4%
higher for the complementary strand, which means a blocking
capacity of 19.4%. Higher differences should be desirable for the
bioassay and conditions were more carefully studied.

3.2.3. Assay conditions

One of the first parameters that has to be considered in
bioassays is the incubation time. This is very important in elim-
inating the cross reactivity in immunoassays in which a competi-
tion between structurally similar molecules trying to bind to an
antibody occurs. The kinetics of antigen-antibody reactions is such
that, in most cases, cross reactivity decreases with incubation time

A
without with
blocking  1-hexanethiol with MCB
[ ; ja— :
o
e
-20
< -60 A
=
-100
C1SH-Chla/ MB-Myc +
(background)
H-M MB-M =
140 S yc/ yc
(SWvV)

and is minimal when equilibrium is reached. The time necessary
to reach equilibrium varies considerably depending on reaction
conditions, but most non-specific interactions could be decreased
with time [55]. In these cases, the desire for rapid assays and
increase in productivity must be carefully weighed against the
possibility of decreased specificity. In our case, the DNA probe
immobilization time was studied in order to minimize non-spe-
cific adsorptions. This time was dramatically increased up to 72 h,
in order to observe its effect. The increase in the surface coverage
values with immobilization times until 72h was previously
observed in the rapid screening of mutated genes [56], with
increase in the peak current after hybridization with the com-
plementary sequence. This could be due to the length of the probe,
as strands would need more time not only for attachment but also
for reorganization on the electrode surface. In our case, results
obtained (Fig. 4B) show that the immobilization of the probe
sequence under these conditions partly prevents the generation of
non-specific adsorptions and currents obtained with non-com-
plementary probe are much lower than those for the com-
plementary one. It seems that the ratio signal/background is good,
especially when SWV as electrochemical technique was used
(value of 3.17). In this case, the signal for the non-complementary
strand is almost similar (—24 + 3 pA) but the signal for the com-
plementary one is greatly magnified, indicating that equilibrium
times are high.

The joint immobilization of CNTs and DNA probe strands was
tested too and compared with the assay performed in two steps:
nanostructuration of gold surface and probe immobilization. Thus,
there will be a competition between CNTs and DNA for its linkage
to the gold electrode surface. This joint immobilization simplifies
the hybridization assay because the inclusion of elements for
biorrecognition and transducer modification takes place in one
step. The washing step in-between is then eliminated. With this
aim, a 4 pL of a CNTs dispersion and 5 or 40 pL of DNA sequences
(SH-Myc and SH-Chla) were deposited on the working electrode
and the evaporation was performed at 37 °C for 30 min. Volumes
of 5 or 40 pL were chosen in order to compare the effect of the
presence of the DNA strand only in WE or in the electrochemical
cell. Results were compared with those obtained for the two-step
format. Several designs were checked. They are collected in Table 1
together with the peak currents obtained. In view of these, we can
conclude that higher currents were obtained for the two steps
assay, i.e. nanostructuration electrodes and DNA strand immobi-
lization in separate stages, and for 40 uL of DNA strand.

B 72h probe
immobilization
UV light radiation time
0 1 J
-25 . :
s
< I
=1
=2 -50 A

_75 1 BSH-Cla/ MB-Myc
(background)

SH-Myc / MB-Myc
(SWV)

-100 -

Fig. 4. Effect of thiols and physical blocking strategies. Bars diagram corresponding to the hybridization assay development without blocking and after surface blocking with
1 mM 1-hexanethiol and 1 mM MCB (A), after the treatment with UV-light radiation (B) or with 72 h as immobilization time (C).
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Table 1
Analytical signals obtained for MB-labeled DNA on CNTs nanostructured electrodes.

Format Electrode nanostructuration

DNA immobilization

Electrochemical measurement (i,/pA)

cv DPV SWv

1 (2 Steps)
2 (2 Steps)
3 (1 Step)
4 (1 Step)

4L CNTs, 70°C 1 h

4L CNTs, 70°C 1 h

4L CNTs+5 uL MB-Myc 37 °C 30 min
4L CNTs+40 uL MB-Myc 37 °C 30 min

5 uL MB-Myc 37 °C 30 min
40 L MB-Myc 37 °C 30 min

-0.22+0.03
-31+03
—0.40 + 0.02
—0.29 +0.03

—0.71 £ 0.06
-58+03
—0.90 +0.04
—1.01+0.09

—3.7+0.2

—-20+1

-9.0+0.6
—104+0.8

The analytical uses of CNTs can be classified based on their
adsorptive, electronic or other properties [57] in such a way that
electroanalytical applications are commonly included in the sec-
ond approach. However, these methodologies take advantage from
both electronic and sorption properties [58] (actually adsorptive
stripping voltammetry on CNTs-modified electrodes takes advan-
tage of sorption phenomena [59]). These are very important in the
development of biosensors where apart from covalent, non-cova-
lent interactions with the large active surface of CNTs can facilitate
the adsorption of analytes. In our case, since a stepped bioassay
takes place before transduction, only the electronic properties are
desired. With the aim of avoiding CNTs adsorptive properties as
well as non-specific interactions, addition of CNTs is performed
after the hybridization event. Due to this premise hybridization
assay was realized on AuSPEs and CNTs solution was added later in
order to enhance the sensitivity. However, since the electrode
surface after hybridization assay is wet, the drop of CNTs, partly
organic, diffused throughout the electrochemical cell. When this
happens, the interconnection between the three electrodes of the
potentiostatic system occurs and stops working properly. How-
ever, even when adhesive stickers were used to better define the
working electrode area, very broad peaks with low intensities
were obtained and sometimes the drop spilled across the elec-
trochemical cell. Also as this work is tedious and irreproducible
this type of modification was discarded.

3.3. Nanohybrid-based assay

In order to decrease the MB adsorption on CNTs and taking
advantage of nanostructuration, a hybrid approach (with CNTs and
AuNPs) was checked. The introduction of gold nanoparticles onto
the electrochemical interfaces has infused new vigor to electro-
chemistry and different strategies were designed for enhancing
analytical selectivity and sensitivity [60]. They have received con-
siderable attention due to their relative high surface area-to-volume
ratio and excellent catalytic activity. On the other hand, nanohybrid
materials (e.g. carbon and gold) have been reported as very
appropriate transducer surfaces for electrochemical sensing [61].

In this case, a design was proposed based on the streptavidin
(ST)-biotin (B) interaction, a biological reaction model. It is also
likely that ST, being a protein, acts in part as a blocking agent for
avoiding NSA. Several conditions were checked and results obtained
from three of them were collected in Fig. 5. When CNTs-AuSPEs
were used, similar intensities were obtained from background and
from hybridization assay with complementary probe DNA (data not
shown). When AuNPs-AuSPEs were used, recorded intensities were
extremely low (data not shown). However, the nanohybrid structure
formed with CNTs and 0.01 mM Au>* presents a slight difference
between the two assays. Recorded intensities were —1.2 + 0.3 and
—2.7 + 0.4 pA from background and the hybridization assay. The last
experience presents the higher difference between the two signals,
ie. —134+0.1 and —4.5+ 0.5 pA from background and hybridiza-
tion assay. It can be seen that the signal due to the non-specific
adsorptions is maintained meanwhile the signal increases by using
higher gold concentration and therefore higher nanoparticle density.

nanohybrid
(CNTs +0.01 (CNTs +0.1
CNTs mM Au) mM Au)

IRl i

-2 1

nanohybrid

ip/ LA

O B-Chla / MB-Myc
(background)

5 1 (DPV) B-Myc / MB-Myc

Fig. 5. Bars diagram corresponding to the nanohybrid-based assay ([ST]=10"" M).

The nanohybrid structured from CNTs and in situ AuNPs electro-
chemical generation with 0.1 mM Au>* supposes a blocking capacity
(complementary/non-complementary ratio) of 3.5. Apart from
selectivity, sensitivity was also considered. The limits of detection
(LOD) and quantitation (LOQ) were calculated on the basis of S/N
equal to 3 and 10 for LOD and LOQ, respectively. Values of 1.6 and
2.3 nM were obtained for the limits of detection and quantitation,
respectively. Since all the steps of the different procedures are per-
formed successively in parallel, neither stability nor regeneration
was considered in this work. Regeneration takes time, not only due
to the activity of regeneration itself but also for the necessity of
performing studies sequentially. Additionally, effectivity is difficult to
achieve when biomolecules are considered. However, for simple
determination of molecules that does not adsorb on electrodes,
reuse is also possible [62]. In this case, since biomolecules are
involved, they are always used as disposable.

In Table 2 a summary of the results obtained for each approach
is presented. In all the cases, since the complementary/non-com-
plementary ration is higher than 1, a blocking capacity is observed,
being higher for the last assay, and very low for the employ of
MCB, UV radiation or non-complementary DNA. Very good values
are obtained also for long incubation times, demonstrating a
magnification of the specific interaction. However, long analysis
times are not desirable. The use of nanohybrid structuration and
the immobilization through ST-B interaction allowed attaining
slightly higher blockings.
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Table 2
Summary of results obtained with each blocking agent or strategy.

Blocking Signal increase Non-complementary Complementary Complementary/non- Comments
over the blocked (%) signals (pA) signals (pA) complementary signals
Nonblocking - —-14+2 —-15+5 1.1 -
Non-complementary 375 -19+4 —24+3 1.3 No effective blocking
DNA

Nafion™ 571 -0.9+0.5 —-21+05 23 Blocking of the electron
transfer even for
complementary strand

1-Hexanethiol 41.7 -7+1 —-12+3 1.7 No effective blocking

MCB 144 —-106+3 —1331+09 1.2 No effective blocking and
very high intensities
for non-complementary
assay

UV radiation 194 -29+3 -36.0+0.9 1.2 No effective blocking

72 h immobilization 68.4 —24+3 —-80+14 33 Acceptable blocking effect
but analysis times
too high

Nanohybrids - -13+01 —-45+05 3.5 Acceptable blocking effect

4. Conclusions

In this work, a hybridization assay was developed with a thio-
lated probe and single-stranded DNA of M. pneumoniae with
methylene blue as electrochemical biolabel, covalently attached in
an enzymatic amplification-free electrochemical design. The assay
was carried out with nanostructured AuSPEs as transducer surface.
CNTs, AuNPs and nanohybrid of both were checked. MB-DNA is
adsorbed onto CNTs and therefore an exhaustive study of possible
strategies and agents to avoid non-specific adsorptions was thor-
oughly made. Several blocking strategies and agents were probed.
An acceptable blocking is obtained after increasing the immobili-
zation time to 72 h. The electrochemical generation of AuNPs on
CNTs-AuSPEs to form nanohybrids as transducer surface together
with the immobilization through the biotin-streptavidin interaction
decreases considerably the NSA without increasing analysis time.

In this case, the ratio between the complementary/non-com-
plementary signal was 3.5 for nanohybrids of CNTs and AuNPs
obtained from 0.1 mM Au>*.
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