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ARTICLE INFO ABSTRACT

Keywords: Studies have well documented that mutations in the adenomatous polyposis coli gene (APC) are involved in the
Gene detection development of different types of cancer. Therefore, the objective of the present report was to design and
Electrochemical genosensor construct a sensitive nanostructured genosensor able to detect specific sequences of the APC gene in order to be
APC genosensor applied in early carcinogenesis diagnosis. We used screen-printed gold electrodes (SPGE) modified with DNA
Doxorubicin probes and mercaptoundecanoic acid chemically immobilized on a gold sensor surface. APC complementary
DNA sequences were hybridized on the previously immobilized DNA probes. Besides, we tested effects of dif-
ferent intercalating agents, and various temperatures on the hybridization reaction to increase the sensitivity and
selectivity of our device. The evaluation of these processes was carried out by means of the cyclic voltammetry
technique (CV) to monitor the redox reaction of [Fe(CN)6]®~7%~ on the SPGE-s. The constructed genosensor
exhibited an excellent response to identify the APC gene in a concentration range from 100 pM to 100 uM, with
43.92 pM as the limit of detection in the presence of doxorubicin as DNA intercalating agent. The selectivity of
the device was tested by using a DNA sequence different from the APC gene, which shows negative response.
Considering the importance of APC mutations in the development of tumors in the digestive, urogenital, and
mammary tissues, here developed electrochemical genosensor, due to its easy management, short time of re-

sponse, and high performance, may be useful for early cancer detection.
1. Introduction codify the protein APC, which in turn antagonizes the wingless-type
signaling pathway by joining and regulating f-catenin in the intestine,
The adenomatous polyposis coli gene (APC) is situated in the chro- skin, and immunologic system, as well as in bone and brain tissues
mosome 5q21, and is known to act as tumor suppressor gene [1]. APC [1,2]. Moreover, the mentioned protein is involved in various crucial
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Sequence; dsDNA, APC complementary target; SNC, Non-complementary Sequence; MUCS, 11-mercaptoundecanoic acid + Probe Sequence solution; PBS, Phosphate
buffered saline pH 7.4; DOX, Doxorubicin; PI, Propidium iodide; HC, Hoechst 33258; AO, Acridine orange; EB, Ethidium bromide; MB, Methylene blue; IT,
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cellular and biochemical processes including migration, adhesion, dif-
ferentiation, proliferation, apoptosis, transcription and DNA repair
[1,3]. Understandably then, a mutation in the indicated gene may give
rise to abnormal codons that usually have tumorigenic properties [4]. A
number of studies have shown that alterations in such gene are closely
related with the development of tumors in various organs, including
prostate, liver, pancreas, esophagus, and breast [3,5-9], as well as in
the stomach, colon and rectum [5].

The involvement of the APC gene in the carcinogenic process, and
particularly the fact that its activity has been detected since the early
progression phase of carcinogenesis [9-11], clearly suggest that ab-
normal expressions of such gene can be utilized as an early diagnostic
biomarker. In this aspect, the development of tools for the early diag-
nosis of cancer is mandatory to avoid or reduce the diagnosis in ad-
vanced stages of the disease, and to improve the patient's prognosis,
including a better quality and extent of life. Moreover, considering the
complex genetic and epigenetic changes involved in the development of
cancer, early diagnostic procedures should be very useful to high-risk
individuals before the application of conventional cancer detection
methods [12,13].

In this context, the construction of DNA electrochemical sensors is
of a special importance due to their high sensitivity, specificity and
capacity to analyze a large number of samples in a short time and no
matter their relatively facile use and low cost [14]. Such devices are
based on the immobilization of a single oligonucleotide chain probe on
the surface of an electrochemical transductor, and on their ability to
recognize the complementary DNA sequence (sample) through the
hybridization process [15,16]. Commonly, the hybridization reaction
on the electrode surface is confirmed by the changes observed in the
hybridized DNA [17]. To increase the signal detection capacity of
electrochemical sensors, researchers have proposed the use of electro-
active molecules with the capacity to be intercalated in the DNA, in-
cluding metallic cationic complexes, or organic compounds; these last
ones have usually given rise to a more specific hybridization-signal
relationship [18,19]. The critical aspect in the design and construction
of genosensors is the finding of compounds with the capacity to form
stable, compact and nano-ordered monolayers, thereby making it pos-
sible to avoid the background electric current, to inhibit corrosion, and
to resist the ion penetration; so these compounds can act as effective
barriers against electron transference [20,21]. The use of thiols has
given good results to achieve such purposes because these molecules,
besides complying with the previously mentioned characteristics, also
propitiate a vertical conformation of the DNA molecule on the electrode
surface, thus favoring the oligonucleotide hybridization [22]. Two
other important factors that must be considered in the construction of a
genosensor are the length of the thiol molecule, and the chemical
nature of the functional terminal group; these aspects are necessary for
the control of the monolayer properties, including the access to the
genosensor active sites [23]. Besides, genosensors are superior to the
traditional devices because they have shown higher design flexibility,
excellent reproducibility and elevated hybridization efficacy [23,24].
Based on the above mentioned antecedents, the aim of the present re-
search was to design and construct a high sensitivity genosensor with
the capacity to detect specific sequences of the APC gene. For such a
purpose we employed screen-printed gold electrodes (SPGE), and the
electrochemical method, cyclic voltammetry (CV). Such device, which
has not been previously reported for detection of the early and oppor-
tune identification of mutations in the APC gene, can also be used for
the study of other cancer related DNA mutations.

2. Material and methods
2.1. Reagents

Potassium ferricyanide ([Fe(CN)6]®>™), Potassium ferrocyanide
([Fe(CN)]1*7), phosphate buffered saline pH7.4 (PBS), 11-
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mercaptoundecanoic acid (MUC), ethylenediaminetetraacetic acid
(EDTA), Trizma® hydrochloride (Tris-Cl), doxorubicin (DOX), propi-
dium iodide (PI), Hoechst 33258 (HC), acridine orange (AO), ethidium
bromide (EB), and methylene blue (MB) were purchased from Sigma
Chemicals (St Louis, MO). Potassium ferrocyanide was obtained from
Merck (Mexico), and ultrapure sodium dodecyl sulfate (SDS) was pur-
chased from MP Biomedicals, Inc. (Solon, OH). All solutions were
prepared with ultrapure water from a Millipore Milli-Q system (re-
sistivity 18.2 MQcm) Millipore Corporation (Milford, MA).

The DNA oligonucleotides were purchased from T4oligo Company
(Irapuato, Gto). Stock solutions of oligonucleotides were prepared with
TE buffer (formed by 10 mM Tris-HCl, and 1 mM EDTA, pH 8.0) and
stored in a freezer at — 20 °C until use. Diluted solutions made in PBS
0.01 M at pH 7.4 in a range of 10~ '° M to 10~ * M were prepared. The
oligonucleotide sequences used in the experiments were the following:

Probe Sequence (ssDNA): 5-SH-(CH3)e-GGT GGA GAT CTG CAA
ACC TC-3

APC complementary target (dsDNA): 5-GAG GTT TGC AGA TCT
CCA CC-3

Non-complementary Sequence (sNC): 5-GGT GGA GAT CTG CAA
ACC TC-3'.

2.2. Apparatus

We used screen-printed gold electrodes (SPGE) (DRP 250AT from
DropSens, Oviedo, Spain), as working electrode, Pt as counter elec-
trode, and Ag/AgCl as reference electrode. CV was carried out at room
temperature with a Bionalytical Systems BAS-100 electrochemistry
workstation (West Lafayette, IN, USA). All potentials were referred to
Ag/AgCl reference electrode. A new SPGE was used for each assay.

2.3. Preparation of the genosensor

In order to modify the working Au electrode, only the gold surface
was incubated for 30 min, in 40 pL of 100 uM thiolated probe sequence
(ssDNA) and MUC 1 uM (3:1) diluted in PBS 0.01 M. After this step, the
SPGE was rinsed with 0.1% SDS diluted in PBS, and then with Milli-Q
water to remove the non-adsorbed residuals. In this way the working
gold electrodes become permanently modified with MUCS adlayer
(MUC + ssDNA = MUCS).

2.4. Hybridization assay

In a further process, the Au surface modified with MUCS was in-
cubated in 40 pL of 100 uM target DNA sequence. The hybridization
reaction with oligonucleotides was carried out for 30 min at room
temperature. Then, electrodes were rinsed with 0.1% SDS diluted in
PBS, as well as with Milli-Q water in order to remove the unbound
targets.

2.5. Sensitivity of the genosensor

The SPGE with the previously modified MUCS/Au electrode surface
was incubated in 40 pL of target DNA sequence in concentrations of 100
pM, 1 nM, 10 nM, 100 Nm, 1 uM, 10 uM and 100 pM. The hybridization
reaction with the oligonucleotides was carried out for 30 min at room
temperature. Then, the electrodes were rinsed with 0.1% SDS diluted in
PBS, and then with Milli-Q water.

2.6. Hybridization indicators

The dsDNA/MUCS/Au modified electrode surfaces were incubated
with the following hybridization indicators (intercalating agents, IT):
DOX, EB, PI, AO, HC, and MB. For this purpose, samples were treated
with 10 pL of 20 uM IT/ 0.01 M PBS solution, for 20 min at room
temperature in the dark. Note, in all electrochemical experiments,
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concentration of the supporting electrolyte was 0.01 M PBS. After the
incubation, electrodes were rinsed three times first with Milli-Q water
and then with 0.01 M PBS.

2.7. Hybridization temperature

In order to maximize the sensitivity of our device we investigated
the influence of temperature on the hybridization by examining its ef-
fect at 20, 37, 40, 45, 50 and 55 °C for 30 min, in 40 pL containing 1 uM
of target DNA sequence solution, using the US autoflow automatic CO,
(NU-4750) incubator (NuAire, Plymouth, MN). In addition, we eval-
uated the effect of DOX after the hybridization reaction; in this case, we
used 10 pL of the compound (20 pM, diluted in PBS) for 20 min in the
dark, at room temperature.

2.8. Selectivity of the genosensor

The detection capacity of the developed biosensor previously
modified (MUCS/Au) was tested. The genosensor was incubated for
30 min at room temperature with 40 pL of 1 uM non-complementary
sequence (sNC). Then, the electrode was rinsed with 0.1% SDS diluted
in PBS, and with Milli-Q water. Later, the genosensor was incubated
with 40 pL containing 1 uM of target DNA sequence for 30 min at room
temperature. Finally, the electrode was rinsed with 0.1% SDS diluted in
0.01 M PBS, and with Milli-Q water.

One electrode modified with sSNC/MUCS/Au, and another modified
with dsDNA/MUCS/Au were incubated in the dark with 10 uL con-
taining 20 pM of DOX in 0.01 M PBS solution, for 20 min at room
temperature. After the incubation, electrodes were rinsed three times
first with Milli-Q water and then with 0.01 M PBS.

2.9. Electrochemical measuring

The electrochemical detection was made by means of CV at a scan
rate of 50 mV/s, within a potential range from —400 mV to +500 mV
and we used the second scan in positive sense. The CV measurements
were carried out with a drop of 150 L of 2.5 mM [Fe(CN)e]®>~74~ di-
luted in 0.01 M PBS (pH 7.4). Such mix corresponds to the redox probe
placed on the electrode surface at room temperature.

3. Results and discussion

Fig. 1A shows the redox peaks obtained for the [Fe(CN)¢]®~74~
probe, using unmodified and modified SPGE in the CV mode. The

general redox equation for all process is the next: [Fe(IIl)
(CN)6I®>~ + e- <> [Fe(ID(CN)s]*~. The maximum current of [Fe
(CN)¢I*~74~ of the anodic peak (i) was measured to

73.42 = 0.87 pA for unmodified SPGE, line (a), at 164 mV. A pertinent
statement here is that PBS solution did not show any electrochemical
signal that could affect the [Fe(CN)6]®~7*~ redox reaction (as it is show
text later). Line (b) represents the cyclic voltammogram obtained for
the same system at the modified MUCS/Au electrode. In this case we
observed a notable decrease in the [Fe(CN)¢]>~/*~ current peak
(anodic part): from 73.42 + 1.23to 68.1 = 1.74 pA. The decrease of
the first value (68.1 pA) corresponded to the maximum height of the
MUCS/Au anodic peak, and in the process of the further assays, it re-
presents 0% of DNA hybridization reaction with the target DNA APC
gene. Therefore, any decrease of this anodic peak value would represent
a progress of a hybridization reaction, as well as an increase in the
transfer resistance of interfacial [Fe(CN)¢]> ™74~ ions. This decrease can
be related to the non-conducting capacity of the electrode surface
modified by oligonucleotides [25]. Furthermore, the MUC barrier also
avoids the access of the redox probe ions to the Au electrode, and
consequently the current decrease [26]. Later and in addition, the de-
vice was subjected to hibridization reactions with 107 M and 10~ * M
of the target DNA (lines (c) and (d), respectively). In this reaction, with
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respect to the value of MUCS/Au, we found a significant current re-
duction of 25.52% and of 78.81% to 10" °M and 10~ * M of dsDNA/
MUCS/Au. Such results confirm that the hydridization process was
carried out. The observed decreases could be explained as a con-
sequence of the blocking of the electrode active surface, as well as
because of the steric hindrance after the hybridization. Another possi-
bility to explain the results could be an increase in the negative charge,
which can give rise to repellency of redox species on the electrode
surface [27]. In this respect, Torati et al. [28] demonstrated that the
differences in the peak current before and after the DNA interactions
are related to the hybridization efficiency.

The analytical performance of the genosensor was evaluated using
different concentrations of target DNA (from 100 pM to 100 pM, which
means 10 1% M to 10~ * M). Fig. 1B represents the maximum current of
[Fe(CN)g]® =74~ of the anodic peak obtained of the cyclic voltammo-
gram for each concentration of the dsDNA/MUCS/Au used in the hy-
bridization process. In the figure, we show that the maximum anodic
peak for MUCS/Au was found at 69.63 pA, a value that decreased to
26.25 PA due to an increase in the target DNA concentration in dsDNA/
MUCS/Au electrode. Simply, this means that increases in the presence
of genetic material in the sample led to the decrease of the anodic peak
current of the [Fe(CN)s]>~/*~ probe. According to Avelino et al. [29],
electrochemical [Fe(CN)e]®>~7*~ signal is decreased/suppressed due to
blocked electron flux through the electrode surface covered by genetic
material.

To determine the detection capacity of the genosensor, we calcu-
lated the relative percentage of the anodic peak diminution vs. target
DNA concentration, in the range from 100 pM to 100 uM. For each of
the used concentrations, the capacity of hybridization was calculated
with the following equation: % Igejative = [(Io — Im)/Io] * 100, where I,
is the maximum anodic peak of MUCS/Au and I, corresponds to the
maximum anodic peak of the dsSDNA/MUCS/Au current after the hy-
bridization reaction. Fig. 1C shows the linear correlation between the
logarithms of the target DNA concentration with Irejave (%), whose
linear regression coefficient was R?> = 0.95496. A gradual percentage
decrease was observed with respect to the concentration increase of the
target DNA. The detection limit based on the dsDNA/MUCS/Au for
determined according to the 3 X S, criterion, where S;, was estimated
as the standard deviation of the blank measurements and fitting to the
respective equation of the linear portion of the plot. A detection limit f
3.604 x 107'°M was estimated and the regression equation was as
follows: % Igejative (HA) = 59.089 + 6.175 log target DNA concentra-
tion (M). The limit of detection was estimated according to Li et al.
[30]. Based on these results, we decided to use 1 uM of target DNA in
subsequent assays dedicated to improve the sensitivity of the device.

In view of the fact that IT-s have been reported to increase the
hybridization efficiency [31-34], we tested the effect of these chemicals
to improve the sensitivity of our genosensor. Therefore, we compared
the electrochemical response of the 2.5 x 107°M [Fe(CN)g]® ™74~
probe on the dsDNA/MUCS/Au electrode in the presence of DOX, OA
PL, EB, HC and MB. Fig. 2 shows the effect induced by the intercalating
chemicals. Red bar shows the electrochemical response in % Icjative
values when different IT-s, were used. For each of the IT-s, the capacity
of increase the hybridization efficiency was calculated with the fol-
lowing equation: % Irejative = [(Io — Im)/Io] * 100, where I, is the
maximum anodic peak of dsDNA/MUCS/Au and ,, corresponds to the
maximum anodic peak of the IT/dsDNA/MUCS/Au current after the
hybridization reaction. The concentration of the IT-s was kept constant:
2 X 10~ %M. Note, no faradic peaks in the investigated potential range
were observed, to be assigned specifically for IT species. However, all
tested IT-s induce a decreased of the dsSDNA/MUCA/Au anodic peak,
which clearly shows the expected effect of the intercalation agents on
the DNA hybridization reaction. According to the literature, such effect
can be related to induction of negative charges in the electrode layer
and therefore repulsion with the negatively charged [Fe(CN)g]®~/*~
ions [35-37]. In the same way, the different reaction conditions could
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Fig. 1. (A) Cyclic voltammograms current of the 20 mM
[Fe(CN)e]®~7#~ redox probe/0.01 M PBS (pH 7.4), re-
gistered on unmodified Au electrode (a), modified MUCS/

Au electrode (b), 10 ™% M dsDNA/MUCS/Au electrode (c),
and 10~* M dsDNA/MUCS/Au electrode (d).

(B) Plot of CV anodic peak current vs target DNA con-
centration.

(C) Linear relationship between the relative current
change (% Igelative = [(Io — Im)/Io] * 100) of the anodic
peak of the [Fe(CN)g]®~/#~ redox probe and the loga-
rithm of the target DNA concentration.

All electrochemical measures was made by means of
cyclic voltammetry (CV) at a scan rate of 50 mV/s, within
a potential range from —400 mV to + 500 mV.

stacking process, the increase in the hydrogen bridge interaction and
the van der Waals forces, as well as the electrostatic interactions. In this
way IT could improve the spatial conformation of the DNA, and avoid
the flux of [Fe(CN)c]®>~7*~ ions to the electrode surface [48,49]. Al-
though we do not know the exact mechanism of the used IT-s, we could
clearly see that in the presence of the IT molecules hybridization re-
action of DNA influence the structure of the modified electrode mole-
cular layer and its permeability to [Fe(CN)¢]>~/#~ ions. These actions,
consequently, increase the sensitivity of the present genosensor to de-
tection APC gene. We found that DOX had the stronger capacity to
indicate the hybridization process; the results indicate an increase of
20.03 £ 1.03 for % Igejative- Our results also show that DOX had the
best capacity to interact with double chain DNA. Such effect can be
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Fig. 2. Effect of the intercalating agents (IT-s) on the DNA hybridization re-
action.

Relative current change (% Irejative = [(Io — Im)/Io] * 100) of the anodic peak
of modified IT/dsDNA/MUCS/Au (red bars) in relation to dSDNA/MUCS/Au. It
shows effect of intercalating agents: doxorubicin (DOX), propidium iodide (PI),
Hoechst 33,258 (HC), acridine orange (AO), ethidium bromide (EB), and me-
thylene blue (MB) on the DNA hybridization reaction.

affect the results [38]. It has been observed that intercalating agents
inserted between the base pairs of DNA, which results in a decrease in
the helical turn of the DNA and promotes its elongation, directly af-
fecting the sugar-phosphate skeleton bonds forming a large groove in
the most cases [39-41]. Therefore, the DNA molecule could build more
compact layers. As well, the aromatic hydrophobic regions of the IT are
attracted to similar zones of nitrogenous DNA bases, increasing diffu-
sion of IT molecules [42,43]. Another phenomenon, which has been
observed is that IT is capable to reduce the effective charge density of
DNA [31,41,44,45]. In addition, it is known that IT molecules could
interact with the genetic material at different ways: forming T-shaped,
not stacked and face-to-face complexes [46,47]. According to literature,
the IT stabilize the DNA chains due to the improvement of the base
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explained considering that two of the three DOX rings were intercalated
between guanine and adenine, while the ring of sugar remained outside
of the duplex, interacting with the minor groove [48-50] [2-4].
Therefore, a complex was formed where the electrostatic charge of DOX
was in the phosphate groups [48-51]. This interaction was favored by
the formation of H bonds between the amino sugar and the site of the
oxygen base [49,50]. Diminution of the anodic peak current observed
in our experiments indicates that DOX was efficient IT agent and mostly
preconcentrated between the dsDNA chains. DOX molecules do not
show any electrochemical reaction at the SPGE surface as (it is show
text later) [51].

Based on the results obtained with DOX, in the new step we eval-
uated the influence of the DOX presence on the dsDNA hybridization.
Fig. 3A shows cyclic voltammetry curves of different unmodified and
modified Au-electrodes obtained in 0.01 M PBS (pH 7.4). First, we
characterized the unmodified gold surface, line (a). Line (b) shows
electrochemical response of PBS buffer on the surface modification with
DOX/dsDNA/MUCS/Au. Line (c) represents the effect of PBS buffer
containing 2.5 uM DOX solutions on the surface of DOX/dsDNA/MUCS/
Au. Finally, line (d) shows the electrochemical response obtained of
PBS bulffer containing 2.5 pM [Fe(CN)g1®~74~. It is observed that PBS
and DOX, do not affect the electrochemical response of the [Fe
(CN)6]®>~74~ at the SPGE electrode. Similar responses of DOX were
obtained in Yau et al. [51].



L.F. Garcia-Melo, et al.

Journal of Electroanalytical Chemistry 840 (2019) 93-100

(a—Au Fig. 3. Effect of DOX on the DNA hybridization reaction.
2:;: ggﬁ;ﬂ:gsxmgggﬁﬁﬂmx N (A) Cyclic voltammograms obtained for (a) unmodified
(@ AU+Fe(CN) ™ 0 Au electrode, (b) DOX/dsDNA/MUGCS/Au, (c) DOX/
A B dsDNA/MUCS/Au (in excess 10~° M of DOX in solution),
50 604 - (d) corresponding cyclic voltammograms for unmodified
Au electrode in 107° M [Fe(CN)¢]®~74~. All in 0.01 M
o o = 2 . PBS electrolyte solution.
0 Elr 3 i I (B) Anodic peak current for [Fe(CN)s]® ™74~ redox probe
- p - | recorded at DOX/dsDNA/MUGCS/Au electrode, in dif-
- 304 ferent concentration of target DNA.
504 \ (C) Linear relationship between the relative current
20 change of the anodic peak [Fe(CN)s]>~/*~ redox probe
i . . . : ; i . . . i . { and the logarithm of the target DNA concentration at
400 <200 0 200 400" 600 2 £ £ £ 2 2 2  DOX/dsDNA/MUCS/Au and dsDNA/MUCS/Au elec-
E/mV (vs Ag/AgCl) e -~ = &8 - = 8 trodes, respectively.
451 Target DNA concentration All electrochemical measures was made by means of
40] C * cyclic voltammetry (CV) at a scan rate of 50 mV/s, within
35 R?=0.99705 & a potential range from —400 mV to +500 mV.
30 yeT2974591 : .
£ 251 s .
& 201 ’
; 15 4 R? = 0.95496
S 10] é y=59.089 + 6.175x
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I ¢sDNA/MUCS/Au concentration (M). In addition, a comparison of two graphs for DOX/
I DOX/dsDNA/MUCS/Au dsDNA/MUCS/Au and dsDNA/MUCS/Au, shows better sensitivity for
sensor using DOX (Fig. 3).

Fig. 4, shows the effect of the hybridization temperature on the
electrochemical response of the genosensor. Blue bars show a response
after the hybridization reaction at dsSDNA/MUCS/Au at different tem-

:‘23 - peratures that range from 20 °C to 55 °C, without the presence of IT.
E The maximum blocking of the anodic peak current, expressed as %
— IRelative Was obtained at 50 °C (24.28%). This result indicated the
X highest hybridization efficiency in the tested range of temperatures. It
can be explained by an accumulation of negative charges in the elec-

trode layer, such result generated by both: the formation of the fully

hybridized probe-target duplexes, and the inhibition of the electron

transfer at the electrode surface [52,53]. Wu et al. [54] have reported

similar results. Furthermore, we demonstrated that value of % Igejative at

20 37 40 45 50 55
Hybridization temperature / °C

Fig. 4. Effect of temperature on the DNA hybridization reaction.

The relative current change of the anodic peak of [Fe(CN)¢]®>~/*~ redox probe
vs hybridization temperature during to dsDNA/MUCS/Au preparation, before
(blue) and after (red) the DOX treatment, at the room temperature (20 °C)
(DOX/dsDNA/MUCS/Au).

In the next step, we evaluated the analytical behavior of the DNA
biosensor using various concentrations of the target DNA to carry out
the hybridization reaction on the gold surface (dsDNA/MUCS/Au).
After the hybridization process, we added DOX at 20 uM (diluted in
PBS) for 20 min at room temperature in the dark on the gold surface
previously modified with dsDNA/MUCS/Au. Fig. 3B shows a gradual
decrease of the anodic peak current [Fe(CN)e1® =74~ redox probe at the
electrode surface with addition of DOX with respect to the concentra-
tion increase in target DNA. In the range of 100 pM to 100 uM the
current decreased from 69.19 pA to 26.248 pA. This result establishes
that the use of DOX improved the sensitivity of our genosensor
(Fig. 3C). The data present a linear correlation between the logarithm of
the DOX/dsDNA/MUCS/Au concentration with Igejative (%), whose
linear regression coefficient was 0.99705. The lowest limit of detection
corresponded to 4.39 x 10~ M (S/N = 3), and the regression equa-
tion was as follows: % Igejative (HA) = 72.97 + 5.91 log target DNA
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20 °C is 22.98%. Thus, we could conclude that hybridization reaction
was also highly effective at 50 °C, as well as at 20 °C. The red bars
represent the maximum anodic peak (% Irejative) for same systems
modified by DOX (DOX/dsDNA/MUCS/Au), after the hybridization
process at different temperatures. It is important to mention that 20 uM
DOX (diluted in PBS solution) was added for 20 min at room tem-
perature in the dark, at the previously hybridized dsDNA/MUCS/Au
electrodes. In such case, the best results with maximum effect for DOX/
dsDNA/MUCS/Au electrode were achieved at 20°C. Due to DOX
treatment, the % Igrelative increased additional for 15.43% in relation to
dsDNA/MUCS/Au. In contrast, dSSDNA/MUCS/Au formed at 50 °C, after
treatment with DOX show an increase of the % Ircjative for only 11.67%.

At general, it could be concluded that using DOX, the best effect on
the sensor effectiveness is observed at experiments performed at 20 °C.
In this context, Box [55] and Chu et al. [56] mentioned that the DNA
interspacing capacity of DOX is related with the interaction of quinone,
hydroxyquinone and the sugar group. These groups stabilize the DNA
structure due to the hydrophobic stacking interactions between the
DOX molecule and the adjacent base pairs, enhancing the delocaliza-
tion of electron clouds. In addition, the stearic hindrance has been
observed to increase by the immobilized compounds on the electrode
surface [57-59] and consequently when the ion transfer is blocked on
the electrode surface, the current decreases [60]. Besides, Vacek et al.
[61] observed that the current decrease is due to the capacity of DOX to
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Fig. 5. The selectivity test of the genosensor.

(A) Cyclic voltammograms of [Fe(CN)6]® =74~ redox
probe recorded at MUCS/Au electrode (a), sSNC/MUCS/
Au electrode (b), and dsDNA/MUCS/Au electrode (c).
(B) Cyclic voltammograms of [Fe(CN)¢]>~"*~ redox
probe recorded at MUCS/Au electrode (a) DOX/sNC/
MUCS/Au electrode (b), and DOX/dsDNA/MUCS/Au
electrode (¢). The DOX solution was added in excess
1075M. All electrochemical measures was made by
means of cyclic voltammetry (CV) at a scan rate of
50 mV/s, within a potential range from —400mV to
+500 mV.
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block the redox centers, as well as to the saturation of the DNA probes
with complementary chains [35]. In summary, the main advantage of
using DOX was to simplify the detection process and to increase the
sensitivity of the device operating at room temperature.

Fig. 5A, shows cyclic voltammograms curves of SPGE modified with
MUCS/Au, sSNC/MUCS/Au, and dsDNA/MUCS/Au. Line (a) indicates
that the maximum anodic peak of [Fe(CN)s1® =74~ after the modifica-
tion with MUCS/Au is 68.14 pA at a potential of 162 mV. This result
confirmed those previously obtained with respect to MUCS/Au and its
union on the surface of the electrode, presented above. Line (b) re-
presents the genosensor interaction with sNC/MUCS/Au (non-com-
plementary DNA sequence). In this case, we obtained a current decrease
of only 1.92% Igejative- Such a poor current decrease indicated that the
hybridization reaction of sNC (non-complementary sequence) with
MUCS/Au was not taking place. Contrary, line (c) shows the hy-
bridization of dsDNA/MUCS/Au with current decrease of the maximum
anodic peak up to 10.52% of Igejative With respect to MUCS/Au, and
8.77% of Igejative in relation to SNC/MUCS/Au. This result was expected
(see the above presented data) and established that the genosensor was
able to discern between dsDNA-APC and sNC samples, which shows a
strong selective capacity of our device.

Fig. 5B represents the cyclic voltammetry curves of [Fe(CN)g
obtained at SPGE previously modified with MUCS/Au (line a), while
lines (b) and (c) shows the same process at SPGE modified with sNC/
MUCS/Au and with dsDNA/MUCS/Au, after interaction with DOX. The
line (b) in particular, shows the maximum anodic peak of DOX/sNC/
MUCS/Au with current decrease of only 6.92% of Irejative, r€SPect to
MUCS/Au. On the contrary, when DOX was added to dsDNA/MUCS/
Au, the maximum anodic peak of DOX/dsDNA/MUCS/Au (line c) de-
creases for 16.82% of Irejative With respect to MUCS/Au.

These results confirmed that DOX was interspersed in the double-
strand DNA sequences blocking the flow of [Fe(CN)61®>~7*~ ions as
already mentioned above in the text. Definitively such effect is useful to
increase the selectivity of our type of electrochemical DNA sensor.
Therefore, it could be concluded that our genosensor is highly selective
to detect target DNA APC gene. In a further step in the research, it
would be possible to test other experimental conditions in order to
improve the analyzing potential of this type of genosensors over the
genetic material.

3—/4-
]

4. Conclusions

In summary, a systematic and detailed study was carried out fol-
lowing electrochemical bases to monitor the redox process of [Fe
(CN)6]®>~7* on the SPGE electrode. This approach allowed us to develop
a genosensor with the capacity to identify and measure the presence of
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an APC gene mutation through hybridization reactions under controlled
conditions. In the study, SPGE was modified with MUCS, and the
change was quantitatively concordant with a high degree of selectivity
and sensitivity of our device. The genosensor allowed the detection of
an APC mutation in a wide concentration range. The process was im-
proved with the use of intercalating agents, which served as indicators
of the hybridization reaction, particularly with DOX, a chemical that
increased the sensitivity of the device operating at room temperature.
In addition, the use of DOX did not alter the electrochemical response.
Moreover, the results do not exclude the possibility of applying the
detection of other genes using the same principle. The described gen-
osensor seems to be a simple, accessible, and stable device, with rapid
response and satisfactory reproducibility. Therefore, it would be an
excellent option for preclinical studies related to carcinogenesis invol-
ving the APC gene, as well as to other DNA diagnoses or other biological
biomarkers.
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