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We report the engineering and synthesis of peptide nucleic acid-
functionalized TizC,T, MXene nanosheets as a novel transducing
material for amplification-free, nanoparticle-free, and isothermal
electrochemical detection of microRNA biomarkers. Through bio-
orthogonal copper-free click chemistry, azido-modified MXene
nanosheets are covalently functionalized with clickable peptide
nucleic acid probes targeting prostate cancer biomarker hsa-miR-
141. The platform demonstrates a wide dynamic range, single-
nucleotide specificity, and 40 aM detection limit outperforming
more complex, amplification-based methods. Its versatility, analy-
tical performance, and stability under serum exposure highlight the
immense potential of this first example of click-conjugated MXene
in the next generation of amplification-free biosensors.

Introduction

There is a pressing need to shift from traditional invasive
approaches in cancer diagnostics to minimally invasive and
cost-effective approaches based on the detection of clinically
relevant biomarkers within biofluid samples like serum or urine.
MicroRNA (miRNA) represents a class of short (~22-25 nt) non-
coding RNA" that have gained prominence as liquid biopsy-based
clinical biomarkers owing to their gene regulatory roles and
dysregulated patterns in diseases, including cancer and neuro-
degenerative diseases.>® Nevertheless, their short lengths, low
concentrations (femtomolar to picomolar range),® and high
sequence homology among family members pose challenges to
their detection even with gold-standard methods such as reverse-
transcription (RT)-qPCR and hybridization-based microarrays.
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New concepts

Engineering robust, rapid, and ultrasensitive biosensors to detect
disease-specific biomarkers, like microRNA, in liquid biopsy holds
significant promise in minimally-invasive diagnostics. While electro-
chemical biosensors have shown potential in this regard, existing
strategies generally rely on complex enzyme-based amplification or
nanocomposite materials to achieve sufficient sensitivity. The advent of
two-dimensional (2D) nanomaterials has enabled notable advancements;
however, the functionalization of their surfaces with bioreceptors often
compromises their electrical conductivity, thereby limiting performance.
Remarkably, MXenes have emerged as a family of 2D materials that
bypass this compromise, exhibiting both metallic conductivity and
abundant surface functional groups conducive to covalent immobi-
lization. Exploiting bio-orthogonal copper-free click chemistry, we
demonstrate the design and synthesis of the first bespoke peptide
nucleic acid probe-clicked Ti;C,T, MXene as a highly efficient
transducing material for the electrochemical detection of microRNA.
Implementing the prostate cancer biomarker, hsa-miR-141, as a proof-
of-concept, our biosensor outperforms more complex approaches in
terms of sensitivity (40 aM calculated limit-of-detection), dynamic
range, and specificity, while circumventing the need for enzymes and
nanomaterial composites. With its versatility, analytical performance,
and stability even under serum exposure, bioreceptor-clicked MXene
emerges as a robust and efficient transducing material poised to drive
the next generation of rapid, amplification-free biosensors enabling
precision medicine.

Moreover, these conventional approaches suffer from being
complex, semiquantitative, time-consuming, and costly.>® To this
end, electrochemical biosensors have emerged as promising plat-
forms to drive precision medicine by enabling efficient and
ultrasensitive detection of disease biomarkers. However, to achieve
the sensitivity required to detect low-abundance biomarkers like
clinically relevant miRNA (whose concentrations vary across sev-
eral orders of magnitude, often present at sub-picomolar concen-
trations), electrochemical biosensors often necessitate complex
multistep approaches involving target or signal amplification
and the use of expensive reagents like enzymes and nanomaterial
composites.”
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Two-dimensional (2D) nanomaterials such as graphene® and
black phosphorus® have enabled transformative advancements
in electrochemical biosensing.'®'' However, most 2D nano-
materials suffer a major trade-off between functionalization
and electrical conductivity: introducing functionalities on their
surfaces considerably degrades their electrical conductivity and
increases noise. Remarkably, MXenes have emerged as a new
family of 2D transition metal carbides, nitrides, and carboni-
trides that can circumvent this trade-off.'> They exhibit metallic
conductivity and contain abundant surface functional groups
including -OH, which render them hydrophilic and facilitate
the covalent immobilization of bioreceptors or biosensing
probes.'”*'* Among the MXene families, TizC,T, offers excep-
tional intrinsic properties such as metallic conductivity,
strength, stability, catalytic properties, and hydrophilicity.">™"”
These features, in addition to their redox characteristics,'® have
prompted substantial research into leveraging them as charge-
transfer promoters and transducing materials in the electro-
chemical detection of proteins,’® DNA,*° and more recently,
miRNA.”"*?> For example, Mohammadniaei et al. developed
nanocomposites of MXene and ssDNA-functionalized gold
nanoparticles for miRNA detection based on duplex-specific
nuclease amplification.”® Duan et al. combined 2D MXene
nanosheets with iron phthalocyanine quantum dots for the
impedimetric detection of miR-155.>* Despite their sensitivity,
most reported approaches for electrochemical biosensing
involve the use of nanocomposites (typically with zero-dimensional
nanomaterials*®) often in combination with complex enzyme-
based amplification strategies to achieve sufficient analytical
performance (ESIL,t Table S1).

This work presents the first demonstration of a robust
electrochemical biosensor for miRNA detection which circum-
vents the use of enzymes, amplification strategies, and nano-
particles by covalently functionalizing MXene nanosheets with
bespoke peptide nucleic acid (PNA) probes. PNAs are synthetic
oligonucleotides characterized by a neutral pseudopeptide
backbone, superior chemical stability, resistance to nucleases
and proteases,”®>” as well as higher binding affinity and speci-
ficity to target nucleic acids compared with equivalent DNA/
DNA or DNA/RNA duplexes.”® Employing bio-orthogonal
copper-free click chemistry, clickable PNA probes are designed
and covalently attached onto ultrathin Ti;C,T, nanosheets
enabling a highly stable and uniform immobilization as well
as high loading density under ambient conditions (Fig. 1A).
These PNA-functionalized MXene nanosheets serve as highly
efficient transducers of electron transfer between the biorecog-
nition events and the electrode, herein, glassy carbon electrode
(GCE). The presented biosensing strategy is based on the
sequence-specific hybridization of the target miRNA to the
immobilized PNA, facilitating the intercalation of redox-active
methylene blue (MB) dye within the PNA:miRNA duplex. This
design yields a rapid, highly specific, and quantitative electro-
chemical turn-on signal proportional to the amount of captured
miRNA, without requiring expensive enzymes, amplification
strategies, or other nanomaterial-based labels (Fig. 1B). Compre-
hensive materials characterization including X-ray photoelectron
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spectroscopy (XPS) and Raman spectroscopy is conducted to
validate the successful functionalization of the MXene nano-
sheets, laying the groundwork for subsequent electrochemical
characterization and biosensing evaluations of the platform’s
analytical performance with miRNA in buffer and serum
samples.

Results and discussion

Ti;C,T, MXene nanosheets were synthesized from the TizAIC,
MAX phase based on our previous protocols as detailed in the
methods section below. The quality of the synthesized Ti;C,T,
MXene nanosheets was investigated using X-ray diffraction
(XRD) analysis. XRD was conducted using a powder X-ray
diffractometer (Bruker D8 Advance) with Cu Ko radiation at a
wavelength of 1.5418 A. The scanning rate was 0.5 s per step at a
step size of 0.02° in the 20 range of 5°-60°. Fig. 1C presents the
typical XRD patterns of Ti;C,T, MXene and its parent TizAlC,
MAX phase with their distinguishing (002) peaks. As deduced
from the XRD data, the interlayer spacing (d-spacing), which
signifies the interlayer distance characteristic (002) XRD peak
of Ti;C,T, emerged at ~8.3° rather than ~9.4°. The shift and
broadening in the characteristic (002) peak of Ti;C,T, are
accredited to the substitution of the Al layers with the
surface-terminating groups (T,) during the exfoliation step.>’

To confirm the successful synthesis of a few layers of MXene,
Atomic force microscopy (AFM, Bruker, Dimension Icon SPM)
was used to depict the surface morphology and quantify the
thickness of the synthesized MXene flakes. Fig. 1D shows a
single sheet with a 1.7 nm thickness, validating the successful
synthesis of high-quality delaminated MXene sheets. Further-
more, TEM was used to obtain an image of the Ti;C,T, flakes as
depicted in Fig. 1E along with the selected area electron
diffraction (SAED) pattern of the nanosheet as an inset image.
The SAED pattern shows that the delaminated flake is of high
quality and ultrathin, best evidenced by the absence of oxide
particles or apparent defects as depicted in Fig. 1F.

As a more robust, stable, and sequence-specific alternative
to ssDNA and RNA-based oligonucleotide hybridization probes,
PNA-based bioreceptor probes were designed and applied for
miRNA detection. Owing largely to their neutral backbone,
PNAs exhibit higher chemical and thermal stability and greater
binding affinity to target nucleic acids even at low ionic
strength conditions; therefore, they have been widely exploited
as promising alternatives to natural nucleic acid probes.**?
Two PNA probes with different lengths (7-mer or 17-mer) were
prepared in this work and designed to be complementary to a
promising cancer biomarker, hsa-miR-141, which is upregu-
lated in prostate and colorectal cancer patients.*” To enable
the covalent immobilization of the probe on the MXene nano-
sheets, the PNA was functionalized at the N-terminus with a
dibenzocyclooctyne (DBCO) moiety, which is suitable for bio-
orthogonal copper-free click chemistry conjugation.®® Further-
more, two arginine amino acid residues were also introduced
at the N-terminus of the probes to facilitate solubility in

This journal is © The Royal Society of Chemistry 2024
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(A) Schematic illustration of the PNA-MXene electrochemical biosensor for miRNA detection based on chemical functionalization of MXene

nanosheets via silanization to introduce azido functionalities followed by bio-orthogonal copper-free click chemistry with a DBCO-PNA probe, creating
the PNA-MXene nanosheets which are drop-casted on a GCE working electrode. (B) The biosensing strategy is based on adding the serum sample
containing MiRNA on the working electrode followed by washing non-specifically bound molecules, incubation with methylene blue (MB) to enable
intercalation within the duplex and acquiring electrochemical measurements following another wash step. (C) XRD patterns of the TisAlC, MAX phase
(blue) and TizC,T, MXene (black) indicating the large interlayer spacing of TizC,T,. (D) AFM micrographs to visualize a monolayer of TizC,T, nanosheets,
with inset depicting thickness profile traced along the white line (scale bar = 2 um). (E) Transmission electron microscopy (TEM) image of single TisC,Ty

flakes with a zoom-in (F) showing the delaminated flake is a high-quality ultrathin nanosheet.

aqueous solutions.>* PNA synthesis, based on solid-phase pep-
tide synthesis using Fmoc chemistry,*> was performed on an
automated peptide synthesizer (Purepep Chorus, Gyros Protein
Technologies), while purification was performed via reverse-
phase preparative high-performance liquid chromatography
(HPLC). The successful synthesis of the PNA probes was verified
using liquid chromatography-mass spectroscopy (LCMS), as
shown in the ESIt (Fig. S1).

Before clicking the PNA probes onto the MXene surfaces, bare
Ti;C, MXene nanosheets (produced in our lab following previously

This journal is © The Royal Society of Chemistry 2024

published protocols)*® were silanized with 3-azidopropyl triethox-
ysilane (AzPTES) to introduce the azido functionality. After decorat-
ing the MXene surfaces with these clickable azide (-N3) functional
groups, DBCO-PNA was added to the azido-MXene nanosheets,
and the copperfree click chemistry reaction was conducted
in aqueous media, at room temperature overnight. After multiple
wash steps to remove unreacted groups, the PNA-MXene nano-
sheets were stored in a —20 °C freezer until further use. Further
details of the synthesis procedures and a workflow diagram can be
found in the Methods and Fig. S2 (ESIt), respectively.
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Fig. 2 (A) (i) XPS spectra of the bare MXene, azido-MXene, and PNA-MXene with the peaks for Si and N highlighted in green. (i) C 1s and Ti 2p core-level
spectra of the bare MXene sample. (B) (i) N 1s core-level spectrum of AzPTES and (ii) N 1s and Ti 2p core-level spectra of the azido-MXene sample.
(C) (i) N 1s core-level spectrum of the PNA probe and (ii) N 1s and C 1s core-level spectra of the PNA-MXene sample.

Successful silanization and click chemistry-based functiona-
lization of the MXene nanosheets were validated using several
characterization techniques. Firstly, XPS was used to analyse
the surface chemical composition of the bare Ti;C,T, MXene
compared to that of the MXene after silanization (azido-MXene)
and subsequent click chemistry (PNA-MXene) (Kratos Analyti-
cal, AMICUS/ESCA 3400) (Fig. 2). The overlayed survey spectra
of the bare MXene, azido-MXene, and PNA-MXene are shown in
Fig. 2A(i). Compared to the spectrum of bare MXene (red), the
azido-MXene spectrum (black) showed the appearance of Si,

5048 | Mater. Horiz., 2024, 11, 5045-5057

accompanied by a drastic increase in the N content from 1% in
the bare MXene to 13% in the azido-MXene sample (and an
increase in the N/C ratio from 0.04 to 1.62), confirming success-
ful silanization. Similarly, the PNA-MXene (blue) spectrum
showed both additional peaks but with higher C and N con-
tents, attributed to the successful clicking of the PNA probe.
Details of the atomic percentages are summarized in the ESI,
Table S2.

Next, high-resolution Ti 2p and C 1s core-level spectra of the
bare MXene sample were acquired and analysed (Fig. 2A(ii)).

This journal is © The Royal Society of Chemistry 2024
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Notably, the Ti 2p spectrum was fitted with six doublets (Ti 2p
2ps/>-Ti 2p1/»). The Ti 2ps/, component centered at 454.8 eV was
attributed to Ti bound to C. The Ti 2p;/, components centered
at 455.7 and 457.0 eV were attributed to Ti ions with valence
states of 2" and 3" respectively,’”*® indicative of the presence of
surface termination species including -0>~ and -OH ™. Of note
is the presence of a small peak at 458.4 eV which is attributed to
TiO, in the bare MXene. The low percentage of TiO, (making
up only 5% of the total Ti content) signifies the synthesis of
high-quality MXene with minimal oxidation during synthesis,
storage, and analysis. The C 1s core-level spectrum of the bare
MXene sample was also fitted with seven components and
analyzed as detailed in Fig. S3 (ESIt).

Before characterization of the azido-MXene sample, a high-
resolution N 1s core-level spectrum of the starting material,
AzPTES, was acquired (Fig. 2B-i). The spectrum was fitted
with three components located at 400.8 eV, 401.2 eV, and
404.7 eV, attributed to N—, N°, and N* of the azide group,
respectively.*>*® Additional high-resolution XPS spectra of
AzPTES and azido-MXene are shown in Fig. S3 (ESIt). Impor-
tantly, the high-resolution N 1s of azido-MXene showed the
same three abovementioned components, confirming success-
ful functionalization with AzPTES (Fig. 2B-ii). The high-
resolution Ti 2p spectrum of the azido-MXene sample was also
acquired and deconvoluted. The major difference between the
Ti 2p spectra of the azido-MXene compared to the bare MXene
was the increased intensity of the Ti component at a binding
energy (BE) of 458.4 eV binding energy. Coincidentally, this BE
is the same for Ti 2p electrons from a TiO, or Ti-O-Si bond.
A control experiment was next conducted to investigate which
bond contributed to the high-intensity peak observed after
silanization and to (importantly) ensure that this peak is not
a result of MXene oxidation during the silanization experiment.
Specifically, bare MXene was exposed to the same reaction
conditions as the silanization experiment; however, without
the presence of the AzPTES material. Briefly, the bare MXene
was incubated in ethanol and mixed under magnetic stirring at
room temperature for 24 h before a high-resolution Ti 2p XPS
spectrum was acquired. As shown in Fig. S4(A and B) (ESIY),
this spectrum is similar to the bare untreated MXene with the
TiO, peak making up 5% of the total Ti content, signifying that
no additional oxidation of titanium occurs. This consequently
confirms that the high-intensity peak making up 28% of the
total Ti signal post-silanization can be assigned mainly to the
formation of new Ti-O-Si bonds. An XPS analysis table shown
in the ESI} (Table S3) displays the atomic percentage of the Ti
species in the four samples: bare MXene, MXene treated with
ethanol, azido-MXene, and PNA-MXene.

Next, the high-resolution N 1s spectrum of the starting
material, 17-mer DBCO-PNA probe, was acquired and charac-
terized prior to PNA-MXene characterization (Fig. 2C). The N 1s
core-level spectrum of PNA was fitted with three components
located at 399.0 eV, 400.2 eV, and 400.9 eV corresponding to
-N=, -NH-CO-/tertiary nitrogen, and -NH,, respectively
(Fig. 2C-i).*" Finally, for the PNA-MXene, the N 1s and C 1s
core-level spectra were acquired (Fig. 2C-ii). Notably, comparing

This journal is © The Royal Society of Chemistry 2024
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the N 1s spectra of the PNA starting material and PNA-MXene
sample, similar peaks were observed, including the presence of
amine and amide bonds, confirming successful clicking of
PNA. Due to the difficulties of verifying the triazole bond
formation via XPS (the theoretical triazole BE overlaps with
that of nitrogen groups from the azido functionality at BE
400.8-401.2 eV and the PNA backbone), a control experiment
was performed to verify that the PNA is indeed chemically
rather than physically adsorbed on the MXene surface
(Fig. S4C, ESIY). In this supplementary experiment, the click
chemistry reaction was performed between DBCO-PNA and
bare MXene (without the azido functionality). The presence of
the same N 1s peaks after this reaction would indicate that the
functionalization strategy proposed is based solely on physical
adsorption of the PNA on the MXene rather than chemical
functionalization. The N 1s XPS spectra of this MXene after the
control click reaction was acquired and plotted against control
spectra of the bare MXene (red), MXene without AzPTES (pink),
PNA-MXene without AzPTES (black), and PNA-MXene (blue) in
the ESIt (Fig. S4C). Notably, no N peaks were observed in
this MXene sample, which confirms the absence of adsorbed
PNA. This is expected as the developed click reaction protocol
involves extensive washing of the MXene to remove any
unreacted or physically adsorbed PNA from the MXene sur-
faces. These results further validate that the click reaction
indeed enables covalent functionalization of the MXene surface
with PNA probes as consistent with previous conclusions.

Next, the colloid stability and surface charge of the bare and
azido-MXene nanosheets were investigated via characterizing
their zeta potential using a Zetasizer (Nano ZL) instrument
(ESL{ Fig. S5A). Owing to the negatively charged surface func-
tional groups, bare MXene exhibited a surface potential of
—32.5 mV in water, indicating good colloidal stability.** After
azide functionalization, the zeta potential of the MXene
nanosheets increased to —18.5 mV, which can be attributed
to the successful reaction of the OH™ groups during the
silanization step. Furthermore, the overall size of the individual
MXene nanosheets was studied via dynamic light scattering,
revealing an average lateral size of 1.4 + 0.08 um (ESLt
Fig. S5B). The zeta potential of MXene-PNA sample was not
measured due to the large sample volume requirements, which
exceed our synthesis scale.

Raman spectroscopy was next performed to study the mole-
cular vibrations and chemical structure of the bare MXene and
azido-MXene nanosheets (LabRam Aramis instrument equipped
with a green laser at a wavelength of 532 nm) (Fig. 3A). The
spectrum for bare MXene exhibited characteristic wave numbers
at ~205, 270, 385, 575, 620, and 720 cm ' which can be
correlated to the expected Raman vibration modes of Tiz;C,T,
MXene observed in the literature.** Notably, the peaks at
~205 cm™ ' and 720 em ™! correspond to A, out-of-plane vibra-
tions from the surface functional groups and carbon atoms,
respectively. The peaks at 280 cm ™" and 620 cm ™! correspond
to E, group vibrations, including the in-plane (shear)
vibration modes of Ti, C, and surface functional groups (-O,
-F, and -OH).** Compared to the bare MXene spectrum, the

Mater. Horiz., 2024, 11, 5045-5057 | 5049
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(A) Raman spectra of the bare MXene (black) and azido-MXene (red). (B) Bare MXene, azido-MXene and PNA-MXene atomic percentages. (C) The

elemental mapping of the PNA-MXene was obtained via EDX spectroscopy. Scale bar shows 200 um.

azido-MXene spectrum displayed shifted peaks and the appear-
ance of new peaks, indicative of surface functionalization
(Fig. 3A, red trace).”> The spectral range spanning 230 cm ™"
to 470 em™" is associated with vibrations related to surface
atoms and thus can be used to probe the surface chemistry
of MXenes and discern alterations arising from chemical
or electrochemical transformations.*® Notably, compared to
the spectrum for bare MXene, the azido-MXene spectrum
exhibited additional peaks within this region at ~273 cm™*
and 328 cm ™, which further validates the successful silaniza-
tion reaction (and the formation of new Ti-O-Si bonds)."”
Consistent with the literature, the peak at ~156 cm™' was
assigned to the formation of oxidized Ti;C, due to the high
laser power during spectral acquisition.*®

To investigate the spatial distribution of various elements on
the nanosheet surfaces, EDX analysis of the bare MXene, azido-
MXene, and PNA-MXene was conducted (Fig. S6, ESIt). Ti, C, Si,
and N elements were identified by combining EDX (20 keV)
with EMAX energy spectroscopy. The elemental composition of
the three samples is shown in Fig. 3B, demonstrating consis-
tent results with XPS analysis. Ti and C were uniformly dis-
tributed on the nanosheet surfaces as shown in the elemental
mapping in Fig. 3C. Similarly, after PNA functionalization, Si
and N appeared to be uniformly distributed on the nanosheets,
indicating the successful silanization and click chemistry reac-
tion with the PNA probes and their homogeneous distribution
on the nanosheet surfaces. Moreover, AFM analysis was con-
ducted to characterize the surface topography and quantify the
thickness of individual PNA-MXene nanosheets compared to
the bare MXene. The AFM scans, height profiles, and 3D AFM
images of the nanoconstruct are shown in the ESI} (Fig. S7).

5050 | Mater. Horiz., 2024, 11, 5045-5057

Notably, the line profile of the PNA-MXene sample was distinct
from that of pristine MXene: it showed a larger overall sheet
thickness and a higher, yet uniform surface roughness asso-
ciated with the top layer of PNA.

To investigate the electrochemical properties of the MXene
nanosheets before and after each functionalization step, a
three-electrode electrochemical cell setup comprising GCE
(2 mm® working area) as the working electrode, Pt wire as the
auxiliary electrode, and Ag/AgCl as the reference electrode was
adopted. Notably, all electrochemical experiments were per-
formed on a portable commercial potentiostat (Palmsens4,
Palmsens), to demonstrate the amenability of the platform
for future point-of-care applications. Firstly, cyclic voltammetry
was performed to investigate the electrochemical processes
at the electrode-solution interface in the presence of hexa-
ammineruthenium(m) chloride ([Ru(NH;)s]Cl;, 5 mM) (RuHex)
solution in the potential window of —0.6 to 0.2 V at a scan rate
of 100 mV s~'. RuHex was used as the redox probe due to its
ability to be oxidized and reduced at lower potential windows
(i.e., more cathodic potentials) to minimize the probability of
MXene oxidation.""

Using only GCE, two well-defined reversible redox peaks
corresponding to the oxidation and reduction of the redox
probe were observed at the working electrode (Fig. 4A, black).
When the GCE was coated with bare MXene, the oxidation peak
current of the redox probe increased by 40-fold from 2.24 pA to
89 pA, as shown in Fig. 4A (ii, blue), which can be attributed to
both capacitive and faradaic currents. The increase in faradaic
current (~15.5 pA) is indicative of the enhanced efficiency of
electron transfer within the MXene nanosheets, which can be
attributed to the unique morphology (high specific surface area)

This journal is © The Royal Society of Chemistry 2024
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Fig. 4

(A) CVs of bare GCE (black, i), MXene-coated GCE (blue, i), and PNA-MXene-coated GCE (red) in 5 mM RuHex at a scan rate of 100 mV s™%.

(B) CVs of PNA-MXene-coated GCE at different scan rates from 20 mV s~* to 140 mV s~ Inset shows stability after repeating five CV cycles. (C) Plots of
oxidation (black) and reduction (red) currents versus square root of the scan rate, showing a linear relationship. (D) EIS of the bare GCE (black), MXene-
coated GCE (blue), and PNA-MXene-coated GCE before (red) and after (green) hybridization with target miRNA. Inset shows the equivalent circuit

diagram.

and intrinsic electronic conductivity of the transducing
material. These results agree with previous research on nano-
structured and nanoporous electrodes. Notably, previous stu-
dies have demonstrated the ability to achieve accelerated
electron transport and reduced charge screening using gold
nanostructured electrodes.”® When the working GCE was
coated with PNA-MXene, a decreased oxidation peak current
compared to that of MXene-coated GCE was observed (Fig. 4A,
red). This decreased oxidation peak current can be attributed to
the presence of PNA probes on the MXene surfaces which may
impede electron transfer kinetics.

Cyclic voltammograms were acquired to quantify the electro-
chemically active surface area of MXene-coated and PNA-
MXene-coated GCEs compared to that of bare GCE.
This area was calculated using the Randles-Sevcik equation,>

This journal is © The Royal Society of Chemistry 2024

I, = 2.69 x 10°AD"*cv'”, where I, represents the peak current
(in amps), A represents the electrochemically active surface area
(in cm?), D represents the diffusion coefficient of the redox
probe (i.e., 6.0 x 10~ ® cm> s™'), ¢ represents the concentration
of RuHex (i.e., 5 mM), and v represents the scan rate (in Vs~ ).
The electrochemically active surface areas of the bare GCE and
MXene-coated GCE were determined to be 7.6 x 10~ cm® and
50 x 10~* ecm?, respectively. This 7-fold increase in the electro-
chemically active surface area can be attributed to two main
properties of the MXene nanosheets when drop-casted on the
GCEs: their distinct nanoporous morphology and their intrin-
sically high metallic conductivity.>" Both these features render
the MXene (and specifically probe-functionalized MXene) as a
highly suitable transducing matrix for electrochemical biosen-
sing applications.
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Electrochemical kinetics of the bare MXene-coated GCE and
PNA-MXene-coated GCE were studied at scan rates ranging
from 20 mV s~ ' to 120 mV s~ ' (Fig. S8A, ESIf). For the bare
GCE, the cathodic and anodic currents increased linearly with
the square root of the scan rate, indicating a reversible and
diffusion-controlled redox reaction (Fig. S8B, ESIT).>* Similarly,
the electrochemical kinetics of the PNA-MXene-coated
GCE were studied at scan rates ranging from 20 mV s ' to
140 mV s~ ', as shown in Fig. 4B. The cathodic and anodic
currents also increased linearly with the square root of the scan
rate (Fig. 4C). This indicates that the PNA probes do not affect
the electrochemical behavior of the redox species generated at
the electrode surface, i.e., the mechanism is also diffusion-
controlled, and the electron transfer is reversible. The electro-
chemical stability of the MXene-coated GCE was investigated by
acquiring multiple scans of cyclic voltammograms and obser-
ving the overlap of the CVs as shown in the ESIt (Fig. S8C).

Electrochemical impedance spectroscopy (EIS) was per-
formed in Tris-EDTA (TE) buffer (50 mM, pH 7.4) with 5 mM
RuHex to characterize the GCE modifications and monitor the
changes in impedance induced by the bioreceptor functionali-
zation of the MXene transducer. The charge-transfer resistance
(R.) was monitored across the frequency range of 0.1-100 kHz.
As shown in Fig. 4D, coating the GCE with bare MXene
nanosheets resulted in a seven-fold reduction in impedance
from an R of 1.82 kQ for the bare GCE down to 270 Q for the
MXene-coated GCE. This demonstrates that the modification of
the GCE with the 2D nanomaterial enables robust and highly
efficient electron transfer at the electrode surface. Moreover,
modification of the GCE with PNA-MXene resulted in an
increase in the impedance to 1.47 kQ, verifying the functiona-
lization and presence of bioreceptors, which hinder charge
transfer. To confirm that this impedance is caused by the
presence of our specific bioreceptor (PNA probe), the target
miRNA was added to the electrode and allowed to hybridize at
room temperature (~25 °C) for 30 min. After extensive washing
of the surface to remove non-specifically bound molecules, the
corresponding EIS spectrum was acquired, revealing a further
increase in impedance to 2.2 kQ. This increase can be attrib-
uted to the reduced charge transfer at the electrode surface
owing to the formation of the bulky PNA:miRNA duplex on the
MXene nanosheets. Overall, the electrochemical characteriza-
tion studies (both CV and EIS) consistently confirmed the
enhanced electron transfer of the MXene nanosheets and high
(covalent) loading of the bioreceptors on the MXene surfaces,
favourable for electrochemical biosensing applications.

The biosensing performance of the PNA-MXene-coated GCE
platform was initially investigated by performing a series of
control experiments. Briefly, the protocol involved adding 5 pL
of 10 pM target miRNAs onto the PNA-MXene-coated electrode
and incubating for 30 min at RT for hybridization. After
washing non-specifically bound molecules thrice with TE buf-
fer, 5 pL of 10 mM MB was added and incubated for 5 min.
After washing thrice, oxidation peak currents were recorded by
cyclic voltammetry in the potential range of —0.6 to 0.2 V at a
scan rate of 0.1 Vs .
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Firstly, in the absence of target miRNA and after MB
incubation, no distinct oxidation peak was observed in the
CV (Fig. 5A, red). However, after adding the target miRNA,
a distinct oxidation peak current was observed (Fig. 5A, black).
Since no other component in the system is redox-active, the
observed peak was attributed to the oxidation of the MB present
at the electrode surface due to binding and/or intercalation
within the formed PNA:miRNA duplex.”® The mechanism of
binding between the MB and PNA:miRNA duplex can be
attributed to a combination of physical interactions including
intercalation, electrostatic interactions, and groove binding.>*

Next, to characterize the biosensor sensitivity, calibration
curves were plotted from the oxidation peak currents of the CVs
in the presence of increasing concentrations of target miRNA
from 0.1 fM to 1 nM (Fig. 5B). A linear regression line was fitted
to the data and the limit of detection (LOD; calculated as three
times the standard deviation of the control condition in the
absence of miRNA) was calculated. Interestingly, a linear
response (R = 0.98), wide dynamic range (over seven orders of
magnitude), and low calculated LOD of 180 aM were observed
(Fig. 5C, red). This remarkable analytical performance can be
attributed to the efficient electron transfer between the inter-
calated MB redox label and the MXene transducing surface on
the electrode. Apart from the unique morphology and conduc-
tivity of the MXene nanosheets, the direct covalent functiona-
lization of the PNA bioreceptor in close proximity to the
nanosheet surfaces may also contribute to this highly efficient
redox process.

Considering the transduction mechanism in our biosensor,
we hypothesized that using a longer PNA would result in an
increase in the number of MB molecules within the PNA:
miRNA duplex, ultimately leading to higher biosensor sensitiv-
ity (Fig. 5D). To this end, we designed and prepared a longer
17-mer PNA probe and assessed our biosensing performance.
The longer probe was based on the same design as the original
7-mer PNA probe but with 10 more nucleotides complementary
to hsa-miR-141 (chemical structure in Fig. S1, ESIt). Impor-
tantly, compared with standard hybridization probes based on
negatively charged natural nucleic acid probes such as ssDNA,
our design using PNA probes minimizes non-specific electro-
static interactions between positively charged MB and the
probe in the absence of the target miRNA. With the longer
PNA probe immobilized onto MXene nanosheets based on the
developed methods, a second calibration curve was acquired by
varying the target miRNA concentration from 0.1 fM to 1 nM
(Fig. 5C, black). Interestingly, a distinct increase in the slope
of the linear regression line by roughly 2-fold was observed,
which is indicative of an enhanced biosensor sensitivity.
This enhancement effect also contributed to a 56% decrease
and thus substantial improvement in the calculated LOD to
78 aM. Next, owing to the low capacitive currents in differential
pulse voltammetry measurements, this approach was used to
conduct a calibration curve to further improve the sensitivity
(Fig. 5E). The oxidation peak current versus miRNA con-
centration from 0.1 fM to 1 nM was plotted in a calibration
curve, and a linear regression line was fitted as previously

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) Schematic representation of control experiments conducted in the absence (red) and presence (black) of the target miRNA along with the
corresponding CVs acquired at a scan rate of 100 mV s™%. (B) Cyclic voltammograms in the presence of increasing concentrations of the target miRNA
ranging from 0.1 fM to 1 nM along with the corresponding oxidation peaks (arrow upwards indicates trend direction). (C) Calibration curve for the
detection of miR-141 using the short 7-mer PNA (red dots) and long 17-mer PNA (black squares). (D) Schematic illustration representing the MB-bound
PNA:miRNA duplex formed by the 7-mer (left) and 17-mer (right) PNA probe. (E) DPV response of the 17-mer PNA-MXene biosensor with increasing
concentrations of the target miRNA. (F) Calibration curve showing the dependence of the DPV peak currents on the target miRNA at concentrations
ranging from 0.1 fM to 1 nM. Dashed black line indicates three times the standard deviation of the control (i.e., no miRNA) condition, used to calculate the
LOD. Error bars in panels (C) and (F) indicate standard deviations from n = 6 data points collected from two individual biosensors with three CV or DPV
scans acquired per concentration.

described (Fig. 5F). A further enhancement in sensitivity was
achieved using DPV analysis, reaching a calculated LOD of
40 aM and a wide linear dynamic range (covering over seven
orders of magnitude). It is noteworthy that while calculated
LOD was 40 aM, the lowest concentration tested was 100 aM.
With this ultralow (attomolar regime) limit of detection,

the sensitivity of our proposed biosensor outperforms that of
recently reported electrochemical biosensors for nucleic acid
detection (ESLf Table S1). Importantly, compared to most
reported approaches which depend on enzymes and amplifica-
tion strategies to achieve sufficient sensitivity, this study
achieves attomolar sensitivity in an isothermal, enzyme-free,
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and amplification-free manner through advances in nanomaterials,
marking a significant development in electrochemical biosensing.

The superior analytical performance of our biosensor
achieving attomolar sensitivity in the absence of enzymes,
amplification mechanisms, or additional 0D nanomaterials,
can be attributed to the interplay between two synergistic
effects, afforded by our novel PNA-MXene transducing material,
which together increase the probability of hybridization events
and the efficiency of electron transfer between the redox probe-
intercalated duplex and the electrode surface. Firstly, the
efficiency and bio-orthogonality of our click chemistry-based
functionalization strategy (which exploits MXene’s abundant
terminal hydroxyl groups) ensures high probe grafting density
which increases the probability of PNA:miRNA hybridization
events within the material’s porous structure.’® Secondly, the
unique 3D morphology of our transducing material with its high
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electrochemically active surface area reduces Debye volume within
the porous structure.”””® This leads to more efficient electron
transfer (by weakening charge screening) and an increase in the
probability of faradaic electron transfer events for a given probe
conformation. This effect has been shown to lower LOD by 4-fold
in nanostructured electrodes compared to planar electrodes with
the same footprint.>® The two aforementioned synergetic effects,
illustrated in the ESIt (Fig. S9), provide insights into the mechan-
isms that provide our biosensor with such high sensitivity without
enzymes or amplification strategies.

To study the specificity of the biosensing platform, the
electrochemical response of the biosensor was investigated in
the presence of the target miRNA sequence (hsa-miR-141)
compared with a negative control miRNA (Cel-miR-39) in addi-
tion to three mutated hsa-miR-141 sequences designed with a
different number of point mutations (Fig. 6A). The results were
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sequence. *** indicates p-value <0.001 from a one-tailed t-test. Error bars indicate standard deviation from n = 6 data points collected from two
individual biosensors with three DPV scans acquired per sample. (B) Table of oligonucleotide sequences used in this study including the synthesized PNA
probes and commercial synthetic miRNAs. (C) The effect of time and storage conditions on biosensor stability was evaluated by quantifying the oxidation
peak current of four sensors in the presence of 5 MM RuHex probe. Sensors 1 and 2 (grey) were tested on the fabrication day (i.e., fresh sensors), with the
signal from sensor 1 normalized to 100%. Sensors 3 and 4 (blue) were examined after a 7-day storage at 4 °C. (D) Evaluation of sensor performance using
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(E) Comparing the biosensor response to three concentrations of target miRNA prepared in TE buffer (grey) versus spiked into 100% serum (yellow).
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analyzed using an unpaired, one-tailed ¢-test (two groups) with
equal variance not assumed (Welch correction), considering
p < 0.05 as statistically significant. Specifically, the biosensor’s
response to one, two, or three single-nucleotide mutations
(SNPs) along the miRNA sequence was investigated and quan-
tified. All sequences tested are shown in the table displayed in
Fig. 6B. Compared with the response from the target miRNA,
which was normalized to 100%, the non-target sequences Cel-
miR-39, miR-141-1SNP, miR-141-2SNPs, and miR-141-3SNPs
caused 72%, 68%, 86%, and 99% reductions in the oxidation
peak current, respectively. The high specificity of the sensor can
be largely attributed to the choice of bioreceptor: the engi-
neered PNA probes. Owing mainly to their neutral backbone,
PNAs bind to target nucleic acids with greater affinity and
thermal stability. For example, the melting temperature (7,
of a 15-mer DNA:RNA duplex is 50.1 °C whereas that of an
equivalent PNA:RNA duplex is 72.2 °C.*® This also means that
nucleotide mismatches cause a greater destabilizing effect in
the PNA:miRNA duplex compared to duplexes of natural
nucleic acids.®® Another noteworthy factor that can contribute
to the biosensor’s high specificity is the sensitivity of MB, the
hybridization redox indicator, to mismatches. Local disruptions
such as mismatches within the duplex can hinder and potentially
prevent the intercalation of MB.®' These results demonstrate the
immense potential of our platform in nucleic acid sensing, espe-
cially when applied to miRNA biomarkers, which suffer from high
sequence homology among family members.

In addition to studying their analytical performance, devel-
oping robust point-of-care biosensors necessitates a thorough
investigation of their reproducibility and stability over time. To
this end, four sensors were prepared independently, and their
current response in the presence of 5 mM RuHex probe was
examined by DPV analysis. Sensors 1 and 2 were evaluated
immediately after fabrication (termed ‘fresh sensors’), while
sensors 3 and 4 were tested after seven days of storage at 4 °C.
Fig. 6C illustrates the normalized data, considering sensor 1 as
the reference, normalized to 100%. Notably, the results reveal
two critical findings. Firstly, sensors prepared and stored under
identical conditions exhibit remarkable reproducibility. Sec-
ondly, seven days of storage causes a minimal (roughly 11%)
decrease in their performance.

Ensuring the stability of biosensors upon exposure to
complex biological fluid samples, like serum, is of critical
importance for the reliability and effectiveness of point-of-
care platforms based on liquid biopsy. To this end, DPV
analysis was employed to assess biosensor stability by evaluat-
ing the current response to 5 mM RuHex probe prepared in
control buffer solutions (grey), 10% human serum (light yellow)
and 100% human serum (yellow) samples (Fig. 6D). When
compared to the signal obtained from buffer solutions (normal-
ized to 100%), a minimal reduction in the signal of 8% and
13% was observed for the 10% serum and 100% serum sam-
ples, respectively. These findings offer valuable insights into
the biostability of our biofunctionalized MXenes and highlight
the presence of intrinsic anti-biofouling properties, which can
be improved by additional strategies in future work.
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Building upon these encouraging findings, we next sought
to evaluate the biosensor’s efficacy in detecting miRNA within
model biological samples, specifically 100% human serum
spike-in samples. As shown in Fig. 6E, compared to miRNA-
in-buffer samples (normalized to 100%), the raw serum spike-in
miRNA samples exhibited a nominal reduction in signal inten-
sity, with decreases of 20%, 16%, and 22% observed for target
miRNA concentrations of 1 pM, 10 pM, and 100 pM, respec-
tively. This decrease in the analytical signal can be attributed to
the biofouling effects stemming from serum proteins and other
biological components on the MXene surface. While promis-
ing, our future work will focus on enhancing the anti-biofouling
activity and biostability of MXenes to enable their use as key
functional components and advanced materials in liquid
biopsy-based point-of-care electrochemical biosensors.

Conclusions

To detect low-abundance nucleic acid biomarkers like miRNA,
most approaches in electrochemical biosensing rely on the use
of expensive enzymes for target or signal amplification or on
the use of nanocomposites or nanomaterial-based probes.
Despite their high sensitivity, these strategies suffer from high
complexity and poor stability while being time-consuming
and expensive, all of which hinder their application in point-
of-care testing. This study develops a robust, enzyme-free,
amplification-free, and nanoparticle-free electrochemical bio-
sensor for miRNA detection, which is based on covalent func-
tionalization of 2D MZXene nanosheets with bespoke PNA
hybridization probes using bio-orthogonal click chemistry stra-
tegies. Notably, this is the first demonstration of click-based
bioconjugation of MXene nanosheets with a remarkable limit
of detection of 40 aM, surpassing reported enzyme-based
methods. The biosensing mechanism relies on the highly
efficient electron transport between MB intercalators and the
MXene-coated electrode, which is mediated by the formation of
a PNA:miRNA duplex upon sequence-specific target detection.
The outstanding sensitivity of the developed biosensor is
attributed to a combination of intrinsic and engineered factors,
namely, (i) the inherently high conductivity and electron trans-
port of the MXene nanosheets, (ii) their unique morphology
on the electrode, which enables accelerated and efficient elec-
tron transfer, and (iii) the stable and direct covalent bonding
between the bioreceptor and the MXene surfaces. Single-
nucleotide specificity was demonstrated using robust PNA
probes as bioreceptors instead of natural nucleic acid probes.
Importantly, extensive stability studies were performed demon-
strating high sensor reproducibility as well as stability over
time and upon exposure to raw biological samples, namely
100% human serum. Furthermore, the biosensor design can be
tailored to detect any other nucleic acid biomarker and poten-
tially other biomarker types by changing the immobilized
bioreceptor type. This versatile and robust strategy demon-
strates the immense potential of engineered PNA-MXene
nanosheets to act as efficient and ultrasensitive electrochemical
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transducers in the next generation of advanced point-of-care
liquid biopsy biosensors.
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