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A B S T R A C T

Changes in expression of Klotho gene are associated with chronic kidney disease and its potential as early
biomarker is being studied. We report, for the first time, the detection of Klotho gene by a biosensor platform.
Self-assembled mixed monolayers (SAMs) as DNA immobilization method in screen-printed gold electrodes and
a sandwich format detection were used in the development of an electrochemical genosensor for the detection of
a 100-mer DNA fragment, copy of the partial region of the mRNA Klotho gene. The use of different binary and
ternary SAMs based on aliphatic (mercaptohexanol, MCH, and hexanedithiol, HDT) and aromatic (mercapto-
phenylacetic acid, MPAA) thiol diluents and capture probe (CP) as sensing phases was evaluated by cyclic
voltammetry and electrochemical impedance spectroscopy. Multiple configurations were studied, changing the
order of component addition and comparing co-immobilization and two-step immobilization processes. The
procedure for binary SAM preparation consisting of sequential addition of a thiol diluent followed by CP was
found to have the least detrimental impact on electrochemical performance. The signal-to-blank ratios increased
considerably in the case of thioaromatic binary DNA monolayers, MPPA/CP, compared to the values obtained for
aliphatic SAMs. Ternary monolayers formed by MCH and HDT rendered good fractional coverage levels and
generated more reversible redox reactions at the surface, mostly when CP was firstly immobilized, CP/HDT/
MCH. A significant reduction of the blank and non-specific (non-complementary sequence) signals was obtained
with this ternary SAM, compared to binary SAMs and an increase of 2.42-fold of the S/B ratio (10 nM of target)
compared with MPAA/CP SAMs. A linear response in the range of 5·10−10 to 5·10−8 M was obtained with CP/
HDT/MCH monolayer, with a detection limit of 0.5 nM and RSD of 8.10%.

1. Introduction

Klotho is a gene discovered in 1996 that was initially identified in
transgenic mice that expressed a particular phenotype [1] interpreted
as similar as premature human aging. This gene is found on chromo-
some 13q12 in both mouse and humans, and contains more than 50 Kb
[2]. Klotho encodes a single-pass transmembrane protein with β-glu-
coronidase activity and it is predominantly expressed in the kidney,
mainly at the level of cells of the distal tubule and of the brain. In
addition, it is present, although to a lesser extent, in the parathyroid
gland, skeletal muscle, placenta, bladder, colon, inner ear, sinoatrial
node, pancreas, testicle and ovary [3]. Changes in expression of Klotho
gene are associated with cardiovascular disease [4], protective me-
chanisms against aging [5] and phosphorous homeostasis [6]. The in-
volvements of Klotho expression at the progression of chronic kidney

disease and its extrarenal complications have also been subject of study
[7,8].

The existence of decreased Klotho expression has been demon-
strated in several animal models of acute renal failure, induced by
ischemia-reperfusion, ureteral obstruction or nephrotoxic agents [9].
Hu and collaborators measured the urinary m-RNA Klotho gen by
quantitative polymerase chain reaction (q-PCR) in 17 patients with
acute renal failure and found decreased levels compared with the values
obtained from 14 healthy volunteers [10]. Other study demonstrated
that the increase of the expression of Klotho in a rat model of renal
disease improved renal function [11]. In this sense, the possible use of
Klotho levels as an early biomarker in kidney diseases is being studied.

The importance of Klotho and its relationship with certain pathol-
ogies has been well-established in the above-cited references, thus the
development of analytical methods to detect Klotho is a relatively new
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and interesting line of research. Immunoassay methodologies have been
employed for the detection of Klotho protein in urine [5,12,13]. There
are also studies based on mRNA Klotho gene detection using the con-
ventional PCR technique [14] and q-PCR [15]. Considering the rela-
tively expensive equipment and qualified personnel required in PCR-
related technologies, biosensors based on oligonucleotide detection are
useful as alternative analytical devices.

Herein, we report, for the first time, the detection of Klotho gene by
a biosensor platform. There is a great variety of DNA immobilization
strategies in the electrode surface, being thiol-DNA self-assembly onto
gold electrodes, i.e. self-assembled monolayers (SAMs), one of the most
used strategies to obtain DNA electrochemical sensor surfaces. The self-
assembled mixed monolayers formed by oligonucleotide probes mod-
ified with a thiol group and a thiolated compound have been widely
used [16]. The function of the thiol diluent is to orient DNA probes for
efficient hybridization, controlling packing density and preventing
unspecific adsorption, being 6-mercapto-1-hexanol (MCH) the most
widely used. Binary and ternary thiolated self-assembled monolayers
have been proposed [17–19], mostly using aliphatic thiols. Although
different studies show differences between SAMs formed with aliphatic
or aromatic thiols, such as higher conductivity and stronger rigidity in
the latter [20,21], there are few studies that explore the use of these
aromatic compounds in DNA sensors [22,23]. In this sense, we have
assessed the use of different binary and ternary SAMs based on aliphatic
and aromatic thiols as sensing phases for Klotho detection.

We have carried out a thorough evaluation of the possible config-
urations in SAM formation, by means of cyclic voltammetry and elec-
trochemical impedance spectroscopy. In this study, different short-
chain thiol compounds, mono and dithiols, aromatic and aliphatic, with
hydroxyl and carboxyl groups, were used. After characterizing the
different sensing phases, we carried out the hybridization process under
optimal conditions with the aim of obtaining a device for qualitative
and quantitative Klotho determination.

2. Experimental

2.1. Instrumentation

Voltammetric measurements (cyclic voltammetry, CV and differ-
ential pulse voltammetry, DPV) and electrochemical impedance spec-
troscopy (EIS) measurements were carried out with gold screen-printed
electrodes (SPEAu, DropSens-220BT, Spain), connected to an AutoLab
PGSTAT 12 potentiostat with NOVA 2.1 software (EcoChemie, The
Netherlands). The layout of the disposable electrodes includes three
electrodes in the same planar alumina strip: a working gold electrode
(φ = 4 mm), an Ag pseudo-reference electrode and a gold counter
electrode. A specific connector supplied by DropSens acts as interface
between the screen-printed cell and the potentiostat. The CVs were
done in the potential window from +600 to −200 mV at a scan rate
100 mV s−1 in PBS buffer pH 7.4, using as redox probe K4[Fe(CN)6]
1 mM. EIS measurements were recorded in a frequency range of 10 KHz
to 0.1 Hz, under 5 mV excitation at open-circuit potential, using the
same redox probe. The impedance data are presented in the form of
Nyquist plots, and the charge transfer resistance (RCT) was obtained
with a Randle's equivalent circuit constant. The pH measurements were
performed on a Crison micro pH2001 pH meter (Spain).
Spectrophotometric measurements were carried out with a UV–visible
Genesys 10 spectrophotometer (Thermo Scientific, Spain).

2.2. Chemicals

6-mercapto-1-hexanol (MCH), 1,6-hexanedithiol (HDT), 4-mercap-
tophenylacetic acid (MPAA), DL-dithiothreitol (DTT), anti-fluorescein-
alkaline phosphatase (anti-FITC-ALP), 1-naphthylphosphate, bovine
serum albumin (BSA), Tween 20, salts for buffer solutions (Tris, KCl,
MgCl2) and 20xSSPE (0.02 M EDTA and 2.98M NaCl in 0.2M phosphate

buffer pH 7.4), were purchased from Sigma-Aldrich (Spain). Ethanol
and sulfuric acid were purchased from Panreac (Spain). Potassium
ferrocyanide trihydrate was from Fluka (Spain). Water was purified
with a Milli-Q system (Millipore, Spain). Synthetic oligonucleotides
were obtained as lyophilized and desalted powders from Sigma-Life
Sciences. All stock solutions were prepared in MilliQ water without any
treatment and stored at −20 °C except for the commercially supplied
disulfide-modified capture probe that was treated with the reducing
DTT and purified by elution through a NAP-10 Sephadex G25 column
(Life Technologies, Spain) to yield the respective thiolated oligonu-
cleotides. The concentration of all stock solutions was checked spec-
trophotometrically. Three buffer solutions were used in the different
experimental steps: (i) immobilization and hybridization buffer
(2xSSPE, pH 7.4), buffer 1, (ii) blocking buffer (5x SSPE, pH 7.4 con-
taining 5% w/v BSA and 0.1% Tween 20), buffer 2, and (iii)
measurement buffer (0.5MTris–HCl, pH 9.8,1 mM MgCl2, 0.1 M KCl),
buffer 3.

2.3. Analytical procedures

2.3.1. Electrode pretreatment
SPEAu were washed with ethanol and water, and dried with ni-

trogen. The electrodes were conditioned in 0.1 M H2SO4 solution by
sweeping the potential 25 times between 0 and 1.3 V at 100 mV s−1.
Finally, the electrodes were washed again with water and dried with
nitrogen, before the formation of DNA monolayers.

2.3.2. Sensing phase
The sensing interface consisted of binary and ternary SAMs onto

gold screen-printed electrodes containing a CP and one or two different
diluents. Monolayers prepared by two-step process and co-im-
mobilization process were compared. A previous study reported that
short-chain diluents provides better analytical performance that long-
chain alkanethiols, especially when the length of the capture probe is
small, approximately 70 nucleotides [19]. In this sense, three thiol di-
luents with 3C/6C alkane chains were used, two aliphatic diluents,
mercaptohexanol (MCH) and 1,6-hexanedithiol (HDT), with one and
two thiol groups, with and without hydroxyl groups, respectively,
and one aromatic diluent with thiol and carboxyl groups, MPAA
(Scheme 1).

A genosensor scheme based on MCH binary SAMs is shown in
Scheme 2. When binary monolayers were prepared by a two-step pro-
cess, 15 μL of CP 1 μM was placed at the SPEAu (working electrode),
and kept 19 h in a humidified chamber. The electrode was washed with

Scheme 1. Schematic representation of different binary (a–c) and ternary (d–e)
sensing surfaces studied.
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2xSSPE buffer and dried with nitrogen. Then, 15 μL of a diluent (MCH,
MPAA or HDT) solution in buffer 1 was added at the working electrode
for 30 min to obtain the SAM. The sensors were rinsed with water and
dried under nitrogen (Scheme 2A). 1 mM of MPAA or MCH was used for
SAM preparation. In the case of HDT, a lower concentration was needed
(1 μM), due to the higher number of surface-attaching groups compared
with MPAA and MCH. In the co-immobilization process, 15 μL of a
mixture of CP 1 μM and the thiol diluent 1 μM (MCH, HDT or MPAA)
was added to the clean electrode surface and kept 19 h in a humidified
chamber. In ternary monolayers, the concentration and volume of CP
and thiol diluents was kept the same as those used in binary mono-
layers, leaving the CP on the electrode surface 19 h, followed by 15 min
of thiol diluents. Multiple configurations were studied, changing the
addition order of thiols and using co-immobilization and two-step im-
mobilization processes.

2.3.3. Sandwich assay
A sandwich hybridization assay which requires two steps, a homo-

geneous step followed by a heterogeneous hybridization was per-
formed. The homogeneous hybridization reaction between the specific
target and a fluorescein-signaling probe (SP) takes place in buffer 1
(Scheme 2B). In this process, the mixture of SP and target was heated at
98 °C for 5 min to denature the secondary structure of the DNA se-
quences. Afterwards, the solution was cooled in an ice bath for 5 min in
order to favor the hybridization process and followed by 30 min at
room temperature to guarantee complete hybridization of all target
strands.

A volume of 15 μL of the resulting solution was placed on the
modified electrode at room temperature for 1 h, so that the hetero-
geneous hybridization reaction could take place (Scheme 2C). Finally,
the modified electrode was rinsed with the hybridization buffer to re-
move nonspecifically adsorbed sequences.

2.3.4. Electrochemical detection
An anti-FITC-ALP conjugate was used to achieve electrochemical

detection. First, the electrode was covered with buffer 2 for 10 min with
the aim of minimizing non-specific adsorption of the enzyme complex
onto the electrode. 15 μL of a solution of anti-FITC-ALP 1.075 mg/l in

buffer 2 was added to the sensor for 10 min (Scheme 2D). The sensor
was then washed with the blocking buffer. The cell was then covered
with 40 μL of naphthyl phosphate prepared in buffer 3 (Scheme 2E).
The naphthol generated after the enzymatic dephosposphorylation of
naphthyl phosphate was monitored by differential pulse voltammetry
(0 to +0.6 V, modulation amplitude 50 mV and scan rate 10 mV s−1)
(Scheme 2F). The experiments were carried out at room temperature
and a new screen-printed electrode was used for each assay.

3. Results and discussion

3.1. Target gene and oligonucleotide probes selection

A fragment of 100 nucleotides corresponding to a partial region of
the mRNA Klotho gene (position 1841–1940, NCBI Reference Sequence:
NM_004795.4) was selected as the target sequence. Its specificity to-
wards Klotho gene was confirmed with the basic local alignment search
tool BLAST software. Mfold was used to predict secondary structures
and thermodynamic parameters (Fig. S1) of the target sequence and the
complementary probes designed for a sandwich hybridization assay
[24]. Oligonucleotide sequences are listed in Table S1.

The target sequence is predicted to have a very stable secondary
structure (ΔG = −19.60 kcal/mol) at 20 °C. The capture probe, sig-
naling probe, target-capture probe hybrid and target-signaling probe
hybrid presented ΔG values of – 5.34 kcal/mol, ΔG = −9.10 kcal/mol,
−46.3 kcal/mol and −98.9 kcal/mol respectively. These data de-
monstrate the spontaneous hybridization between the target and both
probes.

3.2. Study of the self-assembling interfaces

The response of mono-component (i.e. CP, MCH, HDT and MPAA
separately), binary (i.e. MCH/CP, HDT/CP and MPAA/CP) and ternary
systems (i.e. CP/HDT/MCH and CP/MCH/HDT) were investigated by
monitoring the electrochemical activity of the redox probe ferrocya-
nide. The response was evaluated in terms of heterogeneous electron
transfer rate, indirectly assessed from the anodic-cathodic peaks se-
paration in cyclic voltammograms, and charge transfer resistance (Rct)

Scheme 2. Genosensor scheme based on MCH binary SAMs. A. Preparation of the sensing phase, B. Homogeneous hybridization, C. Heterogeneous hybridization, D.
Labeling, E-F, electrochemical detection.
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estimated from semicircle fitting of impedance data. Additionally, the
apparent fractional coverage of the electrode (θRIS) was calculated from
the Rct values of the modified and unmodified electrodes [25]. The
access of ferrocyanide to the electrode surface is expected to be ap-
preciably hindered in highly compacted/coated surfaces, considering it
is a surface-sensitive agent commonly used for electrochemical probing
of conductive surfaces.

3.2.1. Mono-component systems
The study starts with the mono-component layers. Fig. 1A shows the

CVs obtained in these systems. Overall, the immobilization of the
thiolated molecules resulted in a decrease in the electron transfer pro-
cess of ferrocyanide. In CP layers, the DNA probe creates an electro-
static barrier that completely suppresses ferrocyanide's electrochemical
process. On one hand, the negative phosphate groups create an elec-
trostatic barrier because of the negatively charged redox probe. On the
other hand, the strands are not only binding to the gold surface through
one end (via thiol groups) but also nonspecifically through the nu-
cleobases, blocking the access of the redox probe to the electrode.

Single-component layers of one diluent displayed different beha-
vior. HDT is expected to be arranged in a ‘laying-down’ configuration,
given the two end thiol groups. Such flat assembly results in a high
surface coverage, and as a result, in a negative impact on electron
transfer leaving an insulating aliphatic thin-film behavior with less
pinholes available at the surface, so that no signal was registered when
the concentration of HDT was as the rest of diluents. According to lit-
erature reports, we decided to decrease its concentration 1000-fold less
than other diluents [26]. In these conditions, the redox process of fer-
rocyanide only revealed a small shift (15–40 mV) in the oxidation and
reduction peak potentials, i.e. 1.5 fold slower electron transfer rate,
given by the difference of peak separation referred to the bare

electrode. MCH-modified electrodes showed a broadened peak separa-
tion, which translates to a 3-fold decrease in the electron transfer rate
versus bare gold. The strength of hydrogen bonding coming from the
end hydroxyl groups creates a hydrophobic barrier around the electrode
that can be playing a vital role in the repulsion of ferrocyanide mole-
cules to the polar solution [27]. In MPAA-modified electrodes, the
electrochemical process becomes irreversible, where only the oxidation
of ferrocyanide takes place and it has been considerably suppressed
compared to the bare gold surface. This system makes up a complex
scenario. First, at the working pH of 7.4, most of the MPAA (pKa= 6.6)
is dissociated with negative ‒COO- groups, which again can result in an
electrostatic barrier for the negatively charged redox probe. Secondly,
this molecule can undergo partial electropolymerization at anodic po-
tentials [28] which may also be playing a role in the irreversibility of
ferrocyanide's redox process. Under these conditions, the access of the
redox probe to the electrode becomes significantly hampered. Due to
the above-mentioned reasons, MPAA constitutes a far-from-ideal can-
didate for self-assembled monolayers.

To further understand how these different diluents affect the charge
transfer process of ferrocyanide, Rct and θRIS values withdrawn from EIS
data are shown in Fig. 1C. Considerable increases of charge transfer
resistance values and apparent fractional coverage values after mod-
ification of the gold electrodes can be observed, considering the mod-
ified electrodes with a single component. CP monolayers are those that
show a more detrimental effect on both variables. It can be said that
MCH depicted the lowest Rct and θRIS values due to an organized ar-
rangement of the monolayer, caused probably by the formation of hy-
drogen bonds and favored by the absence of charge.

3.2.2. Binary systems
When CP is added after modifying the surfaces with thiolated

Fig. 1. CVs of bare gold electrode (black lines) and
after CP immobilization (blue line), SAM formation
with HDT (green lines), MCH (red lines) and MPAA
(purple lines) in the presence of ferrocyanide redox
probe. A) Mono-component systems; B) binary
monolayers comprising diluent and CP strands; C)
Charge transfer resistance (Rct) values and apparent
fractional coverage of the electrode (θRIS) obtained
for: bare electrode, modified electrode with CP and
the three thiolated diluents; binary monolayers pre-
pared by diluent → CP sequential additions. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web ver-
sion of this article.)
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diluents (MCH/CP, HDT/CP and MPAA/CP), all three systems show
hindered ferrocyanide electrochemistry, which is not surprising parti-
cularly due to the electrostatic effect provided by the phosphate back-
bone of DNA. Fig. 1B shows the CVs obtained in monolayers prepared
by successive addition of diluent and CP (diluent → CP addition).

In all cases there is a lower rate of the redox process and, interest-
ingly, an extra electrochemical processes in the MPAA system herein
attributed to a protonation/deprotonation process. The hydrogen bonds

between the undissociated –COOH and dissociated ‒COO- headgroups
may result in a compact layer near the electrode (see non-faradaic
peaks of the protonation/deprotonation process at ~250 and ~140 mV
in Fig. 1B) [29].

In binary monolayers performed by the addition of MCH or HDT
followed by CP an increases of the impedance by ~3 times was ob-
served, whereas MPAA/CP shows only a 1.3-fold increase. Fractional
coverage values also increased by 20, 13 and 6% for MCH/CP, HDT/CP

Scheme 3. Different arrangements evaluated to give two types of ternary monolayers based on MCH and MPAA or MCH and HDT. Co-immobilization (A) is
represented by “+” and sequential addition (B) by “→”.

Fig. 2. Charge transfer resistance (Rct) values and apparent fractional coverage of the electrode (θRIS) obtained for the two ternary surfaces under different preparation
methods (A: co-immobilization of two components; B: sequential immobilization).
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and MPAA/CP, respectively (Fig. 1C). It is noteworthy that, the MPAA/
CP SAMs, contrary to expectations, gave the most promising results
probably because of the best orientation of the CP, i.e. perpendicular to
the surface.

Results highly differ depending on whether CP is added before the
diluent or vice versa, except in MCH monolayers. When CP is added
before the diluent, both impedances and fractional coverages increase
considerably, in HDT and MPAA systems, as opposed to MCH systems,
see CVs and EIS spectra in Fig. S2. These results point to the formation
of disorganized assemblies at the surface, in HDT/CP and MPAA/CP

monolayers.
Of the two SAM preparation processes tested, co-immobilization of

capture probe and thiol diluent was not successful, given that it pro-
duced seemingly blocked surfaces that prevented the redox process.
Only a discreet redox process for the CP + MPAA system was observed
(Fig. S2).

3.2.3. Ternary systems
Up to this point, different binary configurations were interrogated

in terms of their electrochemical response with ferrocyanide probe.
Then, we proceeded to evaluate different ternary configurations to
render the two ternary SAM surfaces shown in Schemes 1d and e, with
HDT and MCH or MPAA and MCH co-existing as diluents. Although
previous studies show that the use of MCH as the last diluent in ternary
monolayers produces the best results [30], we decided to test different
configurations: on one hand, we prepared these monolayers by co-im-
mobilizing two diluents or CP and one diluent, followed by addition of a
third diluent or CP (Scheme 3A). On the other hand, we immobilized
the three components by sequential addition, as shown in Scheme 3B.

Fig. 2 shows the impedance and electrode coverage results with-
drawn from EIS experiments on all these ternary configurations. Elec-
tron transfer rates of ferrocyanide redox process at these modified
surfaces were ~4–5 times slower than that of bare gold for the A group
(co-immobilization), whereas it was ~2–4 times less for the group B
(sequential addition) (data not shown). The fastest electron transfer
rate was obtained with CP/HDT/MCH, together with the lowest Rct and
θRIS values (Fig. 2 and Fig. S3).

As it has already been seen, binary monolayers performed by the
addition of CP in last place gave the best results. However, this is not
the case in ternary monolayers. The addition of HDT and MCH seems to
cover fully the electrode, preventing the immobilization of the CP. This
could explain the results of the HDT/MCH/CP, MCH/HDT/CP,
MCH + HDT/CP monolayers shown in Fig. 2 and Fig. S4.

For binary monolayers, the co-immobilization of thiol diluent with
CP showed negligible electrochemical response towards the redox fer-
rocyanide system. In ternary systems, the addition of MCH to the
electrode surface after co-immobilizing CP + diluent, seems to lead to
further reorganization of monolayers, in a way that would allow the
redox molecule to reach the electrode, thus generating optimum sen-
sing phases, i.e. CP + MPAA/MCH and CP + HDT/MCH. In the latter
case, when the order of reagent addition was reversed, i.e. CP + MCH/
HDT, no differences in the electrochemical response in terms of im-
pedance change or peak separation were found. Fig. S5 shows these
results. When the first to be immobilized was CP, followed by co-im-
mobilization of two diluents (CP/MCH + HDT), the resulting apparent
fractional coverage was above 0.95 (Fig. 2). Previous reports have
shown that high levels of θRIS (ca. ≈ 0.95) result in highly compacted
surfaces which produce a markedly decrease in the electrochemical
response [18,31].

Fig. 3. Differential pulse voltammograms of 1 nM of target, blank and non-
complementary sequence (1 nM), for MCH/CP SAM (A), HDT/CP SAM (B),
MPAA/CP SAM (C), and CP/HDT/MCH SAM (D). S/B ratio at 10 nM of target
(E). Scan rate 10 mV s−1, pulse amplitude 20 mV.

Fig. 4. (A) DPV voltammograms from different target concentration, scan rate 10 mV s−1, pulse amplitude 20 mV. (B) Calibration curve under optimum conditions.
The final Klotho genosensor was prepared with CP/HDT/MCH SAM.

M. Sánchez-Paniagua, et al. Talanta 212 (2020) 120735

6



The sequential addition procedure used to prepare ternary SAMs
was considerably affected by the addition of CP as third component,
giving surfaces so densely coated that prevent the electrode process of
the ferrocyanide. Also SAMs was affected by the addition of MCH as
third component, and by the use of MPAA or HDT. Ternary monolayers
formed by MCH and MPAA rendered elevated fractional coverage levels
(0.96 for both cases, i.e. CP/MPAA/MCH and MPAA/CP/MCH).
Therefore, the use of MPAA in ternary monolayers was ruled out. In this
type of SAMs, the close proximity between the carboxylic groups of
MPAA and the hydroxyl groups of MCH can produce strong hydrogen
bonds and render a highly compact pseudolayer. In HDT-based ternary
SAMs, where the diluent is anchored to the gold surface in a flat posi-
tion by each of the terminal thiol groups, the opposite happens. These
monolayers resulted in an optimum electrode coverage, generating
more reversible redox reactions at the surface, mostly when CP was
firstly immobilized, i.e. CP/HDT/MCH, θRIS = 0.86 vs HDT/CP/MCH,
θRIS = 0.93 (Fig. 2). Generally, ternary monolayers are formed by adding
MCH as third diluent. If the addition is changed to CP/MCH/HDT, a
slight increase in fractional coverage was resulted as well as a decrease
in the electrochemical reversibility of ferrocyanide's redox system (Fig.
S3a). CP/HDT/MCH was thus chosen as the most promising scheme
based on the highest level of SAM organization, probably due to op-
timum inter-DNA spacing.

3.3. Analytical characteristics of the genosensor

We selected the monolayers that gave the best results in the pre-
liminary studies. For binary phases, the diluent/CP order of addition
was chosen (MCH/CP, HDT/CP and MPAA/CP SAM),while for ternary
layers, the best results were obtained by addition of CP following by
diluents (CP/HDT/MCH SAM). In order to address how these different
configurations can affect the performance of the entire sensing system,
we proceeded to construct the genosensor and perform the electro-
chemical readout of the enzymatic product, 1-naphthol, by DPV.
Fig. 3A–D shows the increase of the electrochemical signal of naphthol
oxidation with the target concentration for the four monolayers. Se-
lectivity was evaluated by comparing the responses of 1 nM of target
and 1 nM of a non-complementary sequence (nC). The nC sequence and
the blank gave a similar signal, and different to the target in MPAA/CP
and CP/HDT/MCH SAM, proving the high selectivity of the system
towards specific DNA recognition. The S/B ratios increased con-
siderably in the case of thioaromatic DNA binary monolayers, but the
highest S/B enhancement was observed with the ternary configuration
(Fig. 3E), which is associated with a high hybridization efficiency and
antifouling properties.

Considering all the results obtained to this point, the quantitative
analysis of Klotho was performed with the ternary monolayer CP/HDT/
MCH. Fig. 4A shows DPV signals for different concentrations of target
and blank. Fig. 4B shows the calibration curve, a linear response in the
range of 5·10−10 to 5·10−8 M was obtained. The regression equation
was I(μA) = 1.23 + 1.56 ctarget (nM) (r = 0.998). The detection limit,
estimated as the concentration corresponding to the blank signal, x B,
plus three standard deviations of the blank, σB, (x B + 3σB, N = 10) was
found to be 0.5 nM. Five parallelly-fabricated DNA sensors were used to
detect 10 nM of target DNA obtaining a RSD of 8.10%, proving a sui-
table degree of reproducibility in sensor preparation.

4. Conclusions

An electrochemical genosensor has been designed and developed for
Khoto detection by the use of mixed-self-assembled monolayers as DNA
inmobilization system. The procedure for binary SAM preparation
consisting of sequential addition of a diluent thiol followed by addition
of the capture probe was found to have the least detrimental impact on
electrochemical performance. The best S/B ratios were obtained with
thioaromatic MPAA/CP in binary monolayers. Ternary monolayers

formed by MCH and HDT rendered good fractional coverage levels and
generating more reversible redox reactions at the surface, mostly when
CP was firstly immobilized, CP/HDT/MCH. A negligible signal of the
blank and non-complementary sequence was obtained with this ternary
SAM. The S/B ratio increased 2.42-fold (10 nM of target), compared
with MPAA/CP SAMs. A linear response in the range of 5·10−10 to
5·10−8 M was obtained with CP/HDT/MCH monolayer, with a detec-
tion limit of 0.5 nM and RSD of 8.10%.
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