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Abstract

Anticoagulants, including warfarin, are often administered to patients who are exhibit-
ing early symptoms of thromboembolic episodes or who have already experienced such
episodes. However, warfarin has a limited therapeutic index and might cause bleeding
and other clinical problems. Warfarin inhibits the vitamin K epoxide reductase complex
subunit 1 (VKORC1), an enzyme essential for activating vitamin K, in the coagulation
cascade. Genetic factors, such as polymorphisms, can change the natural function of
VKORC1, causing variations in the medication reaction among individuals. Hence, before
prescribing warfarin, the patient’s genetic profile should also be considered. In this study,
an electrochemical genosensor capable of detecting the VKORC1 1639 G>A polymorphism
was designed and optimized. This analytical approach detects the electric current obtained
during the hybridization reaction between two 52 base pair complementary oligonucleotide
sequences. Investigating public bioinformatic platforms, two DNA sequences with the A
and G single-nucleotide variants were selected and designed. The experimental protocol
of the genosensor implied the formation of a bilayer composed of a thiolate DNA and an
alkanethiol immobilized onto gold electrodes, as well as the formation of a DNA duplex
using a sandwich-format hybridization reaction through a fluorescein labelled DNA sig-
nalling probe and the enzymatic amplification of the electrochemical signal, detected by
chronoamperometry. A detection limit of 20 pM and a linear range of 0.05–1.00 nM was
obtained. A clear differentiation between A/A, G/A and G/G genotypes in biological
samples was successfully identified by his novel device.

Keywords: cardiovascular diseases; electrochemical genosensors; single-nucleotide
polymorphisms; VKORC1; warfarin
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1. Introduction
Cardiovascular diseases (CVDs) persist as the leading cause of premature mortality,

disability and reduced quality of life. Since 1990 the number of CVDs events has nearly
doubled [1,2]. Thus, with the increasing incidence of CVDs worldwide, there is an urgent
need to develop therapeutic methodologies that can effectively improve a patient’s quality
of life, as well as improve treatment effects [1]. Many studies in CVDs’ treatments have been
made to prevent further complications and mitigate the frequency of these episodes [2,3].
Despite this, achieving an optimal therapeutic outcome remains a challenge due to the
variability in drug-dose responses [1,4].

Pharmacogenetics, the investigation of genetic differences affecting medication re-
sponses, is essential for the early identification and diagnosis of CVDs. [5]. A key ad-
vancement in this field was the identification of specific genes and gene variations, i.e.,
polymorphisms associated with drug-dose response phenotypes [5–7]. By conducting
genetic screening tests, variations in drug metabolism genes can help define a patient as
either a poor, intermediate or rapid metabolizer in relation to the efficiency of their activity
to certain drugs. So, understanding how a patient metabolizes a medication warrants safer
treatments, ultimately enhancing clinical outcomes and lowering medical costs [5,8,9].

For instance, the vitamin K epoxide reductase complex subunit 1 (VKORC1) gene
encodes an integral enzyme to the activation of vitamin K, subsequently affecting the
blood clotting mechanisms [10]. Polymorphisms, specifically the VKORC1, c.-1639G>A
single nucleotide polymorphism (SNP) is known to influence individual responses to anti-
coagulant therapies, such as warfarin, which are commonly used in the management of
cardiovascular diseases [10,11]. This SNP is associated with an increased sensitivity to war-
farin, thus lowering its dose requirements to approximately 3–10% of African populations,
40% of Europeans, and 90–95% in Asians [11]. So, the detection of VKORC1 functional
polymorphisms has become critical in preventing adverse effects from inappropriate war-
farin dosing.

For that, some molecular biology techniques, namely polymerase chain reaction (PCR)
and real-time PCR (RT-PCR), are frequently used to detect VKORC1 polymorphisms and
assess their impact on warfarin dosing [12,13]. However, the time-intensive nature of PCR
testing, the need for specialized equipment, and the requirement for skilled personnel make
it unsuitable for large-scale or resource-limited healthcare settings. Additionally, the high
costs associated with sending samples to external laboratories present a barrier, particularly
for small healthcare practices or situations involving a high volume of samples [13,14].
Hence, there is also a need for an alternative, cost-effective detection method that can easily
be implemented in healthcare systems worldwide.

One example that can overcome these limitations is electrochemical biosensors, specif-
ically electrochemical genosensors. These devices offer advantages such as low operational
costs, portability, rapid processing and high sensitivity and accuracy [15]. Lázaro et al. [16]
used recombinase polymerase amplification (RPA) and allele-specific ligation-isothermal in
a multiplexed hybridization test based on Blu-Ray technology to distinguish VKORC1 and
CYP2C9 SNPs from actual DNA sequences. Similarly, to assess the impact of the VKORC1
and CYP2C9 genotypes on warfarin dosage, Huang et al. [17] carried out electrochemical
assays on a sandwich-format DNA sensor using a thiol capture and ferrocene-labelled sig-
nal probe to assess the impact of VKORC1 and CYP2C9 genotypes on warfarin dosage. This
study not only reported the genotype and allelic frequencies of the VKORC1 and CYP2C9
gene in a large sample group (1285 patients) but also determined a dosage regime based on
the obtained results. Additionally, the DNA hybridization and electrochemical detection
steps only took 30 min to complete. Nevertheless, the initial electrode pretreatment and
DNA capture/MCH immobilization steps required more time and higher DNA concentra-
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tions to obtain an electrochemical signal. Moreover, the study did not present the voltmeter
measurements or any reference to the limits or concentration range; all results appear as an
allelic frequency percentage. More recently, Sang et al. [18] developed a real-time, label-free
magnetoelastic biosensor to detect VKORC1 gene variations, which could aid healthcare
providers in making informed clinical decisions. This study utilized a specific avidin–biotin
interaction recognition magnetoelastic (ME) biosensor on a Metglas alloy 2826 chip to
detect VKORC1 genotypes. The developed sensor enabled fast and label-free responses,
and their signals registered from a wireless transmission system. More importantly, a
linear concentration range of 0.1 fM to 10 pM, with a detection limit (LOD) of 0.00389 fM
(S/N = 3) was obtained. Nonetheless, the whole process required more expensive materials
and complex procedures. DNA interactions were also only detected at higher temperatures
(37 ◦C) and their results presented as resonance frequency shifts. Furthermore, this study
presented no real DNA sample applications. In this study, an analytical device capable
of discriminating the electrochemical signal between three VKORC1 SNP genotypes—the
non-variant homozygous (A/A), the heterozygous (G/A) and homozygous variant (G/G)
alleles—was developed.

2. Materials and Methods
2.1. Apparatus and Electrodes

An Autolab potenciostat (Metrohm, Herisau, Switzerland) controlled by NOVA 1.11.2
software was used to perform chronoamperometric readings. Screen printed gold electrodes
(SPGEs) model C223AT (DropSens, Oviedo, Spain), combined with a cable connector DRP-
CAC73499, were used as electrochemical transducers. The quantification of the purified
ssDNA was performed using a Nanodrop spectrophotometer.

2.2. Reagents, Samples and Solutions

The lyophilized DNA salts sequences (Table 1) were obtained from Eurogentec,
Seraing, Belgium. Details regarding the chemicals used are detailed in the supporting
information.

Table 1. ssDNA oligonucleotide sequences.

Oligonucleotide Sequence 5′ → 3′ Bp

DNA-Capture probe SHC6OH–CTGAAAAACAACCATTGGCCTGGTG 25
DNA-Signalling probe CGGTGGCTCACGCCTATAATCCTAGCA- FITC 27
DNA-Target A (TA) TGCTAGGATTATAGGCGTGAGCCACCGCACCAGGCCAATGGTTGTTTTTCAG 52
DNA-Target G (TG) TGCTAGGATTATAGGCGTGAGCCACCGCACCGGGCCAATGGTTGTTTTTCAG 52

The electrochemical methodology used implied the immobilization of the DNA-
capture probe, which pairs both the completely complementary wild-type DNA-Target
sequence (DNATA) as well as the partially complementary target probe (DNATG). Scheme 1
and Table 1 exhibit both DNA sequences.

2.3. Electrochemical Genosensor Design

The elaboration of the electrochemical genosensor involved four experimental stages
(Scheme 2): a) pre-treatment of the SPGEs; b) formation of a bilayer composed by ssDNA
capture probe and MCH onto the gold surface; c) perform a sandwich DNA hybridization
format; and d) chronoamperometric readings. The reported electrochemical genosensor
was tested in biological samples obtained from the DNA bank of the population of Pi-
auí, Brazil. The protocols used and the sensor preparation are described in detail in the
supporting information.
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Scheme 1. DNA probe sequences.

Scheme 2. Genosensor design: I) formation of a bilayer composed of DNAcp (DNA capture probe)
and MCH (mercaptohexanol) onto golf surface; II) homogenous hybridization between DNA-Target
and DNA signalling (fluorescein label); III) heterogenous hybridization; IV) hybridization signal-
ization with anti-FICT-POD (antibody anti-fluorescein peroxidase enzyme); and V) electrochemical
detection via chronoamperometry (TMB: Tetramethylbenzidine electroactive subtract).

3. Results and Discussion
3.1. Selection of the VKORC1 SNP Probes

This work aimed to develop an electrochemical genosensor architecture capable of
detecting and discriminating the electrochemical current between two polymorphic se-
quences (Scheme 3). According to Scheme 3, it is expected that when two DNA sequence
are totally complementary (non-variant homozygous alleles), its dsDNA will generate
the highest electrochemical currents when compared with the DNA that are not totally
complementary (heterozygous and homozygous variant alleles). Thus, the electrical current
variation obtained during testing these different situations can be used to detect the pres-
ence of SNP in VKORC1. For that, DNA oligonucleotide specific to the VKORC1 wild-type
and SNP genetic variations are required. So, in this study, two 52-mer oligonucleotide
target sequences were chosen and designed: the DNA-Target A (TA), corresponding to the
wild-type genetic allele, and the genetic variant DNA-Target G (TG). DNA sequences (DNA
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capture, DNA signalling and DNA targets) were designed (Figure S1) and their energy
was calculated to minimalize the formation of secondary structures that can impede the
hybridization reaction. This evaluation is described in the supporting information.

Scheme 3. Expected chronoamperometric signals for the VKORC1 non-variant homozygous and
heterozygous variant alleles.

3.2. Optimization of the Experimental Variables

Two distinct electrochemical genosensors were created utilizing DNA-Target A and
DNA-Target G as complementary sequences in order to investigate the impact of SNP
on the electrochemical hybridization process. As indicated in Scheme 1 and Figure 1,
DNA-Target A is completely complementary to the DNA capture probe, but DNA-Target
G has one mismatch (at 32 bp, the adenine was replaced by guanine), indicating that it will
be only partially complementary. So, for the building of the SNP-specific electrochemical
genosensor, two 52-mer oligonucleotide sequences, one with (TA) and another with (TG)
VKORC1 gene variation, were chosen (Table 1).

Figure 1. Chronoamperograms obtained for the blank assay and when it was used, the DNA-Target-A
and DNA-Target G as DNA complementary sequence.

Analyzing Figure 1, it is possible to conclude that chronoamperometric signals were
higher (2.74 times higher) when the DNA sequences were totally hybridized (DNA-Target
A). So, this electrochemical genosensor can identify and discriminate the presence of a SNP
in a DNA sequence.

The analytical features associated with the development of the genosensor device
were optimized, such as the DNA, the anti-FICT-POD (antibody anti-fluorescein peroxidase
enzyme) and MCH concentrations and the incubation times. The optimal analytical variable
was chosen according to different factors, one of them being the highest ratio between the
measured chronoamperometry currents for blank (B; does not contain target DNA) and
0.5nM of synthetic ssDNA target (S, signal). This ratio is called the S/B ratio, for signal-
to-blank ratio. Some other factors taken into consideration are the chronoamperometric
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current value of the electrochemical signals and if there is a significant difference between
the two DNA targets when it comes to the current value of their electrochemical signals,
target A being the one with the higher signal, as it is the complementary DNA target to the
DNA-capture probe used.

The first parameter optimized was the DNA-capture probe concentration. To assess
the influence of the DNA-capture probe amount in the genosensor performance, different
concentrations ranging from 0.25 to 2.00 µM were immobilized onto the surface of the SPGE
and the chronoamperometric current intensities were evaluated (Figure 2). Higher concen-
trations were not tested, as previous studies demonstrated that they intensify nonspecific
bindings on the electrode, causing large background currents [15].

Figure 2. The influence of the concentration of the DNA-capture probe on the chronoamperometric
signals. The influence of the concentration of the DNA-capture probe on the chronoamperometric
response. The corresponding S/B ratio is displayed in dark blue for the TA allele and grey for the
variant TG allele, whereas the current values of the non-variant TA probe and variant TG allele
are shown in light grey and light blue, respectively. The standard deviation of three replicates is
estimated by error bars.

As depicted in Figure 2 the highest S/B ratio for the non-variant TA (62.50) and variant
TG (30.38) were acquired when 1.00 µM of the DNA-capture probe was applied. Moreover,
the highest current intensity (5.35 µA) for the non-variant (TA) allele was also obtained
with a 1.00 µM DNA-capture concentration, whereas the highest concentration (3.02 µA)
for the variant TG allele was registered with the DNA-capture of 0.25 µM, followed by the
1.00 µM concentration.

Overall, higher intensities were registered with the non-variant TA probe, i.e., the fully
complementary sequence presented a higher electrochemical signal than the TG variant
probe. For both assays, the 2.00 µM concentration measured the lowest current intensities
with an I value of 3.13 µA and 1.64 µA for the TA and TG, respectively. Hereafter, 1.00 µM
of the DNA-capture probe will be used to optimize this analytical device.

The formation of a bilayer composed by DNA and MCH at the SPGE was also in-
vestigated. For that, the MCH concentration and incubation time ranging from 0.50 to
2.00 mM and 0 to 45 min were tested, respectively (Figure 3). The MCH was applied
onto the electrochemical biosensor because MCH functions as a blocking agent and a
spacer. As a blocking agent, MCH minimizes the non-specific interactions between the
DNA bioreceptor and other molecules on the SPGE surface, improving the signal-to-noise
ratio. As a spacer agent, MCH regulates the orientation of the DNA bioreceptors, allowing
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for better loading and interaction with the target analyte, improving the efficacy of the
heterogenous hybridization.

(A) (B) 

Figure 3. Chronoamperometric signals acquired when investigating the increase in MCH (A) concen-
tration and (B) incubation time. Current values of the non-variant TA probe and variant TG allele
represented in light grey and light blue, respectively, and the corresponding S/B ratio in dark blue
for the TA allele and grey for TG. Error bars estimate the standard deviation of three replicates.

The non-variant TA allele presented the higher current intensities overall. Analyzing
Figure 3A, it is possible to verify that using 1.00 µM MCH (S/B 58.24) (Figure 3A). It
obtained the highest Inc and S/B ratio. Furthermore, the lowest value (I = 1.65 µA) was
registered in the absence of MCH, whereas the highest value (I = 5.53 µA) was found with
1.00 mM of MCH.

Regarding the variation TG alleles, the overall chronoamperometric current values
remained comparatively constant. One interesting fact is that, contrary to the non-variant
sequence, the highest S/B ratio (S/B = 31.01) and current value (I = 1.84 µA) were observed
in the absence of MCH (Figure 3A).

Addressing the MCH incubation time, the optimal I and S/B ratio values for TA were
obtained during 30 min of incubation (I = 5.36 µA and S/B = 470.02) (Figure 3B). After
15 min, the maximum S/B ratio and current intensity were noted for the probe containing
our SNP (TG) (S/B = 156.17 and 1.84 µA, respectively).

These results indicate that increasing the MCH concentration resulted in higher current
values as well as a more significant distinction between the signals read in the two different
targets. So, 1 mM MCH and an incubation time of 30 min was used for the following
experimental steps.

Maintaining the previously chosen optimized parameters three different times—
15 min, 30 min and 60 min—for both the homogenous (Figure 4A) and heterogeneous
(Figure 4B) hybridization, incubation times were tested.

According to the results presented in Figure 4A, TA and TG displayed contrary re-
sponses to one another, i.e., while the increasing incubation time produced higher S/B
ratios and current intensities for TA, the passing time translated to a loss of signal for the
TG variant. Thus, the best S/B ratio for the homogeneous incubation time was obtained
for the non-variant TA probe after 60 min (S/B = 276.70). The same can be said for TA’s
current intensity, with an intensity value of 4.89 µA. On the other hand, the best S/B ratio
(S/B = 130.45) and current intensity (I = 2.30 µA) for the TG sequence was registered after
15 min.
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(A) (B) 

Figure 4. Chronoamperometric signals obtained when increasing (A) homogeneous and (B) heteroge-
neous hybridization incubation time. The S/B ratio is displayed in dark blue for the TA allele and
grey for the variant TG allele, whereas the current values of the non-variant TA probe and variant TG
allele are shown in light grey and light blue, respectively. The standard deviation of three replicates
is estimated by error bars.

Meanwhile, for the heterogeneous hybridization (Figure 4B), both sequences acquired
higher S/B ratios and chronoamperometric signal values the longer the incubation time.
The highest S/B ratio (S/B = 239.04) as well as the highest current intensities (5.09 µA) were
obtained with a 60-min incubation period for TA. Since this heterogeneous hybridization
incubation time also presented higher current intensities for TA than TG, an incubation
period of 60 min was selected as the incubation time for both the homogeneous and
heterogeneous hybridization incubation times to use in following optimizations.

Nonetheless, during the homogenous hybridization, the partial hybridization between
the DNA-Target probe and the DNA signalling probe was performed. So, to verify the
effect of the DNA-signalling probe on the genosensor performance current intensity, three
different DNA signalling concentrations, ranging from 0.15 µM to 0.50 µM, were tested
(Figure 5).

Figure 5. Chronoamperometric responses registered when varying the DNA-signalling probe. The
S/B ratio is displayed in dark blue for the TA allele and grey for the variant TG allele, whereas the
current values of the non-variant TA probe and variant TG allele are shown in light grey and light
blue, respectively. The standard deviation of three replicates is estimated by error bars.
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As seen in Figure 5, increasing the concentration of the DNA-signalling probe resulted
in a decrease in the current intensity. Nevertheless, the concentration with the highest S/B
ratio (194.51 for TA) was detected when 0.50 µM of the DNA-signalling probe was used.
Whereas the TG assay with the lowest S/B ratio (75.93), as well as the smallest intensity
(1.36 µA), was also observed when 0.50 µM DNA-signalling was used.

In addition, the TA and TG S/B ratios and chronoamperometric signals for both the 0.15
and 0.25 µM concentrations are awfully close (Figure 5). So, in this case, three parameters,
namely the intensity of the electrochemical signals, S/B ratio and the difference between TA

and TG’s signal intensity, were taken into consideration when selecting which concentration
should be used for the following optimizations.

Therefore, although the 0.50 µM DNA-signalling concentration presents the lowest
current intensities (3.48 µA), it was chosen as it has the highest TA S/B ratio as well as
the biggest difference between the TA and TG DNA-Target intensities (TA/TG = 2.56).
Hence, the following optimizations were performed with a 0.50 µM concentration for the
DNA-signalling probe.

Next the influence of the antibody, i.e., anti-FITC-POD enzymes, concentration and
incubation time, on the chronoamperometric signal was examined. To evaluate its impact
on the genosensor’s performance, various amounts of the antibody, ranging from 0.25
to 2.5 U/mL (Figure 6A), were incubated over extended periods of time: 15 to 60 min
(Figure 6B).

(A) (B) 

Figure 6. Effect of the antibody (A) concentration and (B) incubation time on the chronoamperometric
response. The S/B ratio is displayed in dark blue for the TA allele and grey for the variant TG allele,
whereas the current values of the non-variant TA probe and variant TG allele are shown in light grey
and light blue, respectively. The standard deviation of three replicates is estimated by error bars.

As observed in Figure 6A, higher S/B ratios (as well as the highest I) were calculated
until 1.00 U/mL of the antibody was utilized to the modified DNA duplex, SPGE. After-
wards, for the 2.00 and 2.50 U/mL concentrations, there is a visible chronoamperometric
current decrease for both target probes. So, the highest S/B ratio and electrical signal were
measured when 1.00 U/mL was employed, with a S/B ratio of 54.67 and an I of 5.89 µA
for TA and a S/B ratio of 33.17 and I = 3.58 for TG. Thus, the selected concentration of
Anti-FIT-POD for the genosensor was 1.00 U/mL.

For the anti-FICT-POD incubation time (Figure 6B), the best results (highest S/B ratio,
chronoamperometric signals and difference between TA and TG probes) were calculated
after an incubation period of 30 min; TA and TG presented a S/B ratio of 56.60 and 28.67
and a current intensity of 6.10 and 3.09, respectively, with a TA/TG of 1.97.
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Coincidently, all the other registered times exhibited similar intensities. The 45 min
assay presented the second greatest S/B ratio (S/B.TA = 29.66 and S/B.TG = 18.25) and
current intensity for both targets (3.20 and 1.97 µA for TA and TG, respectively), followed
by the 15 min incubation period and the 60 min incubation, which registered the lowest
TA value for all three parameters (S/B ratio, current intensity and difference between
TA and TG). Table 2 presents a summary of the tested and selected variables for the
genosensor design.

Table 2. Tested variables for the electrochemical genosensor construction.

TA

Variables Tested Range Selected Value

DNA-capture probe concentration
(µM) 0.25–2.00 1.00

MCH concentration (mM) 0.50–2.00 1.00

MCH incubation time (min) 0–45 30

Homogeneous hybridization
incubation time (min) 30–60 60

Antibody incubation time (min) 15–60 30

Heterogeneous hybridization
incubation time (min) 15–60 60

DNA-signalling concentration (µM) 0.15–0.50 0.50

Antibody concentration (U/mL) 0.25–2.5 1.00

3.3. Analytical Characteristics and Genosensor Validation

By detecting the chronoamperometric signals from 0.05 to 1.00 nM of DNA, the impact
of increasing 52-mer synthetic TA and TG concentrations on the analytical signal was
assessed under the adjusted experimental settings (Table 2) (Figure 7A). According to
the following equation, the chronoamperometric signals from 0.05 to 1.00 nM of DNA
(Figure 7A) showed a linear regression (r2 = 0.998) between the synthetic DNA target
concentration and the blank-subtracted chronoamperometric current intensity (I) in the
0.05 to 1.00 nM range (Figure 7B). Figure 7A shows the chronoamperometric signals from
0.05 to 1.00 nM of DNA.

I (µA) = 10.52 ± 0.14 (µA/nM) and 1.36 ± 0.07 (µA)
The limit of detection (LOD) and the limit of quantification (LOQ) calculated as three

times and ten times the standard deviation of the blank assay divided by the slope of the
calibration plot were 20.00 pM and 90.30 pM, respectively (Table 3).

The corresponding S/B ratio is displayed in dark blue for the TA allele and grey for
the variant TG allele, whereas the current values of the non-variant TA probe and variant
TG allele are shown in light grey and light blue, respectively. The standard deviation of the
three replicates is estimated by error bars.

The developed genosensor was also evaluated to its accuracy and precision. For that,
the repeatability of the analytical signals was assessed by performing inter-day readings and
the reproducibility was achieved by carrying out three measurements in five consecutive
days. Repeatability and reproducibility expressed as relative standard deviation were
6.549% and 5.41%, respectively.

Analyzing Figure 8, it is possible to verify that the developed device can detect and
differentiate between the two polymorphic DNA sequences.
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(A) 

(B) 

(C) 

Figure 7. Chronoamperometric responses for (A) the blank subtracted current intensities and (B) cali-
bration curve of the wild-type DNA-Target A and (C) DNA-Target G variant concentrations.
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Table 3. Analytical parameters.

Parameters DNA-Target A DNA-Target G

Linearity (nM) 0.05–0.50 0.05–1.00

Slope (µA/nM) 10.52 1.39

Interception (µA) 0.41 0.07

Correlation (R) 0.998 0.996

Slope standard deviation (µA/nM) 0.06 0.04

Interception standard deviation
(µA/nM) 0.03 0.005

LD (pM) 20.0 22.4

LQ (pM) 90.3 86.4

Repeatability 6.54 5.21

Reproducibility (%) 5.41 4.86

Figure 8. Influence of the synthetic wild-type DNA-target A (TA) and polymorphic DNA-target G
(TG) concentration on the chronoamperometric responses. The current values of the non-variant TA

are represented in grey, the altered TG probe in light blue, and the corresponding Target-A/Target-G
(TA/TG) ratio in dark blue. Error bars estimate the standard deviation of three replicates.

3.4. Application of the Electrochemical DNA-Based Biosensor to the Analysis of Biological DNA
Samples

Following the optimization of the analytical conditions, genomic DNA obtained from
the Piauí AIM Project DNA bank [19] was amplified by PCR and identified using the
developed genosensor. The amplified fragments were then submitted to a denaturation
process performed by heating up the oligonucleotide sequences to 98 ± 1 ◦C for 5 min and
then cooled in an ice bath for 5 min. The three genotypes (homozygous wild-type A/A,
heterogenous G/A and homozygous variant G/G) were found in the bank pool. Thus,
the chronoamperometric measurements obtained for the amplified genomic DNA extracts
from the three genotypes (A/A, G/A and G/G) and with the synthetic ssDNA TA and
TG probes could be analyzed using the DNA-based biosensor that was designed for the
VKORC1 SNP detection.

The chronoamperometric signals for the amplified genomic DNA were determined
under the same conditions (Table 2) of the synthetic DNA. Figure 9 shows the results
attained from the electrochemical signals when 1 nM was applied of the homozygous
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non-variant (A/A) dsDNA, heterozygous varied (G/A) dsDNA and homozygous SNP
(G/G) samples.

Figure 9. Comparison of the electrochemical signals obtained from 1 nM of the A/A and vG/A and
G/G amplified DNA. Current values of the blank assays (B) in light blue, amplified DNA in grey and
corresponding S/B ratios in dark blue. Error bars estimate the standard deviation of three replicates.

Analyzing Figure 9, it is possible to observe is a clear difference between the three
genotypes. The amplified genomic DNA of the non-variant A/A (completely complemen-
tary to the ssDNA-capture-T probe) sample presents both a higher S/B ratio (289.78) and
current intensity (I = 3.40 µA) than the heterogenous G/A (S/B ratio and I = 231.99 and
2.72 µA, respectively) and homogeneous variant G/G (S/B ratio and I = 218.46 and 2.56 µA)
samples. These results corroborate the sensor’s selectivity.

Compared to the conventional methods, namely PCR and isothermal amplification,
this sensor is less labour-intensive, time consuming and uses a lot less reagents. Not to
mention genosensors are less prone to false positives due to contaminants or the presence
of artefacts and present a higher sensitivity enabling a clear discrimination between the
three allelic variants in real DNA samples.

Like Lázaro et al., Huang et al. and Sang et al. [16–18], this developed device was
also capable of detecting differences between the wild-type allele and SNP allele in the
VKORC1 gene with high sensibility and selectivity. Every single work utilized a different
detection technique and selected unique sensor surface designs, though all relied on DNA
hybridization reactions. Nevertheless, this sensor presents a simpler protocol, and the
obtained results are easily interpreted. Furthermore, the sensor is highly specific and
sensitive, as it was able to differentiate between the three genotypes in real DNA samples
at a 1 nM concentration.

To the best of our knowledge, this is the first and only study that has used chronoam-
perometry to detect SNPs in the VKORC1 gene. Although the quickest method (30 min)
was developed by Huang et al. [17], the present work presents a higher accuracy in differ-
entiating between the three genotypes.

Therefore, electrochemical DNA-based biosensors are an outstanding replacement
for conventional genotyping techniques and present an appealing choice for clinicians
looking to administer gene-directed warfarin medication. Nevertheless, as this electro-
chemical biosensor has only been tested in a laboratory setting, with a limited number
of real genomic DNA samples, further development is needed before it can be marketed.
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Future improvements should focus on optimizing the stability, storage and logistics of the
genosensor to ensure it maintains optimal performance.

4. Conclusions
A disposable SPGE capable of discriminating between VKORC1 genotypes was suc-

cessfully developed and optimized. The electrochemical genosensor’s architecture, based
on bilayers of thiolated ssDNA (SH-DNA) with MCH assembled on SPGEs, along with a
sandwich-format hybridization strategy, enhanced the selectivity and signal amplification
through the enzymatic action of POD, enabling sensitive detection via chronoamperometry.
The optimizations culminated in an improved genosensor capable of discriminating be-
tween two VKORC1 SNPs (TA and TG), while simultaneously presenting higher S/B ratios
and, consequently, a lowered detection limit.

Beyond these promising analytical results, the proposed genosensor demonstrates
significant potential for clinical translation, particularly in personalized anticoagulant
therapy. However, several challenges must be addressed before routine implementation
can be realized. These include evaluating the sensor’s long-term stability under storage
and operational conditions, assessing its performance in complex biological scenarios, and
ensuring robustness across variable environmental factors. Furthermore, the integration of
this platform into portable or point-of-care diagnostic devices remains a critical next step,
as does the development of multiplexing capabilities to allow simultaneous detection of
multiple pharmacogenetic markers.

In future work, efforts should focus on validating this system in real patient samples,
automating the assay workflow, and exploring low-cost manufacturing techniques for
large-scale deployment. With continued development, this genosensor could provide a
rapid, affordable and decentralized alternative to traditional SNP genotyping methods,
ultimately contributing to more precise warfarin dosing and a reduction in cardiovascular
complications linked to VKORC1 variability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors13070248/s1, Figure S1: DNA structure of A) DNA
Target A (TA); B) DNA Target G (TG); C) DNA-Capture probe and; D) DNA-Signalling probe [19,20].
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