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In this study, we present a novel electrochemiluminescent DNA biosensor designed for detecting breast cancer
type 1 (BRCA1) gene mutations. The biosensor integrates graphene nanosheets (Graph-NS), tetrahedral DNA
nanostructures (TDNs), and carbon nanodots (CNDs) to enhance sensitivity and specificity. Graph-NS are
employed to structure the transducer and serve as a platform for DNA immobilization. TDNs are engineered with
a BRCAI gene-specific capture probe located at the apex (TDN-BRCA1), facilitating efficient biorecognition.
Additionally, the basal vertices of TDNs are functionalized with amino groups, enabling their attachment to the
CSPE/Graph-NS surface via amino-graphene interaction. This platform effectively identifies single-base muta-
tions in the BRCA1 gene utilizing synthesized CNDs as a coreactant and [Ru(bpy)s]®™ as the luminophore
through the coreactant pathway. The developed biosensor demonstrates exceptional sensitivity and can detect a
single mutation in the BRCA1 gene. Furthermore, it has been successfully validated in real samples obtained from

breast cancer patients, showcasing a remarkable detection limit of 1.41 aM.

1. Introduction

Breast cancer became the most common type of cancer in females,
accounting for 31 % of female cancers and also becoming the second
leading cause of death in middle-aged women [1,2]. During the last
decade, there has been a significant increase in breast cancer cases,
whilst the tendency on estimated deaths caused by this disease is
dropping lower (https://seer.cancer.gov/Last checked: May 2024).
Early diagnosis helps maintain this statistic since the best prognosis is
acquired when breast cancer is diagnosed at an early phase [3]. Among
all inherited breast cancers, it is estimated that mutations in the breast
cancer type cause 80 % of them, susceptibility protein gene (BRCA1), a
tumour suppressor biomarker [4]. Currently, the lack of reliable,
low-cost and easy-to-use devices to detect breast cancer at an early stage
raises the morbidity rate to 80 % in some regions [5]. Most of the
diagnosis techniques for breast cancer are laborious, expensive, and

need highly trained specialists, thus, the methods are pretty unpractical
[6]. Consequently, it is of great interest to develop new breast cancer
gene mutation detection methods with greater efficiency that present
fewer limitations than the current methodologies.

In this sense, biosensors are presented as alternative tools to detect
gene mutations since they have advantages, including high sensitivity,
rapidity, adaptability, easiness of use and preparation and possibility of
miniaturization [7]. Considering the used biorecognition element, bio-
sensors can be classified into different categories. Specifically, a DNA
biosensor is developed when the biorecognition element is a DNA probe.
This biosensor provides advantages such as high selectivity, low cost,
and user-friendly nature; therefore, different DNA biosensors for BRCA1
detection have been developed. This technology opens the door for the
development of new rapid, simple, and low-cost sensing platforms for
biomarker detection as an alternative to the traditional techniques that
are currently used. However, some works described in the literature
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Table 1
DNA oligonucleotides used in this work.
Oligonucleotide sequence Named
BRCA1-
BRCA1 probe 5'- NH2- GAC TCA CCT GCA ATA AGT TG robe
5'-GAC TCA CCT GCA ATA AGT TG TTTTTTTTTT ACA
TEtraI;RAéZF;OBE' TTC CTA AGT CTG AAA CAT TAC AGC TTG CTA CAC Ts;rcﬁ'
GAG AAG AGC CGC CAT AGT A-3'
TetraB 5'NHa- C AGT GTA GCA Tetra-B
AGC TGT AAT AGA TGC GAG GGT CCA ATA C-3'
5'- NH,- A AAC GAC ACT
Tetra-C ACG TGG GAA TCT ACT ATG GCG GCT CTT C-3' Tetra-C
TetraD 5'-NH2-TTC AGA CTT AGG AAT GTG CTT CCC ACG Tetra.D
TAG TGT CGT TTG TAT TGG ACC CTC GCA T-3'
Complementary
synthetic sequence 5'- CTG AGT GGA CGT TATTCA AC -3' BRCA1-C
for BRCA1 probe
Mutated synthetic
sequence for BRCA1 5'- CTG AGT GGA TGT TAT TCA AC -3' BRCA1-M
probe
Non-
complementary 5'-CCA GGT GGA ACA TCA TCC GGT GAT GC-3' BRCA1-NC
sequence for BRCA1
probe

recently [8-10] present some drawbacks as low sensitivity, complex
development, etc. Thus, in this work, the development of an innovative
DNA biosensor for sensitive breast cancer biomarker cancer detection is
proposed.

DNA biosensors may be classified through their transduction mech-
anisms, among them, electrochemiluminescence (ECL) has drawn the
attention of the scientific community. ECL can be considered a combi-
nation of electrochemical and optical methods, offering specific ad-
vantages over chemiluminescence and photoluminescence, such as high
sensitivity or low background noise due to the absence of excitation light
sources [11]. ECL is a process in which species produced at an electrode
undergo high-energy electron transfer reactions, reaching excited states
that emit light as they return to their ground state. Thus, ECL has
become a fascinating analytical technique that is applied in all kinds of
fields, such as immunoassays, environmental studies, and bioanalysis,
due to its wide dynamic range, high sensitivity, and excellent reliability
[12-15].

This excited state can be achieved through two different pathways:
the ion annihilation pathway and the coreactant pathway since it is
advantageous when the radical species are not stable enough to operate
according to the ion annihilation pathway or when the used solvents
have a narrow potential window that does not allow the formation of
radical ions [16]. Moreover, this mechanism may lead to more intense
ECL signals and can eradicate quenching effects [17].

Nowadays, most ECL applications involve the coreactant ECL system.
Most commonly the system based on the use of [Ru(bpy)g]2+ as the
luminophore and tripropylamine (TPrA) as the coreactant [18]. Lately,
new alternatives to TPrA have been being used since this amine brings
up some drawbacks due to its toxicity, volatility, and low sensitivity.
Therefore, the necessity of finding new coreactants for biological assays
was found. Lately, carbon nanodots (CNDs) have appeared as a possible
solution due to their outstanding properties, including facile synthesis,
low toxicity, tuneable fluorescence emission, inertness to chemicals,
aqueous dispersibility, biocompatibility, great optical properties, and
ease of functionalization [19,20].

Recently, nanomaterials have brought attention to biosensors’
development due to their positive inputs for their analytical properties.

In this sense, graphene has caught the scientific community’s attention
for the last decade. Graphene is a single-layer carbon allotrope with
hexagonally arranged atoms [21]. This nanomaterial supplies advan-
tages like easy and low-cost synthesis, ease of functionalization, water
dispersibility and high electrical conductivity [22], becoming a perfect
choice as a biosensor transducer. Also, it can be functionalized with
biomolecules through the amino-graphene interaction [23], which is an
attractive nanomaterial in biosensor design.

One of the most essential stages in DNA biosensor development is
immobilizing the biological element. In this sense, DNA nanostructures
based on probe self-assembly have gained prominence due to their
programmability and specificity. DNA self-assembly relies on the pairing
of nitrogenous bases, allowing oligonucleotides to serve as “building
materials” independent of their genetic information. One widely used
method is DNA Origami, developed by [24], which involves folding a
long single-strand viral DNA (scaffold) into the desired structure with
the help of short DNA fragments (staples). This method requires intricate
design and preparation, prompting the development of new approaches
such as the synthesis of three-dimensional polyhedral DNA nano-
structures. These structures, constructed through the base complemen-
tarity of short single-stranded DNA, have garnered significant scientific
interest [25]. Among these, tetrahedral DNA nanostructures have
emerged as a particularly promising alternative in the field of biosensing
due to their advantageous properties [26].

A new challenge is the necessity to build novel biosensing platforms;
these nanostructures can be designed and functionalized with bio-
molecules during the production process. Recent discoveries have
revealed that tetrahedral DNA nanostructures functionalized with cap-
ture probes offer significant advantages for improving biomolecular
recognition on bioassay platforms [27]. These advantages stem from the
well-defined spacing between probes, increased stability of tetrahedral
DNA nanostructures compared to traditional strategies and the specific
orientation.

Considering the above described and to improve analytical perfor-
mance in DNA biosensors, the development of a new electro-
chemiluminescent DNA biosensor for BRCA1 gene mutation detection
based on combining tetrahedral DNA nanostructures (TDNs), graphene
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Table 2
Clinical samples from breast cancer patients. All patients signed an informed consent approved by the ethics committee of the Hospital Universitario "La Paz'".
Oligonucleotide sequence Named
Complementary sequence(control) TGATTTTAAACTATAATTTTTGCAGAATGTGAAA WT
AGCTATTTTTCCAATCATGATGAAAGTCTGAAGA
AAAATGATAGATTTATCGCTTCTGTGACAGACA
GTGAAAACACAAATCAAAGAGAAGCTGCAAGTC
ATGGTAAGTCCTCTGTTTAGTTGAACTA
Mutated sequence TGATTTTAAACTATAATTTTTGCAGAATGTGAAA MUT

AGCTATTTTTCCAATCATGATGAAAAGTCTGAAGA
AAAATGATAGATTTATCGCTTCTGTGACAGACAGTG
AAAACACAAATCAAAGAGAAGCTGCAAGTCATGGTA
AGTCCTCTGTTTAGTTGAACTA

nanosheets (Graph-NS) and CNDs is proposed.
2. Materials and methods
2.1. Chemicals

Sodium phosphate dibasic dihydrate (NagHPO4-2H50), sodium
phosphate monobasic monohydrate (NaH;PO4-H20), sodium chloride
(NaCl), tristhydroxymethyl)aminomethane (Tris, NH,C(CH;0H)3), and
hydrochloric acid (HCl), sodium hydroxide (NaOH) and magnesium
chloride (MgCly) were purchased from Merck. Graphite powder (flake
size <150 pm) was purchased from Aldrich. Methanol was purchased
from Scharlab. Tigernut milk was purchased from Mercadona Co. a
Spanish supermarket.

DNA oligonucleotides (Table 1) were also purchased from Merck.
The designs of Tetra-A, Tetra-B, Tetra-C, and Tetra-D were previously
reported by Pei et al. (2010). In these designs, the red regions indicate
the capture probe and, also, the analyte (complementary strand), the
other coloured regions represent the building regions of the nano-
tetrahedron scaffold through base complementarity. Additionally, the
mutated nitrogenous base in the mutated strand (BRCA1-M) is marked
in green.

Clinical samples of the BRCA1 gene from exon 9, including both wild
type (WT) and mutated (MUT) forms, were provided and verified by Dr.
Jests Solera from La Paz Hospital in Madrid, Spain, and are listed in
Table 2. The BRCA1 mutation involves the insertion of an adenine
nucleotide, which is highlighted in red in the sequence.

2.2. Apparatus

For fluorescent measurements, a Varian Cary Eclipse spectrofluo-
rometer and quartz cuvettes with an optical path of 1.00 cm were used.
For UV-Visible spectrum measurements, a PharmaSpec UV-1700
series spectrophotometer (Shimadzu Corporation) and quartz cuvettes

TDN-BRCA1

CSPE/Graph-NS/TDN-BRCA1

CSPE/Graph-NS

with an optical path of 1.00 cm were used. Spectra were recorded in a
range of 200-800 nm.

TDNs were synthetized using a MiniAmpPlus™ Thermal Cycler.

All solutions were prepared with Milli-Q water, obtained from a
purified water Millipore Milli-Q System (18.2 MQ cm). Solutions and
materials wer sterilized using a Niive OT012 autoclave.

Electrochemiluminescence (ECL) was measured by using a Spec-
troECL from Metrohm DropSens controlled with DropView SPELEC
software. The instrument combines a bipotentiostat/galvanostat (+4 V
potential range, +40 mA maximum measurable current). A Metrohm
DropSens Si-photodiode cell (DRP-ECLPHOTODIODCELL), with a
spectral response range of 340-1100 nm was used. Carbon screen-
printed electrodes (CSPE) were purchased from Metrohm.

Atomic Force Microscopy (AFM) images were acquired with a
Nanotec Electrénica AFM system. WSxM software [28] was used for the
acquisition and processing of images.

SEM-EDAX analysis was performed with a VERIOS 460 microscope
from FEL

2.3. Procedures

2.3.1. Carbon nanodots synthesis

Carbon nanodots (CNDs) were synthesized using a green chemistry
approach that involved the carbonization of tigernut milk via a
microwave-assisted hydrothermal treatment, following an optimized
procedure previously reported by us [14,29,30]. Briefly, 3.00 mL of
tigernut milk was placed in a quartz flask and subjected to optimized
microwave-assisted hydrothermal treatment (30 min, 200 °C, 50 W, and
170 psi) under magnetic stirring in a microwave reactor synthesizer.
Once the resulting solution cooled to room temperature, it was purified
by filtration (0.45 pm nylon syringe filter) and dialyzed for 1.5 h
(Spectra/Por® 6 membrane, MWCO 1 kDa, supplied by SGL). Finally,
the CNDs solution was stored at 4 °C, protected from light.

WT-BRCA1 }
8 -
CSPE/Graph-NS/
TDN-BRCA1/WT-BRCA1
24+
MUT-BRCA1 CSPE/Graph-NS/
TDN-BRCA1/MUT-BRCA1

Scheme 1. BRCA1 gene ECL biosensor development.
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Fig. 1. (A) Cyclic voltammograms and (B) ECL signals of: CSPE in a solution of 75 pL of PB 0.1 M pH = 8.0 (black line), CSPE in a solution of [Ru(bpy)3]24r 7 mM
and CNDs (red line), CSPE/Graph-NS in a solution of [Ru(bpy)g]2+ 7 mM and CNDs (blue line); CSPE/Graph-NS/TDN in a solution of [Ru(bpy)g]2+ 7 mM and CNDs
(green line) and CSPE/Graph-NS/TDN/BRCA1-C in a solution of [Ru(bpy)g]2+ 7 mM and CNDs (purple line).

2.3.2. Graphene nanosheets synthesis

Graphene nanosheets (Graph-NS) were synthesized in two steps.
Firstly, 100 mg of graphite powder from Aldrich (flake size <150 pm)
were put into a 20 mL ball milling reactor with 30 stainless steel balls.
The powder was milled for 180 min at 3000 rpm. After that, 25 mg of the
ball-milled graphite were put, with 10 mL of methanol on a 20 mL vial.
The mixture was exfoliated with a shear-mixer device for 90 min at
25000 rpm. Then, the obtained black suspension was centrifuged at
4500 rpm (1900 rcf) for 60 min and the clear supernatant was recovered
achieving a concentration of 0,015 g L™".

2.3.3. Oligonucleotides preparation

Stock solution of aminated BRCA1-PROBE was reconstituted with
phosphate buffer 10 mM at pH = 7.0 (PB) at a concentration of 100 pM.
Stock solutions of the TDN (Tetra-A-BRCA1, Tetra-B, Tetra-C and Tetra-
D) were reconstituted with previously sterilized Milli-Q water at a
concentration of 100 pM with sterilized purified Milli-Q water. Stock
solutions of the non-aminated oligonucleotides (BRCA1-C, BRCA1-M
and BRCA1-NC) were reconstituted with phosphate buffer 10 mM,
0.4 M NacCl at pH = 7.0 (PBS) at a concentration of 100 pM. From these
solutions, aliquots of 100 pL were prepared and stored in a freezer at
—20°C.

Intensity / a.u.

200 500 800 1100 1400 1700 2000

Wavelength / cm™

Fig. 2. Raman spectra for CSPE (black curve), CSPE/Graph-NS (red curve)
and CSPE/Graph-NS/TDN (blue curve).

2.4. Tetrahedral DNA nanostructures synthesis

The previously mentioned oligonucleotides (Tetra-A-BRCA1, Tetra-
B, C and D; see Table 1) were mixed in equimolar quantities in buffer
20 mM Tris 50 mM MgCl, pH 8.0 (TM Buffer). This mixture was then
subjected to a thermocycler with a treatment divided into three stages,
each consisting of steps lasting 2 min. The first stage included two steps
at 95 °C and 51 °C; the second stage had four steps at 46.1 °C, 43.6 °C,
41.2 °C and 38.8 °C; and final stage had two steps of 30 °C and 4 °C.

2.4.1. BRCA1 gene biosensor preparation

Firstly, carbon screen-printed electrodes (CSPEs) were nano-
structured by adsorption of 10.0 pL of graphene nanosheets (0.015 g
L™Y) in methanol, which had been previously exfoliated through soni-
cation to avoid aggregation, ensuring the homogeneity of the dispersion.
To ensure the rapid evaporation of the methanol, the drop-casting pro-
cess was done over a hot plate at 50 °C. Afterward, the electrodes were
let to cool down to room temperature. These modified electrodes (CSPE/
Graph-NS) were then incubated overnight with 10.0 pL of 1.00 pM TDNs
which carry the BRCA1 gene capture probe (TDN-BRCA1). After that, to
remove non-specific adsorbed materials, a washing step with Milli-Q
sterilized water was carried out. The modified electrode (CSPE/Graph-
NS/TDN-BRCA1) was incubated for an hour at 38 °C with 10.0 pL of the
analyte solution (BRCA1-C) with an adequate concentration. Again, a
second washing step was carried out. The obtained platform (CSPE/
Graph-NS/TDN-BRCA1/BRCA1-C) was then ready for ECL signal
measurement.

2.5. Biosensor characterization

AFM images were acquired using silicon cantilevers in jumping mode
(2.8 N/m nominal spring constant and 75 kHz resonant frequency in air,
PPP-FM Nanosensors).

SEM images were obtained working on a low voltage (2 kV) and
current (13 pA) mode to minimize the damage to the samples. The EDAX
spectra resolution was 127 eV.

2.6. Electrochemiluminescence measurements

60.0 L of a Ru[(bpy)s]>" and CNDs solution on phosphate buffer at
pH = 8.0 were added over the biosensor platform. ECL signal was then
acquired by applying a cyclic potential scan from 0.60 V to 1.30 V at a
scan rate of 10 mV/s and an optical amplification of 10x. The resulting
cyclic voltammogram and ECL signal were recorded simultaneously.
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Fig. 3. Topographical AFM images of CSPE (A), CSPE/Graph-NS (B), and CSPE/Graph-NS/TDN (C) on SiOs.

2.7. DNA Extraction and purification from peripheral blood samples and
PCR amplification

All patients signed a study informed consent form, approved by the
Hospital Universitario La Paz ethical committee. Clinical samples of
genomic DNA employed were obtained from patient’s peripheral blood
cells using a DNA Blood kit (Qiagen, Spain) and the Chemagen platform
(PerkinElmer, Spain) following the manufacturers’ instructions. All
coding exons were analyzed to detect any potential mutations in the
BRCA1l gene. The analysis began with PCR amplification of each

Counts (CSPE

1200 4

588

400

Counts (CSPE-Graph-NS)

200

:

2000

5

1000

500 -

Counts (CSPE-Graph-NS-BRACA1)

canonical exon using oligonucleotides that anneal to the flanking in-
trons. Each amplicon was analyzed by agarose gel electrophoresis, and
all PCR products were sequenced using Sanger sequencing on an ABI
3730 DNA analyzer (ThermoFisher Scientific). Additionally, multiplex
ligation-dependent probe amplification (MLPA) was conducted to
identify any genomic deletions or duplications using SALA MLPA Pro-
bemix P002 kits (MRC-Holland), according to the manufacturers’ in-
structions. The clinical samples included both wild type (WT) and
mutated (MUT) forms of the BRCA1 gene.

Cl K
% CIKp1
y Y
05 1.0 15 20 25 3.0
Energy (keV)

Cl Ka

Ak, CXp1
05 1.0 15 20 25 3.0

Energy (keV)

SiKal pyq P Kp1 CIKp1

05 10 1.5 20 25 30
Energy (keV)

Fig. 4. Secondary electron SEM images (A, C, E) and EDAX analysis (B, D, F) of CSPE (A, B), CSPE/Graph-NS (C, D) and CSPE/Graph-NS/TDN (E, F). Graphene sheets
can be clearly visualized on the surface of the modified CSPE samples (CSPE/Graph-NS (C) and CSPE/Graph-NS/TDN (E)). The EDAX peaks corresponding to the
energy of Phosphorus are only detected on the CSPE/Graph-NS/TDN sample (F). The inset images on the EDAX spectra show the area analyzed. For each spectrum,
the plotting was limited to 1/12 of the maximum counts of its carbon peak in order to distinguish the details of the lesser counts peaks.
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3. Results and discussions

Recently, we reported the use of the [Ru[(bpy)3]2+/CNDs electro-
chemiluminescence (ECL) system in biosensors [14,29,30].Building on
these successful studies, the present research aims to take the next step
by using the [Ru[(bpy)3]2+/CNDs ECL system in combination with
graphene nanosheets (Graph-NS) and tetrahedral DNA nanostructures
(TDNs) to detect highly specific hybridization event. As demonstrated in
our previous works [14,29,30] we proposed an “oxidative-reduction”
coreactant ECL pathway for the [Ru[(bpy)3]2+/CNDs system, as illus-
trated in the inset on Fig. S1A. As can be observed in Fig. S1B, [Ru
(bpy)s]*" shows the expected reversible redox process of [Ru
(bpy)3]3+/ [Ru(bpy)s] 2+ system in its cyclic voltammogram while CNDs
show an oxidation process around to 1.15 V (see ampliation on
Figure S1B). None of them provide any ECL signal (Fig. S1A). When the
system is evaluated ([Ru(bpy)3]2+/CNDs), the intensity of the [Ru
(bpy)s]?* oxidation peak increases concomitantly as the cathodic peak
decreases (phenomenon characteristic of an electrocatalytic process)
and an increasing ECL signal can be observed (Fig. S1A). These results
suggest that CNDs act as coreactants in the anodic ECL of [Ru(bpy)3]2+,
confirming the “oxidative-reduction” coreactant ECL mechanism for the
[Ru(bpy)s]?>*/CNDs system [14,29]. In this mechanism, [Ru(bpy)s]>" is
oxidized during the anodic scan. CNDs can be oxidized by the direct
electro-oxidation of the nanomaterial (see inset of Figure S1A) and by
via chemical oxidation of the oxygen-containing units by electro-
generated [Ru(bpy)s]®" ([Ru(bpy)s]® + CDs — [Ru(bpy)s]>* + CDs™)
[31]. After that, oxidized CNDs (CNDs™") undergoes chemical decom-
position, forming the related reducing species (CNDs’) that subsequently
reduces [Ru(bpy)g]sJr forming [Ru(bpy)3]2+*, which decays to the
ground state generating an anodic red ECL emission [30].

Thus, in this work, a Ru[(bpy)3]2+/CNDs ECL biosensor is proposed
and improved through the use of different nanomaterials such as gra-
phene nanosheets (Graph-NS) and tetrahedral DNA nanostructures
(TDNs). Therefore, this work’s first step will focus on synthesizing and
characterizing the three different nanomaterials.

3.1. Synthesis and characterization of CNDs

Carbon nanodots (CNDs) were synthesized using a green-chemistry
approach involving the carbonization of tigernut milk. This process
utilized an optimized microwave-assisted hydrothermal treatment,
following a method that we have previously reported in the literature
[14,29,30]. Thanks to the characterization studies (see Fig. S2), we have
corroborated that the obtained nanoparticles present a quasi-spherical
shape with an average size of (7.2 + 1.4) nm. Their composition and
functional groups of the surface were confirmed by elemental analysis
and infrared absorption spectroscopy. Moreover, the presence of
carboxylate groups on their surface was corroborated by zeta potential
measurements since a negative average value in aqueous solution was
obtained (-6.7 + 0.3 mV) [30].

3.2. Synthesis and characterization of graphene nanosheets

The synthesis of Graph-NS followed a two-step procedure. Initially,
commercial graphite powder was milled into a ball milling reactor with
stainless steel balls. Subsequently, the ball-milled graphite was mixtured
with methanol and exfoliated via a shear-mixer device for 90 min at
25000 rpm. Following this, the resulting dark suspension was cen-
trifugated to obtain a clear suspension of Graph-NS. These nanosheets
were analyzed by microscopic techniques such as and scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Both
techniques reveal the sharp-edge morphology of the Graph-NS which
present dimensions between 100 and 500 nm (Figs. S3A-B). Addition-
ally, the thickness of the nanosheets was analyzed by atomic force mi-
croscopy (AFM), presenting heights between 5 and 20 nm (Fig. S3C).
The Raman spectrum of the nanosheets shows the D and D’ bands
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centred on ~1350 cm™! and 1620 cm™! respectively, the G peak at
~1580 cm™! and, the 2D peak around ~2720 cm ™' which are the
characteristic signatures of few-layer graphene [32] (Fig. S4A). More-
over, a Raman mapping image was obtained integrating the G peak
confirming the morphology observed in the microscopic techniques
(Fig. S4B).

3.3. Synthesis and characterization of tetrahedral DNA nanostructures

The tetrahedral DNA nanostructures (TDNs) were assembled using
three aminated 55-base oligonucleotides (Tetra-B, Tetra-C and Tetra-D)
along with an 85-nucleotide strand (Tetra-A-BRCA1) that includes the
DNA capture probe. This design incorporates a DNA capture probe at the
5'-end, complementary to a specific BRCA1 gene region. Each oligonu-
cleotide forms one of the four tetrahedron faces (Fig. S5A), with 17-base
pair segments that are complementary to those on the other three
strands, indicated by matching colors in Fig. SS5A and Table 1. The
BRCAL1 capture probe is positioned at one vertex (TDN-BRCA1) for hy-
bridization with the target DNA, while the remaining three vertices
feature amino groups for anchoring to the graphene nanosheet surface.

Existing TDN synthesis methods [27,33-36]; often neglect the risk of
forming random structures. We developed an improved synthesis
method involving a gradual and controlled temperature decrease, based
on the melting temperatures (Tm) of each complementary fragment to
ensure accurate hybridization and prevent undesired formations.

The melting temperature of every fragment used in the TDN syn-
thesis was obtained using the formula T, = 64.9 + 41-(G + C-16.4)/L
[37]1, where G and C are the counts of guanine and cytosine bases in the
sequence, and L is the number of bases (i.e. 17). These Tm values guided
the synthesis procedure outlined in the materials and methods section.

To confirm the efficacy of our synthesis method, we used electro-
phoretic analysis, cryogenic electron microscopy (cryo-EM), and optical
microscopy (bright-field and fluorescence).

Gel electrophoresis results (Fig. S5B) showed that TDN-ORF (lane 5)
migrated slower than individual single-stranded DNA oligonucleotides
(lanes 1 to 4) or trimer combinations missing one strand (lanes 6 to 9),
indicating successful TDN-ORF synthesis [38]. These results were
corroborated by cryo-EM images of TDN (Fig. S5D).

Bright-field and fluorescence microscopy used FAM-labelled TDN-
ORF (TDN-ORF-FAM), synthesized with a Tetra-A sequence which
carries, not only the ORFlab capture probe but the FAM fluorophore
(Tetra-A-ORF-FAM,; see Table 1). Fig. S5C presents images of TDN-ORF-
FAM on gold screen-printed electrodes, where the observed fluorescence
from the FAM molecule attached to the TDN confirms successful syn-
thesis and anchoring on the gold surface.

In summary, the TDN structure features a capture probe at one vertex
for biorecognition, while the other three aminated vertices are prepared
for graphene nanosheet surface modification.

3.4. BRCA1 gene ECL biosensor design

The biosensor was prepared following four basic steps described in
Scheme 1. In the first step, CSPEs were modified with the Graph-NS
solution. Over this nanostructured surface (CSPE/Graph-NS), tetrahe-
dral DNA nanostructures containing the BRCA1 gene capture probe
(TDN-BRCA1) were immobilized. After finishing this second step, the
obtained platform (CSPE/Graph-NS/TDN-BRCA1) was incubated with
the analyte (BRCA1-C), the BRCA1 gene (step 3). Finally, once the
biorecognition reaction was carried out, the final platform was obtained
(CSPE/Graph-NS/TDN-BRCA1/BRCA1-C), and a final ECL measurement
step was done after adding an equimolar [Ru(bpy)s]?*/CNDs solution.
Thus, the biosensor transduction was obtained through an ECL signal of
[Ru(bpy)s]>*/CNDs by applying a cyclic potential scan to the electrode
(step 4).

The following steps regarding the biosensor preparation were char-
acterized through different techniques to confirm the correct
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Fig. 5. (A) Calibration plot obtained through measurement of ECL signal of the nanostructured bioconjugate after hybridization with increasing amounts of BRCA1-C
(red 10.0 aM, orange 100 aM, yellow 500 aM, green 1.00 fM, blue 10.0 fM, dark blue 100 fM, purple 500 fM and Pink 1.00 pM) (B) ECL signal obtained of the
nanostructured bioconjugate before being challenged (blue bar) with (BRCA1-C 500 fM, green bar; BRCA1-M 500 fM, orange bar and NC BRCA1 500 fM, purple bar)
(C) Nanostructured bioconjugate response to BRCA1-C 500 fM for 60 days. (D) Biosensor response to human serum samples of a negative BRCA; patient (green bar)

and a BRCA1 patient (red bar).

preparation of the platform. Firstly, both electrochemical and electro-
chemiluminescent signals were registered at every step during biosensor
development. As shown in Fig. 1A, the bare CSPE (black line) electro-
chemical signal is null. The following signals were measured, incubating
with a solution of CNDs and [Ru(bpy)s] 2+ to reach a closer approach to
the designed experimental conditions for BRCA1 gene detection. The red
line corresponds to the bare CSPE, and when incubated with CNDs and
[Ru(bpy)s]?", a shallow electrochemical signal appears. This signal
grows when the electrode is modified with the nanomaterial (blue line),
and the TDNs are immobilized over the sensing platform, as seen in the
green line. Finally, the highest signal is obtained when the biosensing
platform is challenged with the analyte, the BRCA1-C DNA sequence,
complementary to the BRCA1 probe, as portrayed in the purple line. The
observed process corroborates a catalytic process since the reduction
peak disappears while the oxidation peak grows. A similar tendency is
seen in Fig. 1B, which corresponds to the ECL signal of the different steps
for biosensor development. As long as the electrochemical signal grows,
the electrochemiluminescent signal also increases.

Raman spectroscopy was also carried out to characterize the bio-
sensing platform. As shown in Fig. 2, the signal for CSPE shows signif-
icant signals for carbon at 1351 and 1579 em ™, respectively. These
signals correspond to carbon’s D and G bands [39]. Red line corresponds
to the modified electrode CSPE/Graph-NS. The bands do not show a
significant difference since the materials are identical. Finally, the blue
line corresponds to the fully developed biosensor. Both D and G bands
are observed, and signals corresponding to DNA appear, concrete bands
at 353, 418, 889, and 964 cm ™! for the DNA phosphate backbone and
signals at 625 and 758 cm ! for adenine and cytosine, respectively [40].

Fig. 3 shows the topographical AFM characterization of CSPE (A),
CSPE/Graph-NS (B), and CSPE/Graph-NS/TDN (C) on SiO,. As ex-
pected, graphene sheets can be observed on the surface of the modified
samples (images B and C).

Moreover, the biosensing platform was also characterized by SEM-
EDAX. Fig. 4 shows SEM and EDAX characterization of CSPE (Fig. 4A
and B), CSPE/Graph-NS (Fig. 4C and D) and CSPE/Graph-NS/TDN
(Fig. 4E and F). Graphene sheets on the surface of CSPE can only be
observed on the secondary electron SEM images of the modified CSPE
samples (Fig. 4C and E). The corresponding back-scattered SEM images
taken simultaneously are shown in Fig. S6 of the supporting informa-
tion. The lack of contrast on those back-scattered images reveals that the
materials within the image present similar atomic numbers and, there-
fore, equal components, as would be anticipated for CSPE and graphene.
From the EDAX spectra analysis (Fig. 4B, D, and 4F), it can be concluded
that the peaks corresponding to the phosphorus energy are only detected
in the CSPE/Graph-NS/TDN sample. The presence of Phosphorus can be
related to the existence of DNA.

Table 3
ECL and EQ DNA biosensors for BRCA1.
Target Principle Method L.O.D Reference
analyte
BRCAL1 gene PEP-PEDOT DPV 3.4 fM [41]
3-QD@DNA DPV 1.20 aM [42]
DNA-mediated Au-Au SPC- 0.83 fM [43]
dimer ECL
LNA modified TMSDR ECL 0.8 fM [44]
Graph-NS, CNDs and TDNs ECL 1.40aM  This work
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Based on the obtained results, we can conclude that the biosensing
platform has successfully developed.

The BRCA1 gene was detected by measuring the ECL signal catalyzed
by carbon nanodots (CNDs) under optimal conditions. The final platform
(CSPE/Graph-NS/TDN-BRCA1) was incubated with 10.0 pL of the ana-
lyte (BRCA1-C) at various concentrations (10.0 aM, 100 aM, 500 aM,
1.00 fM, 10.0 fM, 100 fM, 500 fM and 1.00 pM). After washing, the
electrode was then treated with 60.0 pL of a solution containing [Ru
(bpy)g]ZJr and CNDs. The generated ECL signal corresponds to the ECL
system in which [Ru(bpy)g,]2+ is the luminophore and CNDs are the
coreactants. As shown in Fig. 5A shows a linear relationship between the
ECL signal and the logarithm of the analyte concentration, described by
the equation (ECL Signal = 15.2-1o0g[BRCA1] + 231; R? =0.99070). This
relationship was derived from the average of three measurements at
each concentration. The sensitivity was 15.2 a.u. log(fM‘l) with a co-
efficient of variation (CV) of 0.86 %. The limits of detection (LOD) and
quantification (LOQ were determined using the blank signal and its
standard deviation (Sb). By adding 3-Sb and 10-Sb to the blank signal
and interpolating the obtained ECL Signal values on the calibration
curve, the LOD and LOQ were calculated to be 1.41 aM and 7.50 aM,
respectively.

To confirm the essential role of Graph-NS for the BRCA1 gene
detection, ECL signal was measured for every step of the biosensor
development without using graphene nanosheets. The obtained signal
for every step is portrayed in Fig. S7, and the signal remains constant in
each step. The ECL signals remain regular due to reactions between [Ru
(bpy)s]®* that has adsorbed non-specifically on the electrode surface
and the co-reactant. Therefore, Graph-NS is necessary to anchor the
nanotetrahedron upon the electrode surface and, afterward, carry out
the biorecognition reaction to determine the analyte of interest.

The proposed biosensor has overcome general drawbacks that other
biosensing platforms could not, including a lower LOD and LOQ, re-
ported in the literature. Moreover, the linear range of the proposed
biosensor is more comprehensive than the typical ones noted in the
literature (see Table 3).

The selectivity of the biosensor was also assessed. ECL signal varia-
tion was studied for different samples containing 500 fM BRCA1-C in the
presence and absence of a potential interferent, a non-complementary
DNA sequence (BRCA1-NC), at the same concentration (500 fM). As it
is shown in Fig. 5B, the variation of the ECL signal is minimal in the
presence of the non-complementary strand. The stability of the bio-
sensing platform was tested by measuring its response when stored at
4 °C over time. The results show that the initial recognition signal was
kept at 92 % after 60 days (Fig. 5C).

Furthermore, clinical samples from breast cancer patients were
examined to explore the potential for mutation detection in real DNA
samples of the BRCA1 gene (Table 2). These samples were provided and
validated by sequencing at La Paz Hospital. Two samples were used: one
from a breast cancer patient (MUT) and another from a control patient
(WT). As shown in Fig. 5D, the developed nanostructured bioconjugate
can differentiate between mutated and control samples. Therefore, it can
be concluded that the developed biosensor can detect a BRCA1 sequence
from PCR clinical samples, moving towards the development of a simple,
easy-to-use, and cost-effective point-of-care device.

Finally, in order to corroborate the advantages brought by the use of
TDNs over the traditional single-strand probe technique, two studies
were conducted. Firstly, as shown in Fig. S8A, the correlation between
ECL signal and analyte concentration was evaluated for both strategies.
Through the use of TDNs a lower LOD and LOQ and a higher sensitivity
were obtained. Secondly, the single-base mutation was studied and
shown in Fig. S8B. The use of TDNs allows for better recognition be-
tween the hybridization with the complementary strand and the
mutated one than using a single-stranded probe.

Talanta 284 (2025) 127182

4. Conclusions

A new electrochemiluminescent biosensor based on the combination
of three different nanomaterials (Graph-NS, CNDs, and TDNs) has been
developed and proved as a rapid, efficient, and easy-to-use alternative to
detect a region of BRCA1 genome and also an insertion mutation on its
code. CNDs allow ECL transduction using [Ru(bpy)g]2+ as the lumino-
phore whereas Graph-NS allow the immobilization of aminated TDNs
and the nanostructuring of the electrode. The developed biosensor can
detect a specific region of the BRCA1 gene and mutations not only using
synthetic DNA sequences, but also in human breast cancer patients’
clinical samples.
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