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Abstract
In this work, Ti3C2Tx MXene was identi�ed as e�cient nanozyme with area-dependent electrocatalytic
activity in oxidation of phenolic compounds, which originated from the strong adsorption effect between
the phenolic hydroxyl group and the oxygen atom on the surface of Ti3C2Tx MXene �ake. On the basis of
the novel electrocatalytic activity, Ti3C2Tx MXene was combined with alkaline phosphatase to construct a
novel cascading catalytic ampli�cation strategy using 1-naphthyl phosphate (1-NPP) as substrate,
thereby realizing e�cient electrochemical signal ampli�cation. Taking advantage of the novel cascading
catalytic ampli�cation strategy, an electrochemical biosensor was fabricated for BCR/ABL fusion gene
detection, which achieved excellent sensitivity with linear range from 0.2 fM to 20 nM and limit of
detection down to 0.05 fM. This biosensor provided a promising tool for ultrasensitive fusion gene
detection in early diagnosis of chronic myelogenous leukemia and acute lymphocytic leukemia.
Moreover, the manageable catalytic activity of MXene broke a path for developing nanozymes, which
possessed enormous application potential in not only electrochemical analysis but also the extensive
�elds including organic synthesis, pollutant disposal and so on.

1. Introduction
Electrochemical biosensor has become one of the most predominant analysis tools in clinical diagnosis
due to the outstanding merits of high sensitivity and selectivity, rapid response, low cost, simple
instrumentation, easy miniaturization and good quantitative ability[1–4]. Enzymatic electrocatalysis is a
widely used technique in electrochemical biosensor, which improves the analytical sensitivity by
promoting the electrochemical redox reactions with the help of enzymes[5–7]. Nevertheless, natural
enzymes are general cost to manufacture and store, unstable to transfer or modify, and sensitive to harsh
physiochemical conditions. Nanozymes, nanomaterials with enzyme-like catalytic activities, well
overcome the shortages of natural enzymes[8]. Therefore, nanozymes are attracting increasing attention
in bioanalysis to substitute conventional natural enzyme[9]. However, the catalytic activities of
conventional nanozymes strongly rely on the defect dependent active centers, such as surface dangling
bonds or heterogeneous doping domains, which is distributed unevenly on the surface[10, 11]. As a
consequence, the homogeneity of particle is a very important parameter of nanozymes, which brings
great challenge to prepare high-quality product and applied to precise quantitative analysis[9]. From this
prospective, developing nanomaterials with enzyme-like catalytic activities independent to the
morphology or crystal defect is of great signi�cance as this kind of materials might be more easily
controlled to obtain uniform catalysis activity.

MXene is termed for a series of two-dimension (2D) transition metal carbides, nitrides, and
carbonitrides[12, 13]. Recent years, the electrocatalytic activity MXene have attracted enormous research
interest in diverse �elds, such as hydrogen evolution[14], oxygen evolution[15, 16], N2-to-NH3

conversion[17], fuel cell[18, 19] and carbon dioxide reduction[20, 21]. These reported works implied a
probable reality that the catalysis activities of MXene could be originated from the 2D basal planes rather
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than the defects, which was signi�cantly different from conventional nanozymes including metallic
oxide[22–24], carbon nanomaterials[25, 26], and 2D metallic sul�de[27, 28]. As a result, the
electocatalytic activity of MXene was directly related to the area of �ake rather than the shape or
morphology. Bene�ting from the unique electrocatalytic characteristics and 2D structure, MXenes were
expected to provide a chance to easily control the electrocatalytic activity by simply customize the total
area of �akes.

In this work, the electrocatalytic activity of Ti3C2Tx MXene for phenols oxidation was identi�ed and
applied to constructing a cascading catalytic ampli�cation strategy for electrochemical biosensor to
determine of BCR/ABL fusion gene, the key biomarker for clinical diagnosis of chronic myeloid leukemia
(CML). Ti3C2Tx MXene presented e�cient and area-dependent phenol adsorption on the 2D plane, thus
catalyzing the electrochemical oxidation. For biosensor application, Ti3C2Tx MXene was spread on
electrode and further decorated with gold nanoparticles for DNA capture probe (CP) immobilization.
Besides, DNA walking machine was employed to recognize target BCR/ABL fusion gene and mediate
nucleic acid ampli�cation. As illustrated in Scheme 1, the DNA walking machine would start DNA nicking
and expose DNA fragments from the magnetic beads in the presence of BCR/ABL fusion gene. The
exposed DNA fragments helped the assembly of biotin labeled DNA probe (Bio-DP) on the sensing
surface according to the sandwich DNA hybridization of CP-DNA fragment-Bio-DP. Finally, streptavidin
modi�ed alkaline phosphatase (SA-ALP) further was modifed onto the biosensing interface via the
speci�c biotin-streptavidin reaction. With the addition of 1-naphthyl phosphate (1-NPP) in the electrolyte
solution, 1-naphthol was produced via ALP-catalytic hydrolysis of 1-NPP and generated an ampli�ed
electrochemical signal via Ti3C2Tx MXene-catalytic electrochemical oxidization. With DNA walking
machine and cascading catalysis for signal ampli�cation, the electrochemical biosensor achieved
excellent sensitivity for detection of BCR/ABL fusion gene with the linear range from 0.2 fM to 20 nM and
limit of detection down to 0.05 fM, which could provide a powerful bioanalysis tool for clinical diagnose
of CML. Moreover, the e�cient electrocatalysis activity of Ti3C2Tx MXene for phenols oxidation
possessed great application potential in the more �elds including sewage treatment and organic
synthesis and so on.

2. Experimental Section

2.1. Reagents and materials
Ti3C2Tx (MXene) few layer dispersion solution (Lateral size 2-5 µm), Fe3O4 nanoparticles, TiO2

nanoparticles, bulk Ti3AlC2 and WS2 nanosheets (Diameter 2-5 µm) were obtained from Jiangsu XFNANO
Materials Tech. Co., Ltd. (Nanjing, China). MoS2 nanosheets (Diameter 20-500 nm) were obtained from
Nanjing JCNANO Tech. Co., Ltd. (Nanjing, China). NH2-Fe3O4 and Na�on solutions were obtained from
Aladdin Biochemical Tech. Co., Ltd. (Shanghai, China). Gold chloride (HAuCl4∙4H2O), sodium citrate, 6-
mercaptohexanol (MCH), 1-naphthyl phosphate (1-NPP), 1-naphthol, streptavidin-alkaline phosphatase
(SA-ALP), 4-nitrophenol, β-estradiol and diethanolamine (DEA) were purchased from Sigma-Aldrich
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Chemical (St. Louis, USA). Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) was purchased from
Sangon Biotech. Co., Ltd. (Chongqing, China). Nt.BsmAI nicking endonuclease (Nt.BsmAI) and CutSmart
buffer were provided by New England Biotech. Co., Ltd. (Beijing, China). All high-performance liquid
chromatography (HPLC)-puri�ed sequences (Table S1) in our experiments were ordered from Sangon
Biotech. Co., Ltd. (Shanghai, China). Clinical serum samples were obtained from the University-Town
Hospital of Chongqing Medical University (Chongqing, China). The buffers and solutions involved in this
experiment were display in Supplementary Material S1.

2.2. Modi�cation of electrode surface
Prior to modi�cation, the bare glassy carbon electrode (GCE) was polished with 300 nm and 50 nm
alumina slurries to a mirror-like surface and then rinsed ultrasonically with ultrapure water, anhydrous
ethanol and ultrapure water for 5 min in sequence. Then, the GCE was dried by nitrogen at room
temperature. Simultaneously, Ti3C2Tx MXene (0.1 mg/mL) was suspended in ultrapure water containing
a 0.1% Na�on solution and sonicated for 60 min. Gold nanoparticles (AuNPs) were synthesized
according to a typical method, and the detailed procedure was elaborated in Supplementary Material S3.
The products were stored at 4°C protected from light for further use.

Next, 10 µL of the Ti3C2Tx MXene (0.10 mg/mL) suspension was dropped onto the GCE surface and
allowed to dry slowly, followed by the addition of 10 µL AuNPs solution and drying at room temperature
to obtain the modi�ed electrodes (AuNPs/Ti3C2Tx MXene/GCE). Afterwards, 10 µL of thiolated capture
probe (CP) pretreated by TCEP was dropped onto the AuNPs/Ti3C2Tx MXene/GCE surface and incubated
overnight at 4°C. After being washed with washing buffer, the modi�ed electrode was further incubated
with 1.0 mM MCH for 1 h at room temperature to block the nonspeci�c site, obtaining the electrochemical
biosensing platform (MCH/CP/AuNPs/Ti3C2Tx MXene/GCE).

2.3. Preparation of DNA walking machine
DNA walking machine was prepared with reference to a previous report[29]. First, 1.0 µL walker probe
solution (2.0 µM) and 1.0 µL protecting probe solution (2.0 µM) were mixed and heated at 95°C for 5 min,
and then naturally cooled to obtain ds-DNAs. Later, 20 µL support probe solution (2.0 µM) was su�ciently
mixed with dsDNA and added to 20 µL Au@Fe3O4 (the detailed procedure was described in
Supplementary Material S4), stirred overnight and magnetically separated to obtain the expected DNA
walking machine (DNA-Au@Fe3O4). Finally, the well prepared DNA walking machine was further
suspended in PBS and stored at 4°C for further use.

2.4. Procedure for BCR/ABL fusion gene detection
First, BCR/ABL fusion gene standard sample (1.0 µL) at different concentrations, 10 U Nt.BsmA  and
were added in to the dispersion of DNA walking machine and kept for 2 h at 37°C. Then, supernatant
solution was collected numerous after magnetic separation, which contained the produced intermediate
DNAs. After that, 10 µL of the above supernatant solution and 10 µL of 2.5 µM biotinylated detection
probe were dipped onto the electrode and incubated at 37°C for 1 h. Rinsing with washing buffer, the
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obtained electrode was treated in 10 µL of DEA buffer containing 1.25 µg/mL ST-ALP and 8 mg/mL BSA
at 37°C for 30 min. Finally, the electrochemical signal was measured in the DEA buffer containing 1.0
mg/mL 1-NPP by differential pulse voltammetry (DPV) after rinsing with DEA buffer to remove the
unbound SA-ALP. All parameter con�gurations of electrochemical measurements were shown in
Supplementary Material S5.

2.5. Theoretic calculation methods
The �rst principle calculations are performed by Vienna Ab initio Simulation Package (VASP)[30] with the
projector augmented wave (PAW) method[31]. The exchange-functional is treated using the Perdew-
Burke-Ernzerhof (PBE)[32] functional, in combination with the DFT-D correction[33]. The cut-off energy of
the plane-wave basis is set at 500 eV. For the optimization of both geometry and lattice size, the Brillouin
zone integration is performed with 2*2*1 Monkhorts-Pack k-point sampling. The self-consistent
calculations apply a convergence energy threshold of 10−5 eV. The equilibrium geometries and lattice
constances are optimized with maximum stress on each atom within 0.02 eV/Å.

3. Results And Discussion

3.1. Morphological and elemental analysis of the Ti3C2Tx
MXene
Transmission electron microscopy (TEM) was employed to study the morphology of the used Ti3C2Tx

MXene sample, which presented a remarkably large �ake and some stacked little fragments (Fig. 1A).
Moreover, the high-angle annular dark-�eld (HAADF)-STEM image showed no observable spot on the
�ake, suggesting the uniform distribution of the elements (Fig. 1B). As shown in Fig. 1C-1E, STEM-EDS
elemental mappings of C, Ti, and O presented outlines well matched with the HAADF-STEM image, which
visually displayed the elemental composition of the Ti3C2Tx MXene.

Energy dispersive X-ray spectroscopy (EDX) was also utilized to analyze the elemental composition of the
Ti3C2Tx MXene (see in Supplementary Material, Fig. S1), which involved of C, O, Ti, F and Al elements.
Among them, F and Al were mainly from the residual impurities and their contents were notably lower
than C, O, and Ti.

Atomic force microscope (AFM) was employed to further study the morphology of Ti3C2Tx MXene. As
shown in Fig. 1G and 1H, AFM image presented sheets with thickness of about 4 nm, corresponding to
the thickness of 3 layers.

3.2. Electrocatalytic activity of Ti3C2Tx MXene for phenolic
compound oxidation
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The electrocatalytic activity for phenolic compound oxidation of Ti3C2Tx MXene was con�rmed by testing
the electrocatalytic performances with different phenolic substrates, including 1-naphthol, 4-nitrophenol,
and β-estradiol. As shown in Fig. 2 the modi�cation of MXene signi�cantly improved the oxidation
currents for all the three phenolic compounds (DPV curves were seen in Supplementary Material, Fig. S2),
indicating the favourable and comprehensive electrocatalytic activity of Ti3C2Tx MXene for phenolic
compound oxidation. Moreover, it's notable that the oxidation peaks presented distinct shifts to lower
potential, revealing the electron transfer between Ti3C2Tx MXene and phenolic compound.

To further pro�le the unique electrocatalytic activity of Ti3C2Tx MXene, several nanomaterials including
MoS2 nanosheets, WS2 nanosheets, Fe3O4 nanoparticles, TiO2 nanoparticles and bulk Ti3AlC2 were
separately employed as constrast with 1-naphthol as substrate. It's notable that only Ti3C2Tx MXene
presented observable electrocatalytic activity for 1-naphthol oxidation, indicating that the unique
electrocatalytic activity was the intrinsic property of Ti3C2Tx MXene.

To quantitatively present the electrocatalytic activity of Ti3C2Tx MXene for 1-naphthol oxidation, DPV
curves were measured with the addition of 1-naphthol at different concentrations. As shown in Fig. 3A,
the peak current increased with the increasing concentration of 1-naphthol at low concentrations until
reaching about 90 µA. According to Faraday's laws of electrolysis and Michaelis-Menten equation, the
�tting curve was achieved with hyperbola function, where the Michaelis constant was calculated to be
0.22 mM, indicating that Ti3C2Tx MXene possessed strong a�nity to 1-naphthol[34]. Moreover, the
catalytic activity of Ti3C2Tx MXene for 1-naphthol oxidation in homogeneous phase solution was
explored using hydrogen peroxide as oxidant. Fig. 3B displayed the real-time absorbance of the aqueous
solutions at 387.5 nm, including 1-naphthol (curve a), mixture of 1-naphthol and hydrogen peroxide
(curve b), mixture of 1-naphthol, hydrogen peroxide and Ti3C2Tx MXene (curve c), respectively. It could be
seen that the reaction ratio was signi�cantly improved with the addition of Ti3C2Tx MXene, indicating that
Ti3C2Tx MXene could e�ciently catalyze the 1-naphthol oxidation by hydrogen peroxide as well[35] .

To survey the quantitative relation between electrocatalytic activity and amount of Ti3C2Tx MXene,
Ti3C2Tx MXene solutions at different concentrations were employed to modify GCE to test the
electrocatalytic activities for 1-naphthol oxidation, respectively. As shown in Fig. 3C, the Faradic current
increased linearly with the increasing concentration of Ti3C2Tx MXene in low concentration range and
reached a constant in high concentration range, indicating that the electrocatalytic activity was in direct
proportion to the total modi�ed area of Ti3C2Tx MXene �akes but not further improved by the stacking of
the �akes.

3.3. Mechanism study for the catalytic activity of Ti3C2Tx
MXene
The �rst principle calculations are performed to explain the catalytic activity of Ti3C2Tx MXene for 1-
naphthol oxidation. The free energies of 1-naphthol adsorption were �rst calculated to determine whether
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1-naphthol could be adsorbed by Ti3C2Tx MXene. The optimized geometries of 1-naphthol on and
Ti3C2Tx MXene were given in Fig. S3 (see in Supplementary Material), which showed 1-naphthol molecule
adsorbed on the plane surface of Ti3C2Tx MXene in a "lying-down" or "standing-up" manner, with
adsorption energies of -1.18476 and -0.75625 eV, respectively, indicating relative strong physical
adsorption. As a result, the "lying-down" adsorption of 1-naphthol on Ti3C2Tx MXene was critical in the
electrocatalytic oxidation. To further investigate the origin of 1-naphthol adsorption, the differential
charge density of 1-naphthol adsorbed on Ti3C2Tx MXene was calculated. As shown in Fig. 3D, the
changes in charge density caused by 1-naphthol adsorption mainly came from hydroxyl group and
oxygen atoms. Moreover, changes in charge density were also found on the aromatic rings, indicating
that the aromatic structure played a role in leading to the "lying-down" adsorption mode of 1-naphthol on
Ti3C2Tx MXene.

3.4. Optimization of experimental conditions
To achieved optimal analytical performance of the biosensor, some critical experimental conditions were
optimized, including the ratio of walker probe to support probe, and the cleaving time of Nt.BsmAI nicking
endonuclease. As shown in Fig. 4, optimal ratio of walker probe to support probe and cleaving time was
achieved to be 1:20 and 120 min, respectively.

3.5. Analytical performance of the proposed
electrochemical biosensor
To estimate analytical performance of the biosensor, the current responses toward BCR/ABL fusion gene
at different concentrations were recorded under the optimal conditions through DPV measurements. As
shown in Fig. 5A, the detection signal increased with the increasing concentration of target BCR/ABL
fusion gene. The corresponding calibration plots of the peak currents showed a strong linear relationship
to the logarithm value of target BCR/ABL fusion gene concentrations range from 0.2 fM to 20 nΜ with
pearson correlation coe�cient of 0.99836 (Fig. 5B). The linear regression equation was I = 1.00012 × lg
(c/pM) + 11.23074 (c and I stood for the concentration of target BCR/ABL fusion gene and corresponding
peak current value, respectively). The limit of detection was obtained based on three times the average
standard deviation corresponding to blank sample detection, which was calculated to be 0.05 fM.
Comparisons of this biosensor with some reported works for BCR/ABL fusion gene detection are shown
in Table S2, which highlighted the excellent sensitivity of this method in BCR/ABL fusion gene detection
due to the cascading catalytic strategy and DNA walking machine for signal ampli�cation.

Moreover, the speci�city of the biosensor was evaluated by using 3 different DNA oligonucleotides as
references, including a single-base-mismatched strand (B1), a two-base-mismatched strand (B2) and a
noncomplementary strand (B3), all at concentrations of 20 nM. As depicted in Fig. 5C, the response
signals of the single-base-mismatched strand and two-base-mismatched strand were much lower than
the response signal of the target, revealing the good capacity of the biosensor to distinguish base-
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mismatch. The response signal of noncomplementary sequences were approximate to the blank solution,
indicating that the biosensor presented good selectivity for DNA detection.

To evaluate the stability of the proposed biosensor, the modi�ed electrodes were stored at 4°C before use.
As presented in Fig. 5D, there were no obvious differences during the �rst 5 days of storage, and the
current changes were less than 1.58%. After 20 days of storage, the designed biosensor retained 89.40%
of its initial current response, indicating that the proposed biosensor offers satisfactory stability for target
BCR/ABL detection.

3.6. Detection of BCR/ABL fusion gene in human serum
samples
To further validate the applicability of the biosensor to complex biological matrix in clinical application,
different concentrations of target BCR/ABL fusion gene were added to 10-fold-diluted clinical serum
samples and tested with the proposed biosensor. The detection results of BCR/ABL fusion gene in human
serum samples are summarized in Table S3. Satisfactory recovery values were obtained ranging from
93.60–110.42% with relative standard deviations (RSD) between 0.27% and 0.64%. The results suggested
that the proposed biosensor had the potential to be used for the determination of clinical samples.

4. Conclusions
In summary, this work reported the unique catalytic activity of Ti3C2Tx MXene nanozyme for phenols
oxidation and the application to electrochemical biosensor for BCR/ABL fusion gene detection. The
catalytic activity originated from the adsorption capacity of the Ti3C2Tx MXene plane surface towards 1-
naphthol. Theoretic calculation revealed the mechanism that relatively strong interaction was existed
between the surface oxygen atoms of Ti3C2Tx MXene and the phenolic hydroxyl groups. Moreover, the
catalytic activity was strictly proportional to the cover area of the MXene fakes but independent to the
number of stacking layers, which was quite different from traditional nanozymes and signi�cant
bene�ted the quality control of biosensor. Ultrasensitive detection was achieved with the proposed
biosensor, which provided a promising analytical tool for the clinical diagnosis of CML.
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Figure 1

(A) TEM image, (B) HAADF-STEM image and (C-F) STEM-EDS elemental mappings of the Ti3C2Tx
MXene �akes. (G) AFM image of the Ti3C2Tx MXene �akes and (H) the height pro�le along the white line.
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Figure 2

(A) Oxidation currents of different phenolic samples measured with bare GCE and Ti3C2Tx MXene
modi�ed electrode, respectively; (B) Oxidation current of 1-naphthol measured with different materials
modi�ed electrodes.
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Figure 3

(A) Oxidation currents of 1-naphthol at different concentrations measured with Ti3C2Tx MXene modi�ed
electrode; (B) Absorbancy at 387.5 nm of 1-naphthol solution (curve a), mixture of 1-naphthol and
hydrogen peroxide (curve b), mixture of 1-naphthol, hydrogen peroxide and Ti3C2Tx MXene (curve c),
respectively. (C) The Faradic currents measured by electrode modi�ed with Ti3C2Tx MXene at different
concentrations in solution containing 7.0 mM 1-naphthol. (D) Charge density difference of the "lying-
down" adsorption mode. Yellow and blue represent charge accumulation and depletion (isovalue: 0.005
au).
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Figure 4

Optimization of experimental conditions: (A) ratio of walker to support DNA, (B) cleaving time of
Nt.BsmAI nicking endonuclease. The error bars represent the standard deviation of three parallel
measurements.
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Figure 5

Evaluation of the sensitivity and speci�city of the biosensor: (A) DPV curves response of the
electrochemical biosensor upon the increase in target BCR/ABL fusion gene concentration (from bottom
to top: 0 fM, 0.2 fM, 2 fM, 20 fM, 200 fM, 2 pM, 20 pM, 200 pM, and 2 nM, 20 nM, separately) and (B) the
corresponding linear relationship between DPV signal and logarithmic value of target BCR/ABL fusion
gene concentrations. (C) DPV responses of the electrochemical biosensor to different oligonucleotides
(20 nM): (a) BCR/ABL fusion gene (target), (b) single-base-mismatched strand (B1), (c) two-base-
mismatched strand (B2), (d) noncomplementary strand (B3), and (e) blank. (D) Stability of the proposed
biosensor. The error bars represent the standard deviation of three parallel measurements.
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