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ARTICLE INFO ABSTRACT
Keywords: Early fetal sex determination is of crucial importance in the management of prenatal diagnosis of
Carbon nanoparticle X-linked genetic abnormalities and congenital adrenal hyperplasia. The development of an effi-

Circulatory DNA
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Biomarker
Blood-borne marker

cient and simple method for high-sensitivity, affordable, and rapid screening of cell-free fetal
DNA (cffDNA) is crucial for fetal sex determination in early pregnancy. In this study, single- and
dual-fluorophore DNA biosensors based on multi-walled carbon nanotubes (MWCNT) were
fabricated for the individual and simultaneous detection of the SRY gene and DYS14 marker in
cffDNA obtained from maternal plasma samples. This nanosensing platform is based on the
immobilization of single-stranded DNA (ssDNA) probes, labeled with ROX or FAM fluorophores,
on MWCNT, resulting in the quenching of fluorescence emission in the absence of the targets.
Upon the addition of the complementary target DNA (ctDNA) to the hybridization reaction, the
fluorescence emission of fluorophore-labeled probes was significantly recovered to 79.5 % for
ROX-labeled probes (i.e. SRY-specific probes), 81.5 % for FAM-labeled probes (i.e. DYS14-specific
probes), and 65.9 % for dual-fluorophore biosensor compared to the quenching mode. The limit
of detection (LOD) for ROX, and FAM was determined to be 4.5 nM, and 7.6 nM, respectively. For
dual-color probes, LOD was found to be 5.4 (ROX) and 9.2 nM (FAM). Finally, the clinical
applicability of the proposed method was confirmed through the detection of both biomarkers in
maternal plasma samples, suggesting that the proposed nanosensing platform may be useful for
the early detection of fetal sex using cffDNA.

1. Introduction

Early fetal sex determination offers several advantages for parents such as peace of mind and allowing them to prepare for the
arrival of their newborn. Moreover, it enables to check the health status of the fetus in prenatal diagnosis of X-linked genetic diseases
such as hemophilia A and Duchene muscular dystrophy, as well as to monitor women at risk of having an infant with congenital
adrenal hyperplasia [1,2]. Traditionally, fetal sex determination has been carried out either using invasive techniques such as
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amniocentesis or chorionic villus sampling (CVS), which carry a significant risk of miscarriage and intrauterine infection, and cannot
be performed at early gestational ages, or non-invasively by ultrasonography [3,4]. However, the latter cannot be carried out reliably
until the 11th week of pregnancy, because the external genitalia is not completely developed until this stage [4,5]. Therefore, there is a
high demand for the development of an early procedure for sex determination in a highly sensitive, specific, and safe manner.

The initial discovery of circulating cell-free fetal DNA (cffDNA) fragments in the maternal plasma during pregnancy in 1997 has
enabled to carry out non-invasive prenatal testing (NIPT) [6]. Fragments of cffDNA originate from apoptotic trophoblasts of the
placenta in the maternal bloodstream and can be detectable from around 5 weeks in gestation [7], however, it can be reliably detected
from 7 weeks of gestation [3]. The size of fetal DNA molecules is reported to be generally between 193 and 313 bp (typically shorter
than 200 bp) [8,9], which comprise approximately 10% of total DNA present in maternal plasma [10,11]. Currently, the cffDNA-based
methods for sex determination include quantitative real-time polymerase chain reaction (QPCR) [10], Digital PCR, and massively
parallel sequencing [12], which detect the presence or absence of Y-chromosome-specific sequences, such as the single-copy SRY gene
sequence, multi-copy DYS14 marker sequence of the TSPY gene, and unique multi-copy regions of the Y chromosome, such as the DAZ
family in the maternal plasma [13]. It would be of crucial importance to simultaneously detect both DNA markers, which has not
previously been studied, to enhance the sensitivity and specificity of sex determination. The results of the various widely used
detection methods have been encouraging, with their specificity and sensitivity ranging from 31% to 100% [14] depending on the
strategy and method used. Despite their advantages, these methods still suffer from being time-consuming or requiring expensive
instruments and reagents as well as expert operators. Therefore, developing a rapid, simple, and inexpensive sex-determination
method is crucially important and highly favorable.

Recently, several attractive sensing strategies have been used for the detection of cell-free DNA (cfDNA) based on fluorescent,
electrochemical, and colorimetric platforms [15-17]. Among them, fluorescence-based biosensors that utilize fluorescent DNA probes
have attracted great attention due to their high sensitivity and selectivity, simplicity, rapidness, and cost-effectiveness [18,19]. The
simplest fluorescence DNA sensing methods typically utilize a fluorophore and a quencher attached to the opposite ends of a DNA
probe and work based on fluorescence resonance energy transfer (FRET) between fluorophore and quencher (a quenching mecha-
nism). The binding of target DNA induces the dissociation of quencher and fluorophore, allowing fluorescence recovery [20,21].

Despite the widespread use of fluorescent biosensors for the detection of nucleic acids, they still suffer from the need for careful
selection of fluorophore and quencher pairs in order to achieve optimum efficiency. Recently, nanomaterials have been used as
quenchers to address this challenge since they can quench a variety of fluorophores with varying emission wavelengths while
improving signal-to-noise ratio [22-24]. Among these nanomaterials, graphene oxide [25], carbon quantum dots [20], gold nano-
particles [26,27], metal—organic frameworks [28], and carbon nanotubes [21,29] have been adopted as efficient nano-quenchers to
develop fluorescent biosensors for detection of various biomarkers such as nucleic acids and proteins.

Carbon nanotubes, including single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs), have
played major roles in biosensor development due to their unique structural, optical, and electrical characteristics. They have various
unique features such as large surface area, high stability, easy functionalization and preparation, biocompatibility, low cytotoxicity,
and strong fluorescence quenching of dye molecules through FRET mechanism [30,31].

These studies focus on the effective utilization of MWCNTs, particularly when attached through covalent or noncovalent bonds
with nucleic acids. Notably, the noncovalent interaction of single-stranded DNA (ssDNA) with MWCNTs has been a subject of recent
interest. The stable complexes formed by ssDNA and MWCNTs involve intricate n-stacking interactions between nucleotide bases and
the sidewalls of MWCNTs [21]. Initially, ssDNA molecules encircle individual MWCNTs through zn-stacking interactions occurring
between the nucleotide bases and the sidewalls of the MWCNTs. Following this interaction, owing to the dual role of MWCNTSs as a
"nanoscaffold" for ssDNA and a "nanoquencher" of the fluorophore, only one end of the ssDNA needs to be tagged with a fluorophore. In
this scenario, the ssDNA molecules organize themselves on the carbon nanotube surface, leading to complete quenching of the

Table 1

The DNA sequences used in this study.
Oligo Name Oligo Sequence (5'—3") Oligo Type
SRY sequences
SRY-Lprobe 5'-ROX-GGACTCTGAGTTTCGCATTCTCAGAG-3' Probe
cDNA 5'-AGAATGCGAAACTCAGAG-3' Target DNA
mDNA (1 nt) 5'- AGAATGCGACACTCAGAG-3' Mismatch target DNA
mDNA (3 nt) 5'- AGACTGAGACACTCAGAG-3' Mismatch target DNA
mDNA (5 nt) 5'- AGAGTGAGACACTCCGCG-3' Mismatch target DNA
ncDNA 5'-AGCTGGGATACCAGTGGA-3' Non-complementary DNA
SRY-F 5'-AAAGGCAACGTCCAGGATAGAG-3' Forward primer
SRY-R 5-TGAGTTTCGCATTCTGGGATT-3' Reverse primer
DYS14 sequences
DYS14-Lprobe 5'-FAM-TCTAGTGGAGAGGTGCTC-3' Probe
cDNA 5'-GAGCACCTCTCCACTAGA-3' Target DNA
mDNA (1 nt) 5'-GAGCAACTCTCCACTAGA-3' Mismatch target DNA
mDNA (3 nt) 5-GAGCACCTTTCAACTAAA-3' Mismatch target DNA
mDNA (5 nt) 5'-AAGCGCCTTTCAACTAAA-3' Mismatch target DNA
ncDNA 5'-GATTCCACGGCTGTCAAC-3' Non-complementary DNA
DYS14-F 5'-GGGCCAATGTTGTATCCTTCTC-3' Forward primer

DYS14-R 5'-AAGAGTCACATCGACGCCGAG-3' Reverse primer
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fluorophore. Subsequently, when a target is present, competitive binding between the target and the carbon nanotubes with the ssDNA
disrupts the fluorescence quenching, thereby enabling enhancement of the fluorescence signal [21,32].

In this study, we develop stem-loop-probe and linear-probe fluorescent DNA sensors based on MWCNTs for individual as well as
simultaneous detection of the DNA markers SRY and DYS14 for fetal sex determination using cffDNA. We show that this platform
enables the accurate determination of fetal sex based on 14 clinical samples from pregnant women at an early gestational age, i.e. 8—37
weeks. We further demonstrate that our biosensor accurately detects male cffDNA in the plasma of pregnant women. Overall, our
nanobiosensing platform provides a highly selective, sensitive, specific, and cost-effective tool for fetal sex determination.

2. Experimental section
2.1. Materials and apparatus

All reagents, including Tris hydrochloride (Tris-HCl, >99%), sodium chloride (NaCl, >99%), potassium chloride (KCl, >99%), and
magnesium chloride (MgCly, >97.0%) solutions were purchased from Sigma-Aldrich (Singapore), unless otherwise stated. The Tris-
HCI buffer solution (20 mM) was used in the presence of 100 mM NaCl, 5 mM KCl, and 5 mM MgCl,. pH 7.4. Stock solutions were
prepared using sterilized double-distilled water (SDDW). The designed DNA oligonucleotides used in this study (Table 1) were syn-
thesized and purified by miRas Biotech (Tehran, Iran). BLAST searches were performed to ensure that the stem-loop- and linear-probe-
based fluorescent DNA sensors only recognized sequences in the SRY gene and DYS14 marker and that they do not detect any other
homologous sequences in human genomic DNA. All oligonucleotides were dissolved in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.2),
and the resulting solutions were kept frozen at —20 °C. The circulating plasma DNA was isolated from maternal blood samples using
the NucleoSpin cfDNA XS kit (Diiren, Germany). A FavorPrepTM Blood Genomic DNA Extraction Mini Kit from Favorgen (Ping-Tung,
Taiwan) was used to extract DNA from male blood samples in order to serve as positive controls. MWCNTSs were obtained from US
Research Nanomaterials, Inc. The size and morphology of the MWCNTSs were examined by field emission scanning electron microscopy
(FESEM, HITACHI S4160 microscope), Energy-dispersive spectroscopy (EDX, HITACHI S4160 microscope), and Fourier transform
infrared spectroscopy (FT-IR, Bruker, USA - Tensor 27) analyses. A fluorescence spectrophotometer (Varian Cary Eclipse) was used for
fluorescence measurements of ROX-labeled probes (ROX-Lprobe; excitation at 578 nm and emission scanning at 605 nm) and FAM-
labeled probes (FAM-Lprobe; excitation at 495 nm and emission scanning at 520 nm) at room temperature.

2.2. Obtaining cffDNA samples from maternal plasma

Whole blood samples in EDTA vacutainer tubes were collected from 14 pregnant women volunteers between 8 and 37 weeks of
gestation, with 11 male-bearing pregnancies provided by Shohada-Miandoab Clinic (Iran). To obtain plasma from the blood samples,
5 mL of fresh peripheral blood from each individual was centrifuged at 604 xg (4 °C, 10 min), followed by the centrifugation of the
supernatant at 6764 xg (4 °C, 3 min). cffDNA was isolated from plasma samples using the NucleoSpin® plasma XS Kit (Diiren, Ger-
many) according to the manufacturer’s instructions, followed by DMSO treatment to denature the double-stranded DNA.

The isolated DNA was stored at —80 °C until further study. Two pL of the extracted cfDNA was analyzed by traditional PCR assays
specific for the SRY gene (Forward: 5-AAAGGCAACGTCCAGGATAGAG-3'; Reverse: 5-TGAGTTTCGCATTCTGGGATT-3') and DYS14
marker (Forward: 5-GGGCCAATGTTGTATCCTTCTC-3; Reverse: 5-AAGAGTCACATCGACGCCGAG-3)) to pre-amplify and quantify
the cffDNA, in case of a male fetus. To detect the specific sequences of SRY and DYS14 markers in the cffDNA samples extracted from
the maternal plasma, 50 pL cffDNA was added to the fabricated biosensor (MWCNTs-ssDNA conjugate under optimized condition), and
after 28 min of incubation, the detection procedure was carried out to determine the recovery rate of fluorescence emission. Each
reaction had a final volume of 25 pL and was done in duplicates. Standard male genomic DNAs were obtained from seven male in-
dividuals to serve as positive controls. No-template controls were also included in the study. The reactions were carried out on a DNA
amplifier (Eppendorf Master-cycler Gradient Thermal Cycler) according to the following amplification program: 2 min at 50 °C, 10 min
at 95 °C, 50 amplification cycles comprising a denaturation step at 95 °C for 30 s, an annealing-elongation step at 58 °C for 1 min, and
extension step at 72 °C for 1 min. The study was approved by the Ethics Committee of the Royan Institute, Tehran, Iran. All pregnant
women involved in the study signed an informed consent form and were completely aware that the study is a research project for
determining fetal sex.

2.3. Fabrication and characterization of DNA Probe-MWCNT conjugates

To fabricate the MWCNT-based biosensing platform, we first prepared MWCNT-DNA conjugates, in which the MWCNT nano-
particles quench the fluorescence emission of fluorophore-labeled single-stranded DNA (ssDNA) oligonucleotides (ROX/FAM-Lprobe).
For the preparation of MWCNT-ssDNA conjugates, 10 pL (10 pmol/L) of the ssDNA probe was added to 10 pL (1 mg/mL) of MWCNT.
Next, the resulting solution was adjusted to 500 pL with Tris-HCI buffer (pH 7.4) while vortexing. Then, to completely cover the
MWOCNT surface with ssDNA probes, the conjugate solution was incubated at different times for up to 30 min at room temperature. The
Varian Cary Eclipse Fluorescence Spectrophotometer was used to record fluorescence intensity changes. The measurement was per-
formed using a quartz fluorescence cell with an optical path length of 1.0 cm. The emission spectra for ROX-Lprobe were recorded from
580 to 700 nm with excitation at 575 nm, and for FAM-Lprobe from 500 to 650 nm with excitation at 494 nm. In both cases, the slit
widths of the excitation and emission were set to 5 and 10 nm, respectively. The quantitative assays of the fluorescence intensity for
ROX- and FAM-L probes were carried out at 605 and 520 nm, respectively. To confirm the properties of MWCNT-ssDNA conjugates,
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characterizations were performed with FESEM (HITACHI S4160 microscope), EDX (HITACHI S4160 microscope), and FT-IR (Bruker,
USA - Tensor 27) analyses.

2.4. Investigation of the quenching efficiency

To determine the optimum concentration of MWCNT for efficient quenching of the fluorophore-labeled ssDNA probes (ROX- and
FAM-Lprobe), different concentrations of MWCNT (5-80 pg) were added to solutions containing 10 pL of 10 pM ROX- or FAM-Lprobe.
In all cases, the total volume of the reaction solution was 500 pL in 20 mM Tris-HCI buffer solution, pH 7.4. After incubation at op-
timum absorption time, the fluorescence was measured by Varian Cary Eclipse Fluorescence Spectrophotometer. At the optimal
MWCNT concentration, the fluorophore-labeled DNA typically remains less free in solution and therefore the fluorescence emission is
further reduced.

2.5. Optimization of the DNA detection conditions

After the preparation of optimized MWCNT-ssDNA conjugates, hybridization experiments were performed in a 20 mM Tris-HCl
buffer solution, pH 7.4, with a series of complementary target DNA (ctDNA) molecules with different concentrations. First, 50 pL
of the MWCNT-ssDNA conjugate solution was mixed with 10 pL of ctDNA (10 pmol/L), the resulting mixture was transferred to a
cuvette, and the fluorescence intensity emission was measured at different incubation times (1-30 min) at room temperature. Next, the
mixture was allowed to hybridize to ctDNA for ~30 min at room temperature. A series of hybridization solutions with various amounts
of ctDNA (0.4, 2, 4, 20, 40, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 nM) was used to determine the optimal hybrid-
ization time and the biosensor sensitivity. To analyze the specificity of the biosensor, we evaluated the fluorescence response induced
by ctDNA, a non-complementary DNA (ncDNA) target, and DNA targets containing single or three mismatches. The limit of detection
(LOD) for the sensitivity of the biosensor was defined as the minimum concentration of ctDNA that significantly shows detectable
fluorescence emission compared to the quench mode.

2.6. Multiplex simultaneous detection of DNA with multicolor fluorescent biosensor

The hybridization experiments for the multiplexed detection of DNA were carried out by mixing 15 pL of 10 pM ROX-Lprobe or
FAM-Lprobe with 20 pL of MWCNT in a Tris-HCI buffer solution, such that the final volume of the hybridization reaction solution was
kept constant at 500 pL. Next, the ssDNA probe-MWCNT conjugates were incubated at different times (0-28 min) to assay the adequate
absorption of the probe on the surface of the MWCNTs, and fluorescence intensity changes were measured by synchronous scanning
fluorescence spectrophotometer. The intervals between the maximum excitation and emission wavelengths of ROX and FAM are
known to be 24 nm and 26 nm, respectively.

In order to achieve the simultaneous quenching of the two fluorophores, the fixed wavelength difference (DA) of synchronous
scanning spectrofluorometric is set at 25 nm. To optimize the concentration of MWCNTs for complete quenching of the ROX-Lprobe
and FAM-Lprobe, different concentrations of MWCNTs were mixed with 20 pL from ROX/FAM-Lprobe and then the fluorescence
intensity quenching was measured by spectrofluorometry at the optimum absorption time.

After the fabrication of MWCNT-based dual-color fluorescent biosensor, a hybridization reaction was conducted with different
amounts of ctDNA. First, 20 pL of each ctDNA (10 pmol/L) was mixed with optimized MWCNT-ssDNA conjugate solution, and
fluorescence emission was then investigated at different incubation times (1-38 min) at room temperature. After the determination of
the optimized hybridization time, the optimization of the amount of ctDNA was carried out with various amounts of target sequence,
with final concentration ranging from 10 nM to 2 pM.

2.7. Statistical analysis

All fluorescence emission measurement experiments were carried out in triplicates. The results are expressed as mean + SD.
Statistical analysis was done with GraphPad Prism software version 9.0 and the significance level was considered at p < 0.05.

3. Results and discussion
3.1. Immobilization of single-stranded fluorophore-labeled DNA probes on MWCNTs

First, we tried to non-covalently immobilize fluorophore-labeled ssDNA probes on MWCNT. Since ssDNA is a polyanion, in-
teractions between DNA and MWCNT appear to be through strong intermolecular hydrophobic n-n* interaction, electrostatic repul-
sion, and hydrogen bonding. In the absence of MWCNT, we observed a strong fluorescence emission related to ROX and FAM
fluorophores attached to ssDNA probes at 605 and 520 nm, respectively. However, adding MWCNT led to a gradual decrease and
quenching of the fluorescence emission at room temperature (Fig. S1 in the Supporting Information), suggesting strong interaction
between MWCNT and ROX- and FAM-labeled ssDNA probes as well as the high fluorescence quenching ability of MWCNT. This is
because when the fluorophores are placed in the proximity of MWCNT upon conjugation and ROX and FAM fluorophores are excited at
495 and 576 nm, respectively, they transfer the energy to the MWCNT through FRET [21], which results in the quenching of the
fluorescence signal of the fluorophores. We investigated the kinetics of fluorescence quenching of ROX- and FAM-Lprobe by MWCNT
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Fig. 1. Characterization of the MWCNT-ssDNA Conjugates. FESEM images of MWCNTs (a) and MWCNT-ssDNA Conjugates (b). (c) EDX spec-
trum of MWCNTs. (d) EDX spectrum of fluorophore-labeled ssDNA-MWCNT conjugates. (e) FT-IR spectra of MWCNT and ssDNA-

MWCNT conjugates.
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by measuring fluorescence intensity at different incubation times. As shown in Fig. S2, upon addition of MWCNT to the solution of
ROX- or FAM-labeled ssDNA, the fluorescence emission intensity greatly decreased within the first 2 min. Then, the fluorescence
intensity was further decreased for both ROX- and FAM-labeled ssDNA probes with an increase in quenching time. Finally, the
fluorescence intensity reached a steady value after 10 min (ROX-Lprobe) or (FAM-Lprobe) (Figs. S2a—d). Therefore, after 10 min, most
of the sites at the MWCNT surface are covered by ROX-Lprobe and FAM-Lprobe, respectively, indicative of the rapid quenching kinetics
of MWCNT. These times were estimated as functional quenching times for the fluorophore-labeled probes.

Next, we investigated the kinetics of simultaneous quenching of the two fluorophores’ fluorescence by MWCNTs through

LRET LRET Ex. 575 nm Ex. 494 nm

FAMto MWCNT ROX tg4l\4WCNT Em. 605nm Em.520nm
65% A ? FL67% on FL65% on

A Dual-color
ctDNA

FL(a.u)

Wavelength (nm)

A Dual-color

E)

u

-

[T

mmobilization
Electrostatic and  — 1 interactions
Wavelength (nm)
ROX-Lprobe FAM-Lprobe A Susicclor

E)

@

—

[T

>

Wavelength (nm)

Fig. 2. Schematic Illustration of MWCNT-Based Fluorescent Detection of DNA. This platform is based on the adsorption of fluorophore-labeled
ssDNA probes, i.e. ROX/FAM-Lprobes, onto the MWCNT, leading to fluorescence quenching. In contrast, when ROX- or FAM-Lprobe hybridizes to
corresponding ctDNA to form a duplex DNA structure (i.e. dsSDNA), the interactions between dsDNA and MWCNT becomes weakened such that the
dsDNA is desorbed from the MWCNT surface, leading to the restoration of the fluorescence of ROX- and FAM-Lprobes.
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Fig. 3. Corresponding Fluorescence Emission Spectra in the Presence of Different Concentrations of ctDNA and Calculation of the Cali-
bration Curve. Fluorescence emission spectra restoration of ROX-Lprobe (a), FAM-Lprobe (c), and dual-color (e) upon ctDNA hybridization in the
presence of different concentrations of ctDNA (0.4, 2, 20, 40, 200, and 400 nM). Calibration curves for the detection of DNA hybridization based on
MWCNT for ROX-Lprobe (b), FAM-Lprobe (d), and dual-color biosensor (f). FO and F indicate the fluorescence intensity of the biosensor in the
absence and presence of ctDNA, respectively. The data were recorded with excitation and emission wavelengths of 495 and 520 nm (FAM-Lprobe)
and 578 and 605 nm (ROX-Lprobe), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
\Lersion of this article.)

measuring fluorescence intensity at different incubation times. As shown in Fig. S2e, both ROX- and FAM-Lprobe were simultaneously
immobilized on the MWCNTSs 16 min post-incubation. In another experiment, different amounts of MWCNTs were evaluated at the
optimal quenching time to find an MWCNT concentration at which the complete quenching of fluorescence emission of both fluo-
rophores occurs. We found that with increasing concentrations of MWCNTSs, a decrease in the fluorescence intensity is observed (see
Fig. S1). At a concentration of 50 pg/mL, more than 97% of the ROX fluorescence, at a concentration of 60 pg/mL, more than 95% of
the FAM fluorescence, and at a concentration of 80 pg/mL, more than 90% of the dual ROX/FAM-Lprobe fluorescence was quenched.
The quenching efficiency of the ROX and FAM fluorescence reached 97.9 + 0.6% and 95.8 + 0.8%, respectively.

3.2. Characterization of the ssDNA-MWCNT conjugates

Preparation of SRY- and DYS14-specific ssDNA biosensors was carried out by immobilization of ssDNA probes on MWCNTs. To
confirm the proper preparation of MWCNT-ssDNA conjugates, FT-IR, FESEM, and EDX analyses were carried out. FESEM analysis
confirmed the expected morphological properties of MWCNTSs and ssDNA-MWCNT conjugates (Fig. 1a and b). The morphological
analysis of MWCNT by FESEM revealed turf and mat structures characteristic of these nanomaterials (Fig. 1a). FESEM analysis of
ssDNA-MWCNT conjugates showed changes in the morphology and diameter of MWCNTs which confirms immobilization of ssDNA
probes on MWCNTs (Fig. 1b). In addition, EDX confirmed the presence of ssDNA molecules immobilized on MWCNTs (Fig. 1¢ and d). In
EDX analysis of ssDNA-MWCNT conjugates, the automatic assignments of C, O, N, and P elements suggested that ssDNA probes were
successfully anchored to MWCNT, as P and N element signals, related to fluorophore-labeled ssDNA probes, were observed at around 2
and 0.5 KeV, respectively (Fig. 1d). From the FTIR spectra of MWCNT in Fig. le, the following bands were observed: stretching vi-
bration of O-H groups as a peak at 3436 cm ™!, C=0 vibrations at 1727 cm™!, C=C stretching at 1457 cm™!, and C-O vibrations at
1160 cm ™. From the FTIR spectra of MWCNT-ssDNA, we observed a broad peak at 3378 cm ™ for O-H stretching modes of the -COOH
groups and 3012 cm ™! for N-H of amide moieties (Fig. 1e). Other peaks appeared at 1710 cm ™! corresponding to stretching vibrations
of C=0 groups of unreacted carboxylic acids. Finally, a peak at 1710 em ™!, which appeared as a shoulder on C—=C vibrations at 1461
crn’l, was also observed and attributed to the C=0 vibration of amide moieties [20,33]. These data indicate that characteristic sSDNA
probe-MWCNT conjugates were formed successfully and properly.

3.3. The fluorescent DNA biosensor efficiently detects ctDNA in ctDNA/mtDNA mixtures

To achieve the best sensing performance in the hybridization reaction, we optimized the two parameters of hybridization incu-
bation time and different amounts of ctDNA in a Tris-HCI buffer solution. An illustration of multiplexed detection of DNA by a dual-
color fluorescent biosensor based on MWCNTs is depicted in Fig. 2.

In the hybridization experiment, the kinetics of fluorescence recovery was investigated by measuring fluorescence emission in-
tensity at different hybridization incubation times. As illustrated in Fig. S3, it was found that in the presence of 10 pL ctDNA (10 pM),
the fluorescence intensity was rapidly enhanced during the first 5 min (resulting from rapid dsDNA formation following ssDNA
desorption from MWCNT surface), and then with increasing incubation time, fluorescence intensity was further increased albeit less
quickly (resulting from formation of more dsDNA) until it reached its maximum value without further change (resulting from satu-
ration of the biosensor) after ~15 min. Therefore, the hybridization time of 13 min (ROX-Lprobe), 12 min (FAM-Lprobe), and 16 min
(dual-color simultaneous) was considered as the optimal hybridization time.

Furthermore, a calibration experiment with different amounts of ctDNA was performed to investigate the range of detection for
MWCNTs. As plotted in Fig. 3, with increasing concentration of ctDNA, enhancement in fluorescence emission intensity is observed.
This can be explained by the fact that as the concentration of ctDNA increases, a higher degree of DNA hybridization occurs and more
dsDNA is formed, so that less adsorption occurs on the MWCNT surface, resulting in lesser quenching and leading to high restoration of
fluorescence emission of ROX- and FAM-Lprobe. Furthermore, different concentrations of ctDNA resulted in different intensities of
ROX- and FAM-Lprobe emission fluorescence, thus quantitative determination of ctDNA could be achieved according to the ROX- and
FAM-Lprobe fluorescence emission intensity. Based on this phenomenon, we have used the equation below to calculate the percentage
restoration. % fluorescent restoration = (Ft-Fb)/(Fc-Fb) x 100; where Fb is the fluorescence signal of the buffer, Fc is the fluorescence
signal of the ROX- or FAM-Lprobe containing buffer medium, and Ft is the fluorescence signal observed in the presence of a given
concentration of ctDNA.

The dynamic range of detection was determined to be 0.01—1 pM for ROX-Lprobe and 0.02-1 uM for FAM-Lprobe. Experimental
results revealed that a concentration of 1 pM of ctDNA could provide a maximum signal-to-background ratio (SBR) for the DNA sensing
platform (Fig. 3a-d), and this value was chosen as the optimized conditions for further investigation. Of note, we also used mismatch
DNA oligonucleotides as negative controls to evaluate the selectivity and specificity of the biosensor for SRY and DYS14 markers.
Furthermore, the sensitivity of the biosensor was evaluated with different amounts of ctDNA and LOD was calculated to be 4.5 nM (S/



Table 2
Optimization of the nanobiosensor.
Analyte Bimolecular probe Donor, Ex/Em [nm] Quench time MWCNT concentration MQE" Quenching mechanism Assay Time (HCR) cDNA concentration LOD
SRY gene Stem-loop-probe ROX, 10 min 50 pg ~98% Electrostatic and n—n interactions 13 min 1 pM ~4.5 nM
587/609
DYS14 marker DNA probe FAM, 494/521 10 min 60 pg ~96% Electrostatic and n—= interactions 12 min 0.9 yM ~7.6 nM

# MQE: maximum quenching efficiency.
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Fig. 4. Analysis of the Selectivity of the Biosensor. Fluorescence spectra for determination of the specificity and selectivity of the a) ROX-Lprobe,
b) FAM-Lprobe, and c) dual-color biosensor in the presence of single-, three-, and five-mismatch DNA targets. Non-parametric one-way ANOVA test
was performed for statistical analysis. Error bars represent mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. (For interpretation
(:f the references to color in this figure legend, the reader is referred to the Web version of this article.)

N = 3) for ROX-Lprobe (i.e. SRY biosensor) and 7.6 nM (S/N = 3) for FAM-Lprobe (i.e. DYS14 biosensor) (Fig. 3a-d). Table 2 provides
the calibration, sensitivity, and specificity of the biosensor following each stage of optimization.

We next investigated whether it is possible to simultaneously detect the ctDNA of both SRY and DYS14 markers in a homogeneous
solution using our two-color fluorescent biosensing platform. As shown in Fig. 3e, in the absence of ctDNA, the fluorescence emission
intensity of the two fluorophores was negligible, as the fluorophores were quenched by MWCNTs. However, in the presence of ctDNA,
the fluorescence emission intensity of the single biosensors i.e. ROX-SRY biosensor and FAM-DYS14 biosensor was significantly
enhanced (Fig. 3a—c). Upon the simultaneous addition of the ctDNA of both markers, we observed a clear increase in the fluorescence
emission intensity of the dual biosensor (Fig. 3e), which indicates that the ROX- and FAM-labeled probes could properly hybridize to
their respective ctDNA and form a duplex DNA structure, which is then released from the MWCNT surface to promote an increase in the
fluorescence signal. Thus, our dual-color fluorescence biosensor, which uses both stem-loop and linear probes, allows for the simul-
taneous, quantitative detection of the SRY and DYS14 ctDNA molecules. We next sought to characterize the two-color fluorescent
biosensor, and found that the optimal incubation time for the simultaneous hybridization of ROX- and FAM-labeled probes with ctDNA
was 16 min (Fig. S3). Moreover, when the concentrations of the dual ctDNA molecules were increased, a higher fluorescent signal was
detected for in each of the two fluorophores (Fig. 3e), which suggests that a higher amount of dsDNA was formed and then released
from the MWCNT surface. We determined that the LOD of the dual biosensor was 5.4 nM (ROX-Lprobe), and 9.2 nM (FAM-Lprobe)
(Fig. 3e). Finally, our dynamic range estimation experiments revealed that the dynamic range of the dual biosensor was between 40 nM
and 1 pM (Fig. 3e and f).

When we used three- or five-mismatch DNA targets, only a 21.2-fold or 8.4-fold fluorescence increase was observed for the ROX-
Lprobe (Fig. 4a and b) or the FAM-Lprobe (Fig. 4c and d), respectively. In contrast, ctDNAs with perfectly matched sequences induced a
42-fold (ROX-Lprobe) or 20-fold (FAM-Lprobe) enhancement in the fluorescence intensity (Fig. 4a—d). For the dual biosensor, we
found a 27.2- (ROX) or 12.2-fold increase (FAM) in the fluorescence emission intensity (Fig. 4e and f), which was a much smaller
increase compared to the fluorescence increase by the perfectly-matched DNA targets. These findings indicate that our sensing
platform could efficiently distinguish between completely matched and mismatched DNA targets. These collective data indicate that
our dual sensing platform is both specific and sensitive in simultaneously detecting the SRY and DYS14 biomarkers in a homogenous
solution.

3.4. The dual biosensor accurately detects SRY and DYS14 DNA biomarkers in real maternal plasma samples

Next, to evaluate the applicability of our sensing system in real samples, we repeated our experiments in maternal blood plasma
instead of ctDNA. As shown in Fig. 5a and b, cffDNA extracted from maternal plasma was detected by traditional PCR and qPCR
specific for SRY and DYS14 genes. First, cffDNA were treated with 60% DMSO for 2 min to ensure the complete denaturation of
maternal dsDNA molecules into ssDNA. We used DMSO for dsDNA denaturation because it decreases the melting temperature (Tm) of
the DNA [34]. As shown in Fig. 5c and d, we observed good recovery of cffDNA between 38.76% and 42.71% for individual FAM--
DYS14 and ROX-SRY biosensors, respectively.

Finally, the maternal plasma samples were also investigated by using the dual-color biosensor. The synchronous scanning fluo-
rescence spectra indicated that simultaneous detection using our dual biosensor had an efficiency of 39.21% (ROX) and 34.28% (FAM)
(Fig. 5h), which shows a similar efficiency to similarly designed dual biosensors [35,36]. Therefore, the results indicated that proposed
DNA biosensor could be used for SRY gene and DYS14 marker detection in plasma matrices. Most of the studies conducted so far have
detected the SRY gene alone or the DYS14 marker using free fetal DNA [16,17,37]. In this work, both of these markers were detected
simultaneously in the optimal time of 28 min with this sensing platform. The specificity and accuracy of this biosensor were confirmed
in the presence of DNA targets mixture (ctDNA for SRY and DYS14), so that by using the stem-loop-probe-based fluorescent DNA
sensors in this assay, we were able to partially prevent incomplete hybridizations in the mixture of DNA targets. The actual sex of the
future newborns and the outcomes of diagnosis are reported in Table S1 for all samples, listed in a decreasing order according to the
gestational week.

3.5. Comparison of the fabricated fluorescent biosensor with other methods for cffDNA detection

Finally, we went on to compare our biosensing platform with some other reported biosensors that have tried to detect cffDNA.
Table 3 provides the efficiency of our proposed method, including LOD, linear range, and response time of other biosensing approaches
for the determination of cffDNA in maternal plasma. As is evident from the table, our single and dual nanobiosensors showed
appropriate LODs, linear ranges, and response time compared to other single biosensors previously reported [16,17,37,38]. Our simple
fluorescence approach for SRY and DYS14 detection exhibits an acceptable linear range and a LOD comparable to other fluorescent
approaches [35,36]. In particular, the response time of the fabricated biosensors was comparably short including for the dual biosensor
(12-16 min; Table 3).
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Fig. 5. Detection of SRY and DYS14 in Real Maternal Samples using the Proposed Biosensing Platform. Agarose gel electrophoresis pattern of
(a) SRY and (b) DYS14 in real samples. (c) Fluorescence spectra for evaluation of the applicability of the biosensor for the detection of SRY marker.
(d) Bar graph representing changes in the relative emission intensity of SRY in real samples. (e) Fluorescence spectra for evaluation of the appli-
cability of the biosensor for the detection of DYS14 markers. (f) Bar graph representing changes in the relative emission intensity of DYS14 in real
iamples. (h) Fluorescence spectra for evaluation of the applicability of the biosensor for the detection of simultaneously in real maternal samples.

Table 3
Comparison of our biosensor with other reported biosensors for cffDNA determination.
Methods Single or dual Linear range LOD Response Ref.
detection time
Electrochemical biosensor: modified electrode Single 1.0 x1071°-1.0 x 100 4.26 x 10 Not [16]
(PANi-RGO-G*NPs/Au) M M mentioned
Electrochemical biosensor: modified electrode (GCE/RGO)  Single 1.0 x 1072°-1.0 x 3.2 x 102 70 min [38]
107 M M
Fluorescence nanobiosensor: modified graphene quantum  Single 1.6 x 10720 1.5 x 8.2 x 107 20-25 min [17]
dots-HTAB 10 M M
Electrochemical biosensor: modified electrode (Cu (OH)2  Single 5x107265x107*M 1.6 x 1071 3h [371
@N-C n-boxes) M
Single SRY-ROX fluorescent DNA biosensor Single 1.0 x 107%-1.0 x 107 4.5 x 107 13 min This
M M study
Single DYS14-FAM fluorescent DNA biosensor Single 2.0x10°%-9.0 x 107 7.6 x 1071° 12 min This
M M study
Dual fluorescent DNA biosensor Dual 1.0x10°%-1.0 x 102 54x10°M, 28 min This
M 92x10°M study

4. Conclusion

cffDNA detection for sex determination is a non-invasive method used to determine the sex of a fetus during pregnancy. The
common methods used to detect cffDNA for sex determination include qPCR, digital PCR, and next-generation sequencing (NGS). PCR-
based methods are highly sensitive and specific for amplifying and detecting specific DNA sequences, including cffDNA. They offer
straightforward protocols for amplifying target sequences, making them suitable for high-throughput analyses. However, they are
relatively expensive and require a skilled person and advanced equipment to perform it [39,40]. NGS allows for comprehensive
analysis of cffDNA, including detection of chromosomal abnormalities and genetic variants but requires complex and expensive
instrumentation and bioinformatics analysis, limiting its accessibility and scalability for routine clinical use; moreover, it has longer
turnaround times compared to sensor-based methods [41]. Our biosensor-based method offers several advantages over other tech-
niques for the detection and measurement of cffDNA in terms of rapid, low-tech, versatile, easy-to-use, and multiplexing capability
making it a valuable tool for prenatal diagnostics and research [42]. In this work, a fluorescence sensing platform was developed for
the detection of cffDNA in maternal plasma for fetal sex determination. Toward this goal, ROX (i.e. SRY-specific probes) and FAM (i.e.
DYS14-specific probes) fluorophores were used to label ssDNA probes, and MWCNT nanomaterials were employed as nano-quenchers.
In the presence of MWCNTs, fluorescence emission of ROX/FAM-Lprobe was quenched due to the quenching feature of MWCNTs. In
contrast, when ctDNA was added to the ssDNA-MWCNT conjugates, the fluorescence emission was significantly recovered to 79.5% for
ROX-labeled probes (i.e. SRY-specific probes), 81.5% for FAM-labeled probes (i.e. DYS14-specific probes), and 65.9% for
dual-fluorophore biosensor compared to the quenching mode. The linear dynamic range of detection was determined to be 10—1000
nM for ROX-SRY biosensor and 20—1000 nM for FAM-DYS14 biosensor, with their LODs being 4.5 and 7.6 nM, respectively. We
suggest that this biosensing platform offers several advantages. This method can avoid the interference of the Raleigh light scattering
signal with the fluorescence signal of dyes, improving the detection sensitivity, and can be conducted in a complex system. It can also
eliminate the need for multiple-laser excitation sources [43]. Due to planar structure and easy operation of MWCNTs, the proposed
method allows MWCNTs to adsorb various kinds of DNA probes. In summary, the results of this study indicate that the proposed
sensing platform has the potential to be used as a high-selectivity, highly-sensitive, multiplex, and cost-effective system for detecting
cffDNA in fetal sex determination settings. Although the obtained results indicate that high sensitivity and specificity toward detecting
specific SRY and DYS14 sequences is possible, further optimizations e.g., optimized immobilization and hybridization need to be
performed.
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