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Nanolaminated materials have attracted much attention because of their advantageous physicochemical
properties. MXene-type materials have shown great promise in the field of biosensors. However,
MBenes have not been extensively explored in this field. Therefore, herein, we compared the properties
of nanolaminated MAB phases and ML (Multilayer) MBene, and these phases were used in the
development of an electrochemical aptasensing platform. The microarray platform comprised two
working carbon electrodes, which were modified with gold nanoparticles (AuNPs) and multi-walled
carbon nanotubes (MWCNTSs). The efficiency of ML MBene was compared with its parental MAB phase
by modifying the electrodes. Owing to its better electrochemical results, MBene was further selected for
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application in an aptasensor. MBene/AuNPs/MWCNT-modified electrode was functionalized with an
aptamer specific to the hormone 11-deoxycortisol (11-DCL). The resulting aptasensor showed an
DOI: 10.1039/d4ma01181c outstanding limit of detection of 0.014 pg mL™* for 11-DCL, in relation to the determination range of
0.01 to 100 pg mL™%. In addition, the aptasensor showed excellent selectivity towards interfering agents

rsc.li/materials-advances and good applicability by validating the results of real serum samples.
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Introduction

Recently, nanolaminated materials have gained much attention
in different research fields because of their outstanding physi-
cochemical properties." They are mainly composed of transi-
tion metal carbide, nitride, or boride layers. We distinguish
MAX phases with the general formula of M,;;AX, and MAB
phases with the chemical formulae of MAIB, M,AIB,, M;AIB,,
and M,AlBg, where M is an early transition metal, A is a 13th
or 14th group element (such as Al or Si), n = 1-4, X is carbon
and/or nitrogen, and B is boron.>® MAX phases consist of
hexagonal crystal structures with a single P63/mmc symmetry,
where the A atoms separate the M and X layers.* However,
MABs possess an advanced structure with variable symmetries,
including orthorhombic (Cmmm, Pmmm, Cmcm, and Immm),
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tetragonal, and hexagonal (Pém,) lattices.” MXene is synthe-
sized by removing the aluminum layer from the MAX precursor,
resulting in the M,,,,X, T, structure, where X refers to carbon
and/or nitrogen and T, refers to the terminal functional
groups.® As in the case for MAX phases and MXene, the etching
and delamination of MABs will result in ‘MBene’ structures,
which are also called transition metal boridenes.” Apart from
different stoichiometries, MAB-MBene presents various modes
of 2D layer sandwiching and structural transformations other
than those exhibited by MAX-MXene systems.”® MBenes are
especially interesting in various biotechnological applications.
They can be used as anti-cancer agents’ and can exhibit
antibacterial and anti-inflammatory properties owing to the
presence of boron in their structure."®

MAB phases are stable transition metal borides composed
of M and A atoms stacked in an orthorhombic lattice.
B-coordinated M atoms are bonded in trigonal prisms and
are perpendicular to the A layers. Short distances separate the
boron atoms, forming a zigzag shape. After Al removal, the
etching product ‘MBene’ is generated; it is composed of a
multi-layered structure with open slit-shaped pores.>” Both
MBene and MAB phases have unique properties that result
from the thermal, chemical, and mechanical stability of
the binary borides as well as the alternating layers of the

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0003-3136-351X
https://orcid.org/0000-0002-9031-4809
https://orcid.org/0000-0002-4952-9023
https://orcid.org/0000-0003-2187-1430
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma01181c&domain=pdf&date_stamp=2025-03-14
https://doi.org/10.1039/d4ma01181c
https://doi.org/10.1039/d4ma01181c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01181c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006008

Open Access Article. Published on 14 March 2025. Downloaded on 6/12/2026 5:11:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

intermetallic and boride subunits.® They have also been reported
as excellent electrochemical catalysts owing to their unique
structures and inherent electronic properties.’* Farhanah et al.
studied the electrochemical properties of different MAX and
MAB phases. To demonstrate their potential application in
electrochemical sensors, the authors determined the hetero-
geneous electron transfer (HET) rate for each material. The
experimental results showed that MABs exhibited a higher
HET rate than MAX, where MoAIB has the highest rate with a
ks of 1.65 x 107> Moreover, it has been reported that
MBenes exhibit exceptional electronic conductivity and stability."
Despite that, the application of MAB phases in electrochemical
aptasensors has not been reported yet.

Our study aims to explore the applicability of multilayer
(ML) MBene and its parental MoAIB phase in the electroche-
mical biosensing of 11-deoxycortisol (11-DCL), a corticosteroid
hormone which contributes significantly as a direct precursor
for cortisol."® The steroidogenesis pathway involves a series of
enzymes, converting cholesterol into pregnenolone, which is
then converted into 17-OH pregnenolone, 17-OH progesterone,
11-deoxycortisol, and finally cortisol.'* Deficiencies in the
different enzymes ensuring the steroidogenic pathway, includ-
ing 11-f hydroxylase, result in adrenal diseases such as con-
genital adrenal hyperplasia (CAH), which is characterized by
low levels of cortisol and the accumulation of steroid precur-
sors, including 11-DCL."® This variation is mainly due to the
fact that hydroxylation of 11-DCL into cortisol is blocked in
patients suffering from (11-B-hydroxylase deficiency) OHD.
11-DCL has also been reported as a biomarker for hypercorti-
solism and adrenocortical carcinoma.’” Monitoring 11-DCL
levels is thus of great importance in the diagnosis of adrenal
diseases and identifying deficient steroidogenic enzymes
involved in cortisol biosynthesis."®

Conventionally, 11-DCL measurement is based on chroma-
tographic techniques such as LC-MS/MS (liquid chromato-
graphy-mass spectroscopy/mass spectroscopy) and LC/tandem
MS."*'%2° Immunoassays have been also reported for 11-deoxy-
cortisol determination in plasma via commercial antibodies.*"**
Despite the simplicity of immunoassays, antibodies are expensive,
lack stability and specificity, and suffer from batch-to-batch
variations.>® In this context, aptamers have appeared as new
biorecognition molecules that mimic the antibodies’ activity.
They are ssDNA or RNA generated by systematic evolution of
ligands by exponential enrichment (SELEX). Their simple and
low-cost chemical synthesis makes them more stable and
affordable bioreceptors for screening methods.>® Different
aptamers have been selected and applied for steroid hormone
determination, including progesterone, testosterone and
cortisol.”>” In 2019, we reported on the first aptamer for
11-deoxycortisol, showing a high affinity with a dissociation
constant of 0.65 nM. Subsequently, we used this aptamer in the
voltammetric detection of 11-deoxycortisol, giving excellent
characteristics.”® To the best of our knowledge, this aptamer
has not been integrated in another aptasensing platform.
Herein, we combine the excellent binding ability of the 11-DCL
aptamer with the outstanding electrochemical characteristics of
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the MoAIB MAB phase, and after Al etching the ML MBene, to
construct a label-free aptasensor.

To demonstrate the applicability of the ML MBene and MAB
nanolaminated materials in electrochemical sensing, we fabri-
cated a dual biosensor, where we modified the two different
electrodes with the MAB phase (MoAIB) and ML MBene,
separately. Cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopy were employed to compare the electro-
chemical properties of the MAB phase and ML MBene. Then,
the modified electrodes were functionalized with an 11-DCL
aptamer, and the analytical performance of the two resulting
aptasensors was investigated. Better results were obtained with
the MBene-based aptasensor. The applicability of the developed
aptasensor in serum samples was also demonstrated, as well as
its cross-reactivity against other hormones.

Experimental
Materials and reagents

Hydrochloric acid (HCl) with 37% (v/v) concentration from
Merck; sodium hydroxide (NaOH, 0.1 M), 30% (v/v) water
solution of hydrogen peroxide (H,0,) from Chempur, and
double-distilled water were used. Molybdenum boride (MoB,
325 mesh, 99%, Alfa Aesar) and aluminum (Al, 325 mesh,
99.5%, Thermo Scientific Chemicals) were used for MoAlB
synthesis. All chemicals were used without further purification.

The ssDNA aptamer (DC 17), specific to 11-deoxycortisol and
conjugated to a thiol group, was synthesized and purchased
from Metabion Company, Germany. The sequence was as
follows: 5-Thiol-TAA CAG ACG TCT CCC AAG CCA TGA AAA
TTA GCC CAA CTC ATA GGA CCA TAA CGC CCT ACC-3'. The
aptamer was previously selected by our group, and it showed a
high affinity for 11-deoxycortisol with the low dissociation
constant of 0.65 nM. This aptamer also showed a high selectiv-
ity towards steroid hormones cortisol, corticosterone, and
pregnenolone.”® 11-Deoxycortisol, 17-pregnolenone, progester-
one and estradiol were purchased from Cerilliant (Texas,
United States). The aptamer and the different hormones were
diluted in binding buffer (50 mM Tris, pH 7.5, 150 mM NaCl
and 2 mM MgCl,), pH 7.4. Potassium ferrocyanide [K,Fe(CN)g],
potassium ferricyanide [K3Fe(CN)s], PBS, tris, sodium chloride,
magnesium chloride, bovine serum albumin (BSA) and human
serum were purchased from Sigma-Aldrich, Germany.

Synthesis of the MoAIB MAB phase

The MoAIB MAB phase was synthesized by mixing MoB and Al
with a molar ratio of 1:1.2. Yttria-stabilized zirconia (YSZ) balls
were added to the mixture, which was then loaded into a
Turbula T2F mixer for 3 h at 56 rpm. After mixing, the powder
mixture was cold-pressed into a 1-in. diameter pellet and placed
in an alumina crucible at the center of an alumina tube
furnace. The crucible was heated initially to 750 °C for 2 h,
followed by heating to 1550 °C for another 2 h, with a heating
rate of 10 °C min~ ' under an argon (Ar) atmosphere at a flow
rate of 100 standard cm® min~' (SCCM). Once the heating
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process was complete, the furnace was allowed to cool naturally
to room temperature. The resulting MoAIB pellet was crushed
and ground using a mortar and pestle, then sieved through a
325-mesh sieve using a Gilson 3 in Vibratory Sieve Shaker to
achieve a particle size below 45 pm for further processing.

Etching of Al from the MAB phase (MoAIB)

Initially, 100 mg of MoAIB was stirred in 0.1 M HCl for 2 h, then
washed with distilled water until a pH value of 6 was obtained.
After that, the washed precipitate was slowly transferred into
20 mL of 0.6 M HCI with constant stirring, followed by sonica-
tion for 2 min. After that, 100 pL of H,0, (30%) solution was
added dropwise, and the lid of the Teflon container was closed.
Then, the Teflon container with the reaction mixture was fitted
into the microwave reactor. The reaction started at 150 °C with
480 W power for 120 minutes. After the reaction, the super-
natant was yellow and the precipitate was black. The mixture
was washed five times via centrifugation. The pH of the mixture
became 6. The black precipitates were then collected for
further study.

Materials characterization

The morphology was studied using scanning electron micro-
scopy (SEM) and energy-dispersive X-ray (EDS) spectroscopy
(Hitachi SU3500 and Hitachi S5500, Hitachi, Tokyo, Japan).
The samples for SEM imaging and EDS spectra were prepared
on a carbon-coated copper grid. X-ray diffraction (XRD) pat-
terns were measured to determine the purity and crystal
structure of the samples using a Bruker D8 Advanced system
(Billerica, MA, USA).

Electrochemical analysis

All electrochemical measurements, including cyclic voltam-
metry, electrochemical impedance spectroscopy and square
wave voltammetry (SWV), were conducted using a Metrohm
(Switzerland) Autolab potentiostat, PGSTAT302N model. The
potentiostat was connected to a personnel computer and
operated by the Nova 1.11 software. The aptasensor was fabri-
cated on dual screen-printed carbon electrodes modified with
multi-walled carbon nanotubes and gold nanoparticles (SPCE/
MWCNTs/AuNPs) (Aux: carbon; Ref: Ag) (Metrohm DropSens,
Inc. Asturias, Spain).

Morphologic studies of the SPCE surface were performed at
each step via scanning electron microscopy in an SEM JEOL
Ninja microscope with a discharge voltage of 20 kV. All samples
were sputter-coated with 2 nm platinum before characteriza-
tion. The electron field was 5 kV.

Fabrication of the electrochemical aptasensor and 11-DCL
detection

A microarray composed of two working electrodes modified
with MWCNTs and AuNPs was used to construct the electro-
chemical aptasensor. The first electrode was modified with
the MAB phase, and the second was modified with its derivative
ML MBene. MoAIB and ML MBene solutions were prepared by
dissolving the powder (1 mg mL™") in distilled water under

2602 | Mater. Adv, 2025, 6, 2600-2610

View Article Online

Paper

sonication for 10 minutes. Then, 10 uL of each solution were
drop cast on the first and the second MWCNTs/AuNP-modified
carbon electrodes, respectively. The surface was then left to dry
at room temperature, and rinsed with PBS to remove the excess
MoAIB and ML MBene materials. Afterward, 10 uL of the
thiolated DNA aptamer specific to 11-DCL was added to both
electrodes of the microarray. The ssSDNA aptamer was allowed
to interact with the modified surface at 4 °C overnight in a
water-saturated environment. To block the remaining active
sites, the MAB/MBene/MWCNT-AuNP-SPCEs were incubated
with a solution of 1% BSA (bovine albumin serum) for 40
minutes at room temperature. Finally, the surface was washed
with PBS and stored at 4 °C for further use. Each step of the
fabrication process was characterized by CV at a scan rate of
100 mV s~ ' within a potential range of —1 to 1 V for MoAIB and
ML MBene in 5 mM ferro/ferricyanide redox solution prepared
in PBS buffer at a pH of 7.4.

For detection experiments, 10 pL of the 11-DCL solution
prepared in binding buffer was dropped onto the SPCE-
MWCNT-AuNP-MAB phase/MBene-11-DCL aptamer and incu-
bated for 20 minutes at room temperature. Increasing amounts
of 11-DCL, ranging from 0 to 100 pg mL ™" and prepared in BB,
were tested. After PBS washing, the electrode surface was
immersed in 5 mM of [K;Fe(CN)g]/[K;Fe(CN)y] for electro-
chemical measurements. The square wave measurements were
recorded in the range of —0.3 to 0.5 V at an interval time of
0.04 s, frequency of 25 Hz, a scan rate of 125 mV s~ ', amplitude
of 20 mV, and step potential of —5 mV.

Selectivity and real sample applications

Cross-reactivity studies were carried out to confirm the specificity
of our aptasensor for 11-DCL determination. For selectivity, the
aptamer-functionalized electrode was tested with three potential
hormones: 17-pregnolenone, progesterone, and estradiol. Then,
the analytical response of the biosensor towards the specific
analyte was compared with that obtained with the interfering
hormones. In parallel, testing the aptasensor performance in real
serum samples was also performed. Serum samples were first
diluted by 1:100 in binding buffer, then spiked with different
amounts of 11-DLC (0.01, 0.05, and 0.1 pg mL ‘). For both
selectivity and serum sample applications, we followed the same
aptasensing protocol described above.

Results and discussion

Various reports have highlighted the excellent electrochemical
properties of the MAB phase and MBene. They are charac-
terized by high electronic conductivity and good stability.® They
have also been reported to be excellent catalysts.'* Therefore,
we combine the advantages of aptamers as biorecognition
elements with the electrochemical properties of MAB/MBene
to develop an electrochemical aptasensing platform to detect
11-deoxycortisol. Fig. 1 depicts the etching of Al from the MAB
phase (MoAIB) to ML MBene, the fabrication of the MoA1B and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Graphical representation of Al etching from the parent MAB phase (MoAIB) using microwave-assisted hydrothermal method (a) and fabrication
steps of the MAB-phase and MBene-modified AUNPs/MWCNTSs/SCPE for 11-DCL detection (b).

MBene modified electrodes and the principle of 11-DCL
aptasensing.

Structural analysis

Here, the microwave-assisted hydrothermal method was employed
based on the etching solution of 0.6 M HCI and H,0, (from 30%
water solution). Then, we performed energy-dispersive spectroscopy
(EDS) measurements and scanning electron microscopy (SEM) to
analyze the outcome of our Al etching. SEM images reveal the
initial MAB phase (MoAIB) in its unetched, densely packed state, as
depicted in Fig. 2(a). In Fig. 2(b), the ML (multilayer) MBene was
deeply etched and formed an accordion-like structure, similar
to Mxene after etching from the MAX phase.>**° SEM images
confirm better etching, and the cavities range from nanometer
to micrometer scale. Fig. 2(c) and (d) show the EDS spectra of
MOoAIB and ML MBene, respectively, revealing that over 60% of
Al was etched from MoAIB using the mentioned technique.
Elemental mapping for MoAIB (Fig. S1, ESIT) and ML MBene
(Fig. S2, ESIT) also demonstrate the formation of a multilayer-
like accordion structure with reduced Al content. Tables S1 and
S2 (ESIt) provide each element’s weight and atomic percen-
tages, confirming the Al percentage reduction (from 20 wt% to
9 wt%) after etching from MoAIB.

We further recorded the X-ray diffraction (XRD, Fig. 2(c))
patterns to understand the structure better. The XRD pattern of
the MAB phase MoAIB matches well with previous reports (and
PDF card no. 01-072-1277), while changes are visible after the
etching.®'*? If complete etching of Al were achieved, the (0k0)
reflections would broaden and shift to lower angles, while other
reflections (such as (110), (022) and (204)) would weaken
significantly or disappear completely. Here, most minor-intensity

© 2025 The Author(s). Published by the Royal Society of Chemistry

peaks (such as (110), (021), (022) and (204)) of MoAIB nearly
disappear in the case of ML MBene. This indicates that the Al
content has decreased compared to MoAIB. At the same time, the
intensity of the (0k0) peaks (such as (020), (040), (060)) increases by
2 times in ML MBene. The increasing intensity indicates a higher
degree of order, arrangement, and crystalline phase in ML MBene.
Further, the MoAIB MAB phase and Al etched ML MBene were used
to fabricate the electrode to understand their electrochemical
behaviour for aptasensing.

SEM characterization was also carried out to study the surface
morphology of the working electrode, before and after addition of
the MAB phase and ML MBene. The SEM images are shown in
Fig. 3(a) for the SPCE modified with MWCNTs and AuNPs,
Fig. 3(b) for the electrode surface after the addition of the MAB
phase, and Fig. 3(c) for the SPCE modified with MWCNTSs, AuNPs,
and ML MBene. Fig. 3(a) shows the tubular structures distributed
on the surface corresponding to the carbon nanotubes, while we
observed bright spots that refer to the gold nanoparticles. By
comparing the SEM images shown in Fig. 3(b) and (c), we note
that the MAB phase-modified electrode does not exhibit spaced
layers. On the other hand, the surface morphology of the electrode
modified with MBene shows well-defined intercalated multilayers
Fig. 2(c). This laminated structure enlarges the surface area, thus
improving the rate of aptamer immobilization.>* The SEM images
align well with our previous study, where we demonstrated the
successful aluminum etching from the MAB phase into the
laminated MBene structure.**

Electrochemical characterization

Cyclic voltammetry and electrochemical impedance were
applied to the MWCNTSs/AuNPs/SPCE surface before and after

Mater. Adv., 2025, 6, 2600-2610 | 2603
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Fig. 2 SEM images of (a) MAB phase MoAIB and (b) ML (multilayer) MBene after Al etching. EDS spectra of (c) MoAIB and (d) ML MBene. (e) XRD

diffraction patterns of MoAIB and ML MBene.

Fig. 3 SEM images of (a) AuUNPs/MWCNTSs/SPCE, (b) MAB phase-modified AUNPs/MWCNTs/SPCE and (c) ML MBene-modified AUNPs/MWCNTs/SPCE.
Transmission electron microscopy studies performed in our previous work have shown the presence of interlayered cavities in the MBene structure and

an orthorhombic lattice in the corresponding diffraction pattern.®

each modification step to study the electrochemical properties
of the MoAIB MAB phase and ML MBene. CV was performed
in a ferro/ferrocyanide redox solution (5 mM) at a scan rate of
100 mV s ' within a potential range of —1 to 1 V. EIS was
carried out using the same electrolyte over the frequency range
from 10° to 1 Hz, a potential of +0.4 V and an amplitude of
10 mV. Fig. 4(a) and (b) show the cyclic voltammograms
obtained for the MAB phase and ML MBene, respectively, while
Fig. 4(c) and (d) display the corresponding impedance spectra.
We noted that the voltammograms represented by the black
curve corresponding to the screen-printed electrode modified
with gold nanoparticles and multi-walled carbon nanotubes
exhibit well-defined oxidation and reduction peaks. This beha-
vior is due to the high conductivity of AuNPs and their high

2604 | Mater. Adv., 2025, 6, 2600-2610

surface-to-volume ratio.>> On the other hand, MWCNTs offer
high electron transfer ability and high strength, owing to their
high length-to-diameter ratio of up to 132000 000: 1.%® Follow-
ing that, the two working electrodes were modified with the
MAB phase and ML MBene separately. We note that the
voltammogram represented by a red line in Fig. 4(b) (parental
phase) exhibits an oxidation peak that is much lower than that
of ML MBene in Fig. 4(a). An oxidation current of around
250 pA was obtained for ML MBene in comparison to the
oxidation current of 100 pA for the MAB phase. This difference
could be explained by the fact that ML MBene has well-
pronounced layers as compared to its parental phase, which
is characterized by a closely packed laminar structure. Like the
MAX phases, MoAIB MAB phase etching by Al removal also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Surface characterization of the fabrication steps of the aptasensor: CV analysis on (a) the MAB phase/MWCNTs/AuNP-modified SPCE and
(b) MBene/MWCNTs/AuNP-modified SPCE. Cyclic voltammograms were recorded in 5 mM ferro/ferricyanide redox solution prepared in PBS buffer at a
pH of 7.4 at a scan rate of 100 mV s~%, Nyquist plots for the impedance measurements corresponding to the MAB phase/MWCNTs/AuNP-modified SPCE
(c) and MBene/MWCNTs/AuNPs modified SPCE (d). EIS spectra recorded in the same electrolyte over the frequency range from 10° to 1 Hz at a potential
of +0.4 V and an amplitude of 10 mV. Information on the used circuit and the fitting values are provided in the (ESI¥).

creates an empty space between Mo and B layers. The resulting
pores or cavities promote electron transfer to the sensing
surface, which explains the significant increase in the oxidation
peak current (I,,).>” This behavior could also be attributed to
the surface reactivity resulting from the surface terminations of
ML MBene. These findings are supported by the red EIS spectra
in Fig. 4(c) and (d), where the resistance decrease was more
significant in the MBene-modified electrode. In the last step,
we immobilized our biomolecular receptor (aptamer) on both
MAB phase and Ml MBene-modified SPCEs. The corresponding
cyclic voltammograms and EIS spectra (blue curve) are shown
in Fig. 4(a)-(d), respectively. When analyzing the oxidation
current peaks, we observe a significant decrease in the case of
the ML MBene/MWCNTs/AuNPs/SPCE. In contrast, the MAB
phase/MWCNTs/AuNP-modified SPCE shows a slight increase
after adding the aptamer. In parallel, impedance results show a
remarkable increase in the surface resistance for the ML
MBene-modified surface and a slight decrease in MAB-phase/
SPCE. These findings confirm the successful immobilization of
the aptamer occurring on the ML MBene-modified surface, as
opposed to the electrodes modified with its parental MAB
phase. This can be explained by the presence of cavities in the
ML MBene structure.” We hypothesize that these holes enable the
covalent interaction between the AuNPs on the SPCE surface and

© 2025 The Author(s). Published by the Royal Society of Chemistry

the thiol group conjugated to the aptamer sequence. Conversely,
the access of the thiolated DNA to the gold nanoparticles was
inhibited because of the packed layers of the MAB phase.

Electrocatalytic properties of the MAB phase and ML
MBene-modified surfaces

Cyclic voltammetry was performed at different scan rates to
investigate the kinetics of the two modified working electrodes
forming the dual microarray. For that, we studied the effect of
the scan rate on the redox process in 5 mM of [K,Fe(CN)e)/
[K3Fe(CN)y]. Fig. 5(a) and (b) show the cyclic voltammograms
recorded for the MAB phase and ML MBene, respectively, at
scan rates ranging from 10 to 300 mV and a potential window of
—1 to 1 V. We observe that the redox peak currents increase by
increasing the scan rate, while the potential remained almost
constant. Based on these findings, we plotted a linear fit of the
oxidation peak (I,,) and reduction (I,.) peak currents as a
function of the square root of the scan rate (v*/?). A good linear
relationship was obtained between the square root of the
potential scan rate and the current with R* of 0.99 for both
ML MBene and its parental MoAIB MAB phase. The linear
equations were determined as follows: I,, = 0.187 + 9.08v"”
and I,. = 0.15 — 0.1v" for the MAB phase/MWCNTs/AuNP-
modified SPCE. In parallel, the equations corresponding to the

Mater. Adv., 2025, 6, 2600-2610 | 2605
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Fig. 5 Cyclic voltammograms of the (a) MAB phase/MWCNTs/AuNPs/SPCE and (b) MBene/MWCNTs/AuNPs/SPCE in 5 mM ferro/ferricyanide redox
solution prepared in PBS buffer at a pH of 7.4 at different scan rates of 10, 50, 100, 150, 200, 250 and 300 mV s~*and a potential window of —1to 1 V. Plot
of the anodic and cathodic peak currents vs. the square root of the scan rates for the (c) MAB phase/MWCNTs/AuNPs/SPCE and (d) MBene/MWCNTSs/

AuNPs/SPCE.

ML MBene/MWCNTs/AuNP-modified SPCE were as follows:
I, =0.89 + 81.5v*% and Ipe = —0.31 — 82.9v'2. Based on these
outcomes, we suggest a diffusion-controlled process for the
modified surface.

Based on the linear curves shown in Fig. 5(c) and (d), the
active surface area of the two MAB-phase and ML MBene-
modified electrodes was estimated by using the Randles—Sevcik
equation:

fpa = 2.69 % 10° x n** x A x C° x D'* x v'/*

In the equation above, i,, is the peak current, n is the
number of electrons, A is the active surface area, C° is the
concentration of the analyte, D is the diffusion coefficient of
the oxidized analyte, and v is the scan rate. The electroactive
surface area (A) of the two prepared electrodes was estimated
according to the equation. In this study, the concentration
of the [Fe(CN)s*> ] solution C° = 5.0 x 10~° mol cm > was used
with the number of electrons n = 1, and the diffusion coefficient
of the electrolyte is D = 7.6 x 10 °. A surface area of 0.09 cm?
was calculated for the MAB phase in comparison to the surface
area (0.14 cm?) for ML MBene. This large electroactive surface
area confirms that ML MBene enhances the electron transfer
through the interface sensing surface-solution.

2606 | Mater. Adv,, 2025, 6, 2600-2610

11-Deoxycortisol determination

Given the characterization results showing that ML MBene
provides a better transducing surface than the MAB phase, we
designed an aptasensing platform based on ML MBene/
MWCNts/AuNPs/SPCEs for 11-deoxycortisol. First, the incuba-
tion time allowing the binding of the aptamer and 11-DCL was
optimized by testing different durations (5, 10, 15, 20, and
25 minutes). The electrochemical signal was analyzed by SWV
using the parameters described above. Fig. 6(a) shows the
analytical response (i° — i)/i’% obtained for each incubation
time, where #° is the peak current recorded before the addition
of 11-DCL, and i is the current after incubation with a fixed
concentration of the target (0.05 pg mL™ ") for different dura-
tions. An increasing response was observed by increasing the
incubation time from 5 to 20 minutes, followed by a decrease at
25 minutes. Therefore, a duration of 20 minutes was selected
for the binding between the aptasensor and 11-DCL.

To investigate the analytical performance of the developed
biosensor, the aptamer-functionalized surface was exposed to
increasing concentrations of the targeted hormone (0, 0.01,
0.05, 0.1, 10, 50 and 100 pg mL ). Then, the label-free detec-
tion of 11-DCL was carried out by SWV in the redox couple
solution [K,Fe(CN)¢]/[K;Fe(CN)s] prepared in PBS pH 7.4.
Fig. 6(b) shows the square wave voltammograms recorded for

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01181c

Open Access Article. Published on 14 March 2025. Downloaded on 6/12/2026 5:11:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Materials Advances

30 Q)

T
10 15 20
Incubation Time (min)

b)

0.00009 4

——0 pg/ml DC
——0.01 pg/mI DC
———0.05 pg/ml DC
——0.1 pg/ml DC
—— 10 pg/ml DC

——50 pg/ml DC

—— 100 pg/ml DC

0.00008

0.00007

0.00006

0.00005

Current (A)

0.00004

0.00003 4

0.00002

T T T T T
-0.4 -0.2 0.0 0.2 0.4
Potential (V) vs Ag/AgCl

35 C)
30
254

204

@-ii%%

10 T T T T T T
20 40 60 80 100

11-DLC concentration (pg/mL)

s d)
30

254

W-iyi%%

204

T T T T T
0.01 0.1 1 10 100
Log 11-DLC concentration (pg/mL)

e)

17 11-DCL

54 Interferents

Fig. 6 (a) Optimization of the incubation time for the aptasensor-target at a fixed concentration of 11-DCL (0.05 pg mL™3), (b) square wave
voltammograms recorded before and after incubation of the MBene/MWCNTs/AuNPs/SPCE with increasing concentrations of 11-DCL (0, 0.01, 0.05,
0.1, 10, 50 and 100 pg mL™). The square wave measurements were recorded in 5 mM ferri/ferrocyanide in the potential range of —0.3 to 0.5 V at an
interval time of 0.04 s with a frequency of 25 Hz, a scan rate of 125 mV s~ amplitude of 20 mV, and a step potential of —5 mV. (c) Plot of the aptasensor
response versus 11-DCL concentration. (d) Plot of the sensor response ((i° — /)/i°%) versus the logarithm of 11-deoxycortisol concentration (pg mL™2).
The error bars represent the standard deviation of three measurements. (e) Comparison of the analytical response of the MBene-based aptasensor to
10 pg mL™! estradiol, progesterone, 17, pregnenolone and 11-deoxycortisol.

the tested concentrations. The results clearly show that the
reduction peak currents decrease by increasing the 11-DCL
concentrations. This decrease confirms the successful binding
of the aptamer to its target 11-DCL, inducing the DNA con-
formational change to a three-dimensional structure, thus
hampering the electron transfer to the transducing surface.
The aptasensor response ((i° — )/i®%) was then calculated by
using the peak current obtained without the target (/) and the
peak currents obtained for each concentration of 11-DLC (7).
We plotted the obtained response versus 11-DCL concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry

in Fig. 6(c). We note that the response increased with increas-
ing concentration, and showed a plateau between the 11-DCL
concentrations of 50 and 100 pg mL™'. Fig. 6(d) displays
the calibration curve of the 11-deoxycortisol aptasensor; a
plot of the response ((i® — 7)/i°%) against the logarithm of
the target concentration in pg mL ™. A good linear relationship
was obtained between the aptasensor response and the
logarithm of the 11-DCL concentration in the range of 0.01 to
100 pg mL ", with a R* of 0.97. The linear regression equation
was determined as (° — i)/i°% = 22.29 + 4.08 log 11-DCL

Mater. Adv., 2025, 6, 2600-2610 | 2607


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01181c

Open Access Article. Published on 14 March 2025. Downloaded on 6/12/2026 5:11:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

concentration (pg mL™"). The detection limit of the aptasensor
was calculated as 0.014 pg mL ™", using the formula 36/b, where
o is the standard deviation of the blank sample and b is the
slope. The bar errors represent the standard error obtained
from triplicate measurements for each concentration.

The obtained performance can be attributed to the syner-
getic effect of the used nanomaterials. The MBene layers play a
critical role in enhancing the electrochemical signal, owing to
their large surface and surface reactivity. In parallel, AuNPs
enabled the covalent attachment of the thiolated-ssDNA apta-
mer. On the other hand, MWCNTs provide a highly conductive
and large specific area, creating an optimum microenviron-
ment for the MBene layers.

Specificity and real sample applicability

As mentioned in the introduction section, cortisol biosynthesis
involves a series of enzymes and passes through 17-OH preg-
nenolone, 17-OH progesterone, and 11-deoxycortisol molecules.
For that, we performed additional experiments to investigate the
aptasensor specificity to 11-DCL. In brief, the ML MBene/AuNPs/
MWCNTSs/SPCE functionalized with 11-DCL aptamer were exposed
to a fixed concentration (10 pg mL ") of some potential inter-
fering hormones; estradiol, 17-OH progesterone and 17-OH
pregnenolone. After incubation for 20 minutes at room tem-
perature, square wave voltammetry was performed under the
same conditions described above. Then, the sensor’s response
((i° — )/i®%) was calculated for each interfering compound and
compared to that obtained with the specific analyte (11-DCL).
Based on the comparison shown in Fig. 6(e), we note that the
response obtained for estradiol was in the negative range, while
((® — i)/i®%) was less than 5% for 17-OH pregnenolone.
In parallel, we obtained a low response for 17-OH progesterone,
more than 5-folds lower than that of 11-DCL. Therefore, these
results confirm the ML MBene-aptasensor specificity and the
absence of cross-reactivity towards other hormones and 11-DCL
precursors. Our strategy thus presents a good alternative for
immunoassays employed in CAH screening, where false posi-
tive results are very common because of the cross-reactivity of
the 11-DCL antibody for other hormones.

In our previous report, we attributed the specificity of the
11-DCL aptamer to the absence of the hydroxyl group in
contrast to its hydroxylated analogues, i.e., cortisol, corticosterone,
progesterone and pregnenolone, where the OH group creates a
hydrophilic media that inhibit the aptamer binding.”®?*

Finally, after the aptasensor validation in experimental con-
ditions, we measured 11-DCL in real serum samples. First,
serum samples were diluted (1 to 100) and spiked with two
concentrations of 11-DCL (0.01 and 0.05 pg mL™'). Afterwards,
the two samples were incubated separately with the developed
aptasensor. The analytical response ((i° — 7)/i’%) was then
determined and compared to that obtained in the calibration
curve. Very good recovery percentages (92.03% and 87.57%)
were achieved, with good RSDs of less than 5%, for the
triplicate trials. These results confirm the applicability of
the ML MBene-based aptasensor for 11-DLC determination in
serum samples.
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Reproducibility, repeatability and stability

The reproducibility of the aptasensor was assessed to confirm
that the fabrication conditions would not affect the accuracy of
the proposed method. Three aptasensors were fabricated and
tested with a fixed concentration (10 pg mL ') of 11-DCL.
Under the optimized conditions, the analytical response was
calculated for each sensor. The results showed relative standard
deviations (RSDs) of less than 5%. In parallel, the stability was
tested after 1, 3, 7, 30 and 90 days by storing the functionalized
electrodes at 4 °C in a water-saturated atmosphere. No signifi-
cant change was noted for the biosensor response towards
10 pg mL™ ' of 11-DCL on the same day. Then, a maximum
loss of activity of 12% was observed after 90 days with the
MBene-based aptasensor.

Conclusion

Herein, a dual platform was constructed to compare the
electrochemical properties of ML MBene and its parental pre-
cursor MoAIB MAB phase, and investigate their application in
the aptasensing of 11-deoxycortisol. First, the MAB phase and
ML MBene-modified electrodes were characterized electro-
chemically by cyclic voltammetry. The results obtained show
that ML MBene exhibited better conductivity owing to its
terminal groups and well-pronounced multilayered structure.
Then, after adding the ssDNA aptamer on the two electrodes,
we concluded that ML MBene offers excellent immobilization
support for the aptamer. The ML MBene-based aptasensor was
then applied for the detection of 11-DLC hormone. The
proposed strategy has shown excellent analytical performance
with the low detection limit of 0.014 pg mL™"'. Moreover, the
aptasensor exhibited a high selectivity towards 11-DLC with
negligible reactivity to 17-OH pregnenolone, 17-OH progester-
one and 11-deoxycortisol molecules. Based on this study, we
confirm that MBene holds great promise for application in
electrochemical biosensing.
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