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MXenes (with chemical formula Mn+1XnTx, 
where M = transition metals such as Ti, 
Sc, V, Nb, Mo, and Cr; X = C and/or N; 
Tx  = surface functional groups, such as 
OH, O, and minor F; n = 1, 2, or 3) 
are synthesized by selectively etching A – 
group sp elements (typically group III A or 
IV A such as Al or Ga) from layered parent 
ternary MAX phases (with chemical for-
mula Mn + 1AXn, where, A = elements 
from groups 13 and 14, such as Al, Ga, 
C, and Si).[3] To date, families of MXenes 
comprising more than 30 members have 
been successfully synthesized, such as 
Ti2CTx, V2CTx, Mo2CTx, and Ti3C2Tx.[3] 
Among them, MXene-Ti3C2Tx nanosheets 
(MXNSs) is the most promising and well-
studied candidate owing to its optimized 
synthesis, high metallic conductivity, high 
strength, high stability, excellent catalytic 
properties, and hydrophilicity with various 
surface functionalities.[1,4,5] Owing to its 
versatile chemistry, MXNSs is a prom-
ising candidate in a plethora of applica-
tions, including supercapacitors, energy 
storage,[6,7] electronics,[8] and catalysis,[5] In 
addition, MXNSs have recently emerged 

as excellent transducing electrode material in electrochemical 
biosensing owing to its active inherent electrochemistry com-
pared with other 2D nanomaterials. Hitherto, several biosen-
sors based on MXNSs have been utilized for the detection of 
prostate specific antigen,[9] phenol,[10] microRNA-182,[11] glu-
cose,[12] acetaminophen, and isoniazid.[13]

In the fabrication of advanced biosensors, the most chal-
lenging issue of arranging nanomaterials into a particular 
position on a patterned electrode with controlled architecture, 
morphology, and thickness should be solved. Many chemi-
cals, as well as physical deposition techniques, have been 
established to assemble 2D nanomaterials (graphene, CNT, 
MoS2, and MXene) over electrodes. Currently, the most pop-
ular approaches for assembling 2D nanomaterials onto elec-
trodes for sensing rely on chemical deposition techniques, 
for example, layer-by-layer assembly,[14,15] spin coating,[16] 
inkjet printing,[17] spray coating,[18] vacuum filtration,[19] and  

Controlled deposition of 2D multilayered nanomaterials onto different 
electrodes to design a highly sensitive biosensing platform utilizing their 
active inherent electrochemistry is extremely challenging. Herein, a green, 
facile, and cost-effective one-pot deposition mechanism of 2D MXene-Ti3C2Tx 
nanosheets (MXNSs) onto conductive electrodes within few minutes via elec-
troplating (termed electroMXenition) is reported for the first time. The redox 
reaction in the colloidal MXNS solution under the effect of a constant applied 
potential generates an electric field, which drives the nanoparticles toward 
a specific electrode interface such that they are cathodically electroplated. 
A task-specific ionic liquid, that is, 4-amino-1-(4-formyl-benzyl) pyridinium 
bromide (AFBPB), is exploited as a multiplex host arena for the substantial 
immobilization of MXNSs and covalent binding of antibodies. A miniaturized, 
single-masked gold dual interdigitated microelectrode (DIDμE) is microfabri-
cated and presented by investigating the benefit of AFBPB coated on MXNSs. 
The resulting MXNSs-AFBPB-film-modified DIDμE biosensor exhibited a 
7× higher redox current than bare electrodes owing to the uniform deposi-
tion. Using Apo-A1 and NMP 22 as model bladder cancer analytes, this newly 
developed dual immunosensor demonstrated precise and large linear ranges 
over five orders of significance with limit of detection values as low as 0.3 and 
0.7 pg mL−1, respectively.

1. Introduction

In recent years, a unique class of 2D multilayered transi-
tion metal carbides (or carbonitrides) and nitrides (known as 
MXenes) has emerged rapidly and gained significant research 
attention since the advent of Ti3C2 in 2011.[1,2] Generally, 
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drop-casting.[20] Among them, drop-casting is the most pop-
ular and widely used technique for assembling nanomaterials 
because it is a facile, economical, and time-saving technique.

For the inherent utilization of 2D MXNSs as electrode mate-
rial in sensors, supercapacitors, solar cells, electronics, opto-
electronics, and many other devices, various solution-based 
deposition techniques have been investigated to fabricate uni-
form and highly conductive thin films or coatings. Typically, 2D 
MXNSs on electrodes of electrochemical sensors are assembled  
using the conventional drop-casting process.[9,11–13] This process,  
although efficient, has intrinsic and recalcitrant shortcom-
ings, such as insufficient film thickness control, morphology 
change, presence of toxic materials, coffee ring effect, and loss 
of active surface area and functional groups.[21,22] Hence, poor 
sensing performance results when detecting low concentra-
tion biomarkers and their long-term reproducibility is lim-
ited. In addition, the precise deposition of homogeneous 
MXNSs on conductive substrates patterned with different 
electrode geometries, such as circular, square, needle, and 
interdigitated (IDE) remains scientifically challenging. There-
fore, a facile, precise, and controlled method of depositing 2D 
MXNSs onto the desired pattern electrodes is highly necessi-
tated. However, this has not been described in any previous 
findings.

Among the well-known wet chemical deposition techniques, 
one method that satisfies all the requirements for the integra-
tion of MXNSs with substrates patterned with different elec-
trode geometries is the electrochemical deposition. Recent 
studies have revealed that 2D materials, such as GO, MoS2, 
and CNT can be easily deposited onto a specific electrode sub-
strate with controlled film morphology and thickness via the 
electrodeposition method.[21,23,24] Generally, MXNSs have high, 
negative zeta potentials owing to the surface terminal groups 
(such as F, OH, and O), which afford their hydrophilic 
nature and render them suitable for forming stable colloids 
containing few-layer MXNSs in various polar solvents.[25] Addi-
tionally, redox-capable transition metal layers on the surface of 
MXNSs enable the latter to be used in the electrochemical dep-
osition method.[26] Therefore, the electrochemical deposition of 
MXNSs on specific patterned electrodes with controlled thick-
ness may be one of the most intriguing methods for obtaining 
large-scale and high-quality MXNS thin films. ElectroMXeni-
tion can occur in two steps, in which the MXene nanoparti-
cles migrate toward the working interface under the effect of 
an electric force resulting from redox cycles, followed by their 
deposition to form a homogeneous MXNS film.

Ionic liquids (ILs), with its intriguing properties such as 
excellent ionic conductivity; wide solubility range; zero vapor 
pressure; high chemical, thermal, and redox stability; and excel-
lent biocompatibility, offer a plethora of design combinations 
by modifying the properties of both organic cations and inor-
ganic anions independently.[27–29] This modification or function-
alization of ILs (known as “task-specific ionic liquids—TSILs”) 
has enabled versatile physicochemical properties, which are 
suitable for specific applications. Hitherto, aldehyde functional-
ized ILs (CHO-IL) have been used frequently for the fabrication 
of ultrasensitive sensors and biosensors.[30–32] The aldehydic 
group of IL can serve as a host for attaching enzymes, biomole
cules, and antibodies directly. However, the electrode surface 

modification or sorption affinity between transducing materials 
(GO, CNT, MoS2, and MXNSs) and ILs through simple physical 
interactions always suffers from poor stability and sensitivity. 
Therefore, multifunctional TSILs comprising different cations 
(4-aminopyridine) and anions (4-(bromomethyl)-benzaldehyde) 
forming 4-amino-1-(4-formyl-benzyl) pyridinium bromide 
(AFBPB) are a possible solution. The aldehydic groups of 
AFBPB can directly capture enzymes or biomolecules through 
a strong covalent bond.[31] In addition, the amine groups 
(NH2) of AFBPB can bind strongly with the hydroxyl OH 
groups of MXNSs through electrostatic interactions and π–π 
stacking.[33,34] To the best of our knowledge, studies regarding 
multifunctional TSIL (AFBPB)-based immunosensing tags 
in the development of sensors or biosensors have not been 
published.

Miniaturized advanced electrochemical biosensors 
employing the IDE microelectrode array configuration is a 
geometry of interest for ultrasensitive point-of-care applica-
tions owing to its signal-transducing capability by enhanced 
redox cycling between adjacent comb-shaped electrode pairs.[35] 
Although challenging, the specific and stable modification of 
electrode arrays using 2D and 3D transducing nanomaterials is 
necessitated to utilize the enhanced redox cycling effect of IDEs 
for electrochemical sensors. Therefore, the suitable modifica-
tion method, electrode design geometry, and system are key in 
circumventing the aforementioned challenges.

We herein report a green, facile, and cost-effective one-
pot deposition mechanism of 2D MXNSs for developing 
high-performance electrochemical biosensors via electro-
plating technique (termed electroMXenition) for the first 
time (Figure 1A–C). The deposition uniformity of MXNSs at 
room temperature under different electroMXenition times, 
with optimized concentration and constant voltage, was care-
fully investigated (Figure 1D). MXNSs (Ti3C2Tx) were carefully 
synthesized by the optimized minimally intensive layer delami-
nation (MILD) method,[2] which involved the selective etching 
of aluminum layers from its precursor MAX phases (Ti3AlC2) 
(Figure 2A). Furthermore, a TSIL, that is, AFBPB, comprising 
cation (4-aminopyridine) and anion (4-(bromomethyl)-benza-
ldehyde) was synthesized and implemented on the surface of 
MXNSs to fabricate a model bio-electrochemical dual-sensing 
platform (Figure 2B,C,D). The aldehydic groups of AFBPB can 
directly capture the enzymes or biomolecules through a strong 
covalent bond. Additionally, the amine groups of AFBPB bind 
strongly with the hydroxyl OH groups of MXNSs through 
electrostatic interactions and π–π stacking.

As a proof of concept, two model protein biomarkers in 
urine related to bladder cancer (Apo-A1 and NMP 22) progres-
sion were tested using the newly designed dual immunosensor. 
The fabricated device is characterized and evaluated by meas-
uring its sensitivity, selectivity, and reproducibility with a limit 
of detection (LOD) values to meet clinical requirements.

2. Results and Discussion
2.1. Electroplating Technique of MXNSs–ElectroMXenition

Figure  1A shows the schematic diagram of a custom-
ized electrolyte bath and the electroMXenition process. 
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Premicrofabricated conductive gold dual interdigitated micro-
electrodes (DIDμEs) and flexible indium tin oxide (ITO) elec-
trode (See Figure  1B and Figure S4, Supporting Information) 

were used as a working electrode on which electroMXenition 
was performed, whereas a Pt rod was selected as a counter elec-
trode. These two electrodes at a distance of ≈2 cm were dipped 

Figure 1.  A) Schematic illustration of the customized electrolyte bath and the electroMXenition process. B) Standard single-masked UV photolitho
graphy and etching procedures to fabricate DIDμE. C) Mapping of the sensor, an optical image of the real sensor, and FESEM images of the top and 
cross-sectional views of the interdigitated patterns. D) Uniformity and redox performance analysis of the MXNSs onto DIDμEs at room temperature 
using FESEM and CV (in 5 mm K3/K4 solution) under different electroMXenition times (1–3 min), with optimized concentration and constant voltage.
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in parallel into an aqueous solution of dimethyl sulfoxide 
(DMSO) containing colloidal MXNSs (Ti3C2Tx) as an electro-
lyte. The MXNSs dispersed completely and were highly stable 
in organic solvent DMSO (Figure S1, Supporting Information) 

owing to their hydrophilic nature and highly negative zeta (ζ) 
potential in the range of −40 to −70  mV.[25] The appropriate 
viscosity and dispersibility rendered DMSO suitable for sus-
pending MXNSs. Furthermore, its slow evaporation rate 

Figure 2.  A) Schematic illustration of the MXNSs-Ti3C2Tx synthesis procedure. B) Schematic illustration of multifunctional 4-amino-1-(4-formyl-benzyl) 
pyridinium bromide (AFBPB) TSIL synthesis procedure. C) Schematic illustration of MXNS functionalization using AFBPB. D) Schematic illustration 
of the different steps involved in the fabrication of the immunosensor for Apo-A1 and NMP 22 detection.
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enabled a timely arrangement of the nanosheets on the elec-
trodes after the nanosheets were dispersed uniformly.

Ti C Ti C OH H3 2
In water

3 2 2 2( ) → + � (1)

The overall resistance (RT) of the external circuit of the 
system can be calculated using the following equation.[24]

R
V

I
R RT EB C= = + � (2)

where RT is the total resistance of the external circuit; V and 
I are the applied voltage and current, respectively; REB is the 
electrolyte bath resistance associated with the electrolyte’s 
concentration and the densities of related ions in solution; RC 
is the total contact resistance at the DIDμEs and Pt rod elec-
trode, which primarily depend on the electrode configuration, 
including the distance between electrodes and the effective 
reaction area. As such, the value of RT may vary over time 
and hence extremely difficult to control. Therefore, a constant 
voltage source was maintained during the electroMXenition to 
circumvent the unstable variables.

Under a constant applied potential, a redox reaction occurred 
in the colloidal MXNS suspension. This phenomenon eventu-
ally generated an electric field that caused the nanoparticles to 
gather near the electrode interface; finally, they were cathodi-
cally electrodeposited onto the specific electrodes to form crys-
talline MXNSs. Moreover, the evolution of gas bubbles at the 
cathode during electroMXenition ensured the deposition of 
MXNSs on the electrodes.

During electroMXenition, the assumed overall redox reac-
tion in the electrolytic solution for the formation of crystalline 
MXNSs (Ti3C2) can be expressed as follows:

Ti C H O 3Ti CO C 2H 11e3 2 2
3+ → + + + ++ + −� (3)

Ti C 7H O 3TiO CO C 14H 20e3 2 2 2
2+ → + + + ++ + − � (4)

Ti e Ti4 3+ =+ − +� (5)

Ti 3e Ti3 + =+ − � (6)

According to the reaction above, the Ti4+ species can be 
reduced to Ti3+ on the working electrode, and the elemental 
carbon can serve as a carbide source for the crystallization of 
Ti3C2Tx. Some C atoms may lose due to the evolution of CO 
or CO2 during the anodic dissolution of Ti3C2.[36] During reac-
tion, Ti3C2 produces Ti3+ and CO as primary products, then 
Ti3+ undergoes immediate oxidation at the electrode interfaces 
whereas CO may either oxidized to CO2 or desorb.[36] Moreover, 
oxidation of Ti3C2 may produce some TiO2 anatase.[37] The for-
mation of crystalline Ti3C2Tx was further revealed from field 
emission scanning electron microscopy (FESEM), transmis-
sion electron microscopy (TEM), energy dispersive spectrom-
etry (EDS), X-ray diffraction (XRD), Fourier-transform infrared 
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), 
and Raman spectroscopy as will be described in the Experi-
mental Section and Supporting Information.

To analyze the dependence of the MXNS uniformity (U) on 
the electroMXenition parameters, the following expression was 
used:

C V tU Function , , ,( )≡ ± � (7)

where ± represents the counter and working electrode, C is the 
concentration of the electrolyte (colloidal MXNSs in DMSO), V 
is the constant applied voltage, and t is the electroMXenition 
time. We investigated the deposition uniformity of the MXNSs 
at room temperature under different electroMXenition times of 
1, 2, and 3 min, with an optimized concentration (2 mg mL−1), 
and constant voltage. The homogeneity and uniformity of the  
MXNSs increased successively with the electroMXenition time 
(t), as shown in Figure  1D. Figure S4, Supporting Informa-
tion, indicates that the color of the ITO films became darker 
when the electroMXenition time (t) increased. Figure S5A–D, 
Supporting Information, shows the optical image of the as-
deposited MXNSs on the ITO electrode for 3  min and their 
corresponding low and high-resolution FESEM images of the 
as-deposited MXNSs. However, to avoid an electrical connec-
tion between the two combs, the deposition time (t) was lim-
ited to 3  min. The uniformity and redox performance of the 
MXNSs onto the DIDμEs was evaluated using FESEM and 
cyclic voltammetry (CV) (in 5 mm K3/K4 solution), as shown in 
Figure 1D. The redox current for the 1 min deposited DIDμEs 
was comparatively lower than that of the 2 min deposited elec-
trode as the uniformity of the MXNSs for 1 min was lower than 
that for 2 min. On the contrary, the 3 min deposited DIDμEs 
exhibited the highest redox current owing to the best uniform 
deposition of MXNSs. Finally, we selected the 3 min electroMX-
enition time for the uniform and conformal deposition of 
MXNSs on specific DIDμEs.

2.2. Materials Characterization (As-Deposited MXNSs and 
Post-Treated MXNSs–AFBPB)

The as-deposited homogeneous MXNSs and MXNSs–AFBPB-
modified DIDμEs were characterized by FESEM, TEM, EDS, 
XRD, FTIR, and XPS. The successful synthesis of multifunc-
tional AFBPB TSILs was confirmed and characterized by 1H 
and 13C NMR using ChemDraw software (Figures S2 and S3, 
Supporting Information). The chemical interaction between 
MXNSs and AFBPB was further analyzed by Raman spec-
troscopy (Figure S8, Supporting Information). We also dem-
onstrated the advantage of the present deposition method 
of MXNSs as compared to other methods, drop-casting and 
electrophoretic deposition method (EPD) (in terms of film 
structure, morphology, the orientation of MXene flakes, 
chemical composition, electrochemical performances, etc.), 
through experimental results (Figures S7 and S9, Supporting 
Information).

The conformal deposition and morphologies of MXNSs 
and AFBPB onto DIDμEs were characterized using FESEM 
analysis (Figure 3A–F). After electroMXenition for 3 min, the 
surface of the DIDμEs became darker and rougher owing to 
the uniform deposition of MXNSs onto DIDμEs. From the 
zoom views of the MXNS-deposited DIDμEs marked by the 
rectangle in Figure  3A–E, one can distinctly observe that  
the nanosheets are uniformly deposited on each specific comb. 
The high magnification image (Figure  3E) exhibits the loose 
multilayered accordion-like structure of MXNSs-Ti3C2Tx 
and the average thickness of the MXNS layers is less than 
40  nm.[38] After an AFBPB deposition (Figure  3F) on the 
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MXNSs, the IL nanoparticles (less than 20 nm) are uniformly 
distributed between the Ti3C2Tx multilayer and surface. It is 
noteworthy that the deposition of AFBPB with excellent ionic 

conductivity and biocompatibility can serve as a multiple host 
platform for a substantial bonding with biomolecules and 
MXNSs.

Figure 3.  A–E) Low- and high-magnification FESEM images of MXNSs on DIDμEs. F) High-resolution FESEM image of TSIL AFBPB (4-amino-1-(4-
formyl-benzyl) pyridinium bromide) onto MXNSs. G) EDS spectra and elemental weight percentage analysis of MAX phase (Ti3AlC2), MXNSs (Ti3C2Tx), 
and MXNS–AFBPB. H) XRD pattern analysis of MAX phase (Ti3AlC2), MXNSs (Ti3C2Tx), and MXNS–AFBPB. I) FTIR spectra analysis of MAX phase 
(Ti3AlC2), MXNSs (Ti3C2Tx), and MXNS–AFBPB.
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The existence of compositional elements and their weight 
percentages in the as-deposited MXNSs and MXNSs-AFBPB 
were characterized by EDS analysis (Figure 3G).

The parent MAX phases (Ti3AlC2) exhibited a distinct alu-
minum (Al) peak (15.09%). After a successful etching, the Al peak 
(1.09%) nearly vanished and the element fluorine (F) (16.99%) 
occurred; moreover, the percentage of oxygen (O) increased in 
the as-deposited MXNSs (Ti3C2Tx). By contrast, the EDS spectra 
of MXNSs–AFBPB exhibited the additional peaks of nitrogen 
(N) (1.51%) and bromine (Br) (2.49%), implying the grafting of 
NH2 on the as-deposited MXNSs resulting from AFBPB.

The conformal deposition and crystal structure of the 
as-deposited MXNSs and post-treated MXNSs–AFBPB films 
were also confirmed by XRD analysis (Figure  3H). The dis-
appearance of the intense XRD peak of the MAX phases 
(Ti3AlC2) at a 2θ of 38.6° suggested the etching of Al layers in 
the as-deposited MXNSs.[39] Meanwhile, the (002) peak of the as-
deposited MXNSs lost its intensity and shifted to lower angles 
(9.5° to 7.3°) owing to the loss of crystallinity and the increase 
in d-spacing.[9] Moreover, after the introduction of AFBPB in 
MXNSs, the 2θ angle shifted to 6.5°, demonstrating the successful 
bonding between the NH2 group of AFBPB and MXNSs.

After the etching and exfoliation of the MAX phase (Ti3AlC2), 
the FTIR spectra (Figure  3I) of the as-deposited MXNSs 
(Ti3C2Tx) showed the major characteristic bands at 3240 (OH), 
1704 (CO), 1490 (OH), 1050 (CF), and 670 cm−1 (TiO) 
respectively, which agreed well with findings in previous 
studies.[40,41] In the case of MXNSs-AFBPB, two intense peaks at 
1420 and 3210 cm−1 corresponded to the free aldehydic (CO) 
and bending amine groups (NH) of the AFBPB, respec-
tively. Moreover, the peak at 1680 cm−1 indicated the forma-
tion of an imine bond (CN) between the NH2 and OH 
groups of AFBPB and the MXNSs, respectively, through elec-
trostatic interactions and π–π stacking.[31] This indicated that 
AFBPB was successfully grafted on the as-deposited MXNSs.

High-resolution XPS was utilized to characterize the chem-
ical and valence states of the as-deposited MXNSs (Ti3C2Tx) 
and MXNSs-AFBPB (Figure  4A–F). The wide survey scans of 
MXNSs (Figure  4A) exhibited the existence of O and F along 
with the core constituent elements Ti and C, indicating the pos-
sible surface functionalization during etching and exfoliation. 
By contrast, the XPS survey scans of MXNSs–AFBPB indicated 
the presence of Br, N, O, F, Ti, and C, suggesting the uniform 
distribution of AFBPB on the MXNSs. The presence of N 1s and 
Br 3d peaks in MXNSs-AFBPB confirmed the grafting of AFBPB 
on MXNSs (Figure 4B,C). The deconvoluted C 1 s spectra of the 
MAX phase (Figure  4D) can be obtained by fitting six binding 
energies at 280.44 (CTi), 282.01 (CTiO), 284.14 (CC), 
285.66 (CO), 287.94 (CAl), and 289.46  eV (CF).[9] After 
etching, the peak at 287.94 eV corresponding to the CAl group 
almost disappeared in the as-deposited MXNSs (Figure 4E). In 
the C 1s spectrum of MXNSs-AFBPB (Figure 4F), the intensity 
of the CTi peak decreases, whereas a new peak at 286.26 eV 
was observed for CN owing to the successful amidation reac-
tion between AFBPB and the MXNSs. Furthermore, the pre-
dominant peak located at 286.26  eV for COH confirmed the 
presence of free aldehydic groups in MXNSs-AFBPB.

The high-resolution scans of the Ti 2p core level of the as-
deposited MXNSs (Figure S6, Supporting information) can be 

deconvoluted with two sets of doublets, Ti 2p3/2 and Ti 2p1/2, 
separated by 10  eV. The high-resolution Ti 2p3/2 region com-
bined with four peaks at 455.23, 457.11, 459.06, and 461.03  eV 
correspond to TiC (Ti+), TiX (Ti2+), TixOy (Ti3+), and TiO2 
(Ti4+), respectively.[42] By contrast, the Ti 2p1/2 region associated 
with CTiOx and TiO groups were located at 462.91 and 
464.86 eV, respectively.[43]

2.3. Fabrication and Characterization of Dual Immunosensor 
Utilizing MXNSs–AFBPB Bioconjugates

The design of miniaturized and highly sensitive electrochem-
ical biosensors for multiplexed analysis can be varied based 
on fabrication strategy, geometry, and detection requirements. 
Therefore, to satisfy the requirements for detecting two cancer 
biomarkers simultaneously with the advantage of an IDE geo
metry for enhancing sensitivity and detection limits, the bio-
sensor was fabricated elaborately. The DIDμEs were fabricated 
on a Si/SiO2 substrate by standard photolithography and etching 
processes (Figure 1B), which are briefly described in the Experi-
mental Section. The gold DIDμEs measured 25 mm × 2.5 mm ×  
0.002  mm with two circular-IDE working electrodes (each 
3 mm-Ø) including one common counter and a reference elec-
trode. Each working electrode was composed of 190 pairs of IDE 
gold electrodes (5/10  µm, electrode width/gap). A photograph 
of the fabricated DIDμE biosensor and the FESEM images of 
the top and cross-sectional views of the IDE patterns are shown 
in Figure  1C. To enhance the performance of the DIDμEs for 
the simultaneous detection of Apo-A1 (W1) and NMP 22 (W2), 
various transducing materials and biomolecules were inte-
grated to embellish the sensing interface. More importantly, the 
MXNSs were first deposited via electroMXenition to enhance 
the active interface of the electrode and increase the simulta-
neous redox reaction between the adjacent combs. For the direct 
immobilization of enzymes in the immunosensor, AFBPB, a 
multifunctional TSIL, was loaded to the surface of the MXNSs 
by π–π and electrostatic absorption, which enhanced the ionic 
conductivity and biocompatibility. The MXNSs inherited many 
surface functional groups (OH, O, and F); therefore, the 
negatively charged surface bonded with the positively charged 
amine groups of AFBPB. Meanwhile, the free aldehydic groups 
(CHO) of AFBPB directly captured the enzymes or biomole-
cules through a strong covalent bond. Finally, Apo-A1 and NMP 
22 antibodies were immobilized separately on the surface of 
MXNSs–AFBPB nanocomposites to form W1/MXNSs–AFBPB/
Apo-A1 (immunosensor for Apo-A1 determination) and W2/
MXNSs-AFBPB/NMP 22 (immunosensor for NMP 22 determi-
nation) bioconjugates for immunosensors. The different steps 
involved in the construction and functioning of the dual Apo-A1 
and NMP 22 immunosensor was characterized by CV and elec-
trochemical impedance spectroscopy (EIS) in 5 mm K3/K4, and 
the results and discussions are provided in the Section 2.3.2.

2.3.1. Optimization of Sensing Conditions

Figure  5A shows the exact measurement and sensing setup 
of the DIDμE biosensor in PBS (pH 7.4) containing a 5.0 mm  
k3/K4 solution.
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The pH value of PBS affected the electro-analytical behavior 
of the immunosensors significantly. Therefore, to confirm the 
optimized pH, a series of PBS with various pH values ranging 
from 5.5 to 8.5 was investigated (Figure  5B). The results 
implied that PBS at pH = 7.4 exhibited the best electrochemical 
performance. Hence, PBS at pH = 7.4 was adapted for the fol-
lowing electrochemical experiments throughout this study.

The concentration of the AFBPB-loading solution on the 
surface of the MXNSs is critical as it affects antibody immo-
bilization and the electro-analytical performance. Hence, dif-
ferential pulse voltammetry (DPV) responses were observed 
by loading different concentrations of AFBPB (Figure  5C). 
The DPV currents of the immunosensor increased exponen-
tially with the increasing concentration of AFBPB until the 
loading concentration reached 5  mg mL−1; subsequently, the 
current began decreasing owing to the agglomeration of IL, 
resulting in a limited electron transfer on the working inter-
face. Moreover, excess concentrations of the AFBPB-loading 
solution resulted in a higher background signal and therefore 
decreased the sensing accuracy and sensitivity of the immu-
nosensors. Hence, 5 mg mL−1 of AFBPB-loading solution was 
selected as the optimal concentration for constructing the 
immunosensors.

The effect of the immunoreaction time for the formation of 
an antigen–antibody immunocomplex is an essential parameter 
affecting the sensitivity and selectivity of the immunosen-
sors. As shown in Figure 5D,E, the DPV responses for Apo-A1 
and NMP 22 decreased linearly from 5 to 40 min because the 
appropriate reaction between the antigen–antibody forming 
immunocomplex would consume some time. After 40 min, the 

responses of both immunosensors saturated. Hence, 40  min 
was finalized as a sufficient immunoreaction time for both 
Apo-A1 and NMP 22.

2.3.2. Electrochemical Characterization of DIDμE Immunosensors

The different function and modification steps included in 
the fabrication of the dual immunosensors were investigated 
through CV and EIS using PBS (pH 7.4) containing a 5.0 mm 
k3/K4 solution as a redox marker, and the results are shown in 
Figure 5F–I. After electroMXenition, the redox peak currents at 
W1 and W2 (Figure 5F,G, curve b) increased by almost 5× over 
bare electrodes (Figure 5F,G, curve a). This illustrates that the 
highly conductive accordion-like expanded layers of the MXNSs 
extended the active surface area and facilitated electron transfer 
at the interface of the electrode simultaneously. After the 
loading of AFBPB on the MXNSs (Figure  5F,G, curve c), the 
redox peaks further increased by 2×, implying that the grafting 
of AFBPB on the MXNSs enhanced the synergistic electro-
chemical effect. With the consecutive deposition of anti-Apo 
A1 and anti-NMP 22 on both electrodes (Figure  5F,G, curve 
d) followed by BSA immobilization (Figure 5F,G, curve e), the 
peak currents decreased because the surface of the electrodes 
was oriented by the insulating enzyme and protein, hence hin-
dering the electron transfer in the interface of the electrode.[44] 
When Apo A1(1 ng mL−1) and NMP 22 (1 ng mL−1) were com-
bined with the associated antibody, the redox peak currents 
decreased significantly (Figure  5F,G, curve f), suggesting the 
successful fabrication of the immunosensors.[45]

Figure 4.  A) Survey XPS spectra of MXNSs and MXNSs–AFBPB. B) High-resolution N1s spectra of MXNSs and MXNSs–AFBPB. C) High-resolution Br 
3d spectra of MXNSs and MXNSs–AFBPB. D) C1s spectra of MAX phase. E) C1s spectra of MXNSs. F) C1s spectra of MXNS–AFBPB.
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The interfacial physicochemical interactions included in 
each fabrication step of the dual immunosensor was further 
explored by EIS (Figure  5H,I). The diameter of the semi-
circle Nyquist plot represents the interface resistance (Ri) 
of the electrode.[46] The bare W1 and W2 (Figure  5H,I, curve 
a) showed large semicircle Nyquist plots with Ri of 1397 and 
1447 Ω, respectively. After electroMXenition, Ri at W1 and W2 
(Figure  5H,I, curve b) decreased significantly to 586.5 and 
569.5 Ω, respectively, which can be ascribed to the excellent 
electro-conductibility of the MXNSs. When AFBPB was assem-
bled on both electrodes (Figure  5H,I, curve c), Ri decreased 
slightly to 400.6 and 466.9 Ω, respectively, suggesting 
that AFBPB could also enhance the electron transfer. The  

subsequent deposition of anti-Apo A1 and anti-NMP 22 on 
both electrodes (Figure  5F,G, curve d) yielded higher Ri of 
494.8 and 509.8 Ω, respectively, implying the successful deco-
ration of the antibody; Ri increased successively to 699.2 and  
769.1 Ω, respectively, when the electrodes were further  
modified using BSA (Figure  5H,I, curve e). However, when 
Apo A1(1 ng mL−1) and NMP 22 (1 ng mL−1) were immobilized 
(Figure 5H,I, curve f), Ri increased significantly to 1098.3 and 
1148.7 Ω, respectively, confirming the successful construction 
of the immunosensors.[46]

The consistent results of CV and EIS demonstrated the suc-
cessful fabrication of the dual immunosensors for the simulta-
neous detection of Apo A1 and NMP 22.

Figure 5.  A) Measurement setup of the dual immunosensor in PBS (pH 7.4) containing 5.0  mm k3/K4 redox solution. B) pH value optimization.  
C) Loading concentration optimization of AFBPB onto MXNSs. D) Incubation time optimization for Apo-A1 (W1). E) Incubation time optimization for 
NMP 22 (W2). F) CVs of different fabrication steps for electrode W1, Apo-A1: a) DIDμEs, b) DIDμEs/MXNSs, c) DIDμEs/MXNSs–AFBPB, d) DIDμEs/
MXNSs–AFBPB/Anti-Apo-A1, e) DIDμEs/MXNSs–AFBPB/Anti-Apo-A1/BSA, and f) DIDμEs/MXNSs–AFBPB/Anti-Apo-A1/BSA/Apo-A1. G) CV of dif-
ferent fabrication steps for W2, NMP 22: a) DIDμEs, b) DIDμEs/MXNSs, c) DIDμEs/MXNSs–AFBPB, d) DIDμEs/MXNSs–AFBPB/anti-NMP 22, 
e) DIDμEs/MXNSs–AFBPB/anti-NMP 22/BSA, and f) DIDμEs/MXNSs–AFBPB/anti-NMP 22/BSA/NMP22. H) EIS of different fabrication steps for 
electrode W1, Apo-A1: a) DIDμEs, b) DIDμEs/MXNSs, c) DIDμEs/MXNSs–AFBPB, d) DIDμEs/MXNSs–AFBPB/Anti-Apo-A1, e) DIDμEs/MXNSs–
AFBPB/Anti-Apo-A1/BSA, and f) DIDμEs/MXNSs-AFBPB/Anti-Apo-A1/BSA/Apo-A1. I) EIS of different fabrication steps for W2, NMP 22: a) DIDμEs, 
b) DIDμEs/MXNSs, c) DIDμEs/MXNSs–AFBPB, d) DIDμEs/MXNSs–AFBPB/anti-NMP 22, e) DIDμEs/MXNSs–AFBPB/anti-NMP 22/BSA, and  
f) DIDμEs/MXNSs–AFBPB/anti-NMP 22/BSA/NMP22.
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2.3.3. Simultaneous Detection of Apo-A1 and NMP 22

To detect the ultrasensitive immunoreaction between the anti-
body and antigen on the as-fabricated dual immunosensors, 
DPV was employed as it is the most sensitive and advanced 
technique compared with other analytical techniques. Under 
ideal conditions, where the background response is stable, 
the DPV currents in the (PBS, pH 7.4  + 5.0  mm k3/K4) redox 
marker for the simultaneous detection of Apo-A1 and NMP 22 
on the immunosensors (W1 and W2) decreased with increasing 
concentrations of antigens owing to the insulating immu-
nocomplex layer on the working electrodes (Figure  6A,C). 
Both calibration graphs show negative collinear relationships 
between the DPV peak currents and the log10 concentrations of 
the analytes ranging from 0.1 pg mL−1 to 50 ng mL−1 with the 
regression coefficients (R2) of 0.997 and 0.995 for Apo-A1 and 

NMP 22, respectively (Figure 6B,D, respectively). The calculated 
LOD values for Apo-A1 and NMP 22 were 0.3 and 0.7 pg mL−1 
at a signal-to-noise ratio of 3, respectively, which were approxi-
mately five orders of magnitude lower than the clinically accept-
able level in human urine.[47,48] The superior electro-analytical 
performance, including ultralow LOD values and large linear 
ranges for multiplexed analysis, render the specially designed 
DIDμE immunosensors extremely promising in practical appli-
cations compared with previously reported immunosensors 
(Tables S1 and S2, Supporting Information,).

2.3.4. Cross-talk, Selectivity, Reproducibility, and Stability of 
DIDμEs Immunosensors

The relevant cross-talking between the target proteins and non-
cognate proteins was evaluated on the neighboring modified 

Figure 6.  A) DPV response for Apo-A1 (W1) detection at different concentrations of Apo-A1 (0.1 pg mL−1–50 ng mL−1) in PBS (pH 7.4) containing 
5.0 mm k3/K4 redox solution. B) Corresponding calibration plot for Apo-A1. C) DPV response for NMP 22 (W2) detection at different concentrations 
of NMP 22 (0.1 pg mL−1 to 50 ng mL−1) in PBS (pH 7.4) containing 5.0 mm k3/K4 redox solution. D) Corresponding calibration plot for NMP 22.  
E) Cross-talk analysis of the dual immunosensor for W1 and W2. F) Selectivity measurement for the W1 (Apo-A1) electrode against various interferents. 
G) Selectivity measurement for the W2 (NMP 22) electrode against various interferents. H) Reproducibility test of the dual immunosensor. I) Stability 
test of the dual immunosensor.
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W1 (immunosensor for Apo-A1 determination) and W2 (immu-
nosensor for NMP 22 determination) surfaces by measuring 
the DPV currents on both immunosensors incubated with 
target proteins, a blank solution, and noncognate proteins with 
10× higher concentration. Both Apo-A1 and NMP 22 immu-
nosensors demonstrated clear DPV responses only toward their 
associated proteins (Figure  6E), implying the successful fabri-
cation of cross-talk-free immunosensors for the simultaneous 
detection of Apo-A1 and NMP 22 in a single test.

The presence of different noncognate proteins in real samples 
may deteriorate the validity and practicability of the developed 
immunosensors. Therefore, a selectivity test was performed by  
comparing the DPV currents for 1  ng mL−1 of Apo-A1 and 
NMP 22 against other possible noncognate proteins, such as 
HER2, MUC1, AA, UA, and BSA with 50× higher concentrations. 
The results from the plotted bar graphs (Figure 6F,G) validate 
the high specificity and selectivity of the developed immu-
nosensors toward only Apo-A1 and NMP 22. The DPV peak 
current variation owing to noncognate proteins was the same 
as those of the immunosensors without Apo-A1 and NMP 22.

Generally, reproducibility is an important factor in the prac-
tical application of any immunosensor. Hence, the reproduc-
ibility of the developed DIDμE immunosensors was assessed on 
five individual dual electrodes by detecting the DPV currents of 
1 ng mL−1 of Apo-A1 and NMP 22 individually under ideal condi-
tions. The obtained relative standard deviation (RSD%) from the 
bar graphs plotted for Apo-A1 and NMP 22 was 3.26% and 3.39% 
(Figure  6H), respectively, suggesting satisfactory reproducibility 
features of the developed DIDμE immunosensors.[47,48]

The long-term stability of MXNS-based immunosensors 
remains challenging owing to the oxidation of Ti3C2Tx over 
time in liquid or humid air. Therefore, the storage stability of 
the developed DIDμE immunosensors was verified by detecting 
the DVP currents of 1 ng mL−1 of Apo-A1 and NMP 22 individu-
ally under optimal conditions (Figure 6I). Up to five weeks, over 
95% of the initial DPV responses remained for both Apo-A1 
and NMP 22, revealing the long-term self-lifetime of the DIDμE 
immunosensors.[45]

2.3.5. Analysis of Human Urine Samples

To investigate the analytical feasibility and reliability of the 
developed DIDμE immunosensors for potential clinical 

applications, a standard addition method was employed to 
identify the real recoveries of various concentrations of spiked 
Apo-A1 and NMP 22 in human urine samples (Tables 1 and 2). 
The recovery ranges of Apo-A1 and NMP 22 were 104.1–96.78% 
and 103.1–101.6%, respectively, demonstrating the reliability 
and practicability of the developed DIDμE immunosensors.

3. Conclusion

In summary, we demonstrated that MXNSs can be precisely 
and uniformly deposited on different sensing electrodes at 
room temperature within a few minutes via electroMXenition 
using a DMSO suspension with colloidal Ti3C2 nanosheets as 
an electrolyte. DMSO is a unique electrolyte for electroMXeni-
tion because MXNSs disperse completely and is highly stable 
in this organic solvent. We demonstrated that the precise uni-
formity of MXNSs on DIDμEs and ITO was achievable within 
3  min at room temperature by varying the electroMXenition 
parameters optimally. Furthermore, a multifunctional TSIL, 
that is, AFBPB, was newly synthesized and implemented onto 
MXNSs to fabricate a label-free dual immunosensing platform. 
The resulting MXNSs-AFBPB-film-modified DIDμE label-
free biosensor demonstrated a 7× higher redox current than 
bare electrodes owing to the uniform and specific deposition 
of conducting MXNSs and AFBPB. Under optimized condi-
tions, the proposed dual immunosensor demonstrated a wide 
linear response range (0.1 pg mL−1 to 50 ng mL−1), lower detec-
tion limits (0.3 pg mL−1 and 0.7 pg mL−1), excellent selectivity, 
good reproducibility, and acceptable practicability in the human 
urine for Apo-A1 and NMP 22 detections, respectively, which 
satisfied clinical requirements. This versatile solution-based 
electroMXenition technique enables the deposition of low-cost, 
large-area, and high-quality MXNSs onto conductive electrodes, 
which is applicable to not only biosensing, but also electronics, 
optoelectronics, catalysis, and renewable energy.

4. Experimental Section
Chemicals and Apparatus: Explained in the Supporting Information.
Synthesis of MXNSs (Ti3C2Tx): MXNSs (Ti3C2Tx) were synthesized 

using the optimized MILD method, which involved the particular 
etching of aluminum layers from its pristine MAX phases (Ti3AlC2) 

Table 1.  Determination of Apo-A1 in human urine samples using the fabricated immunosensor (W1).

Urine sample [ng mL−1] Added concentration [ng mL−1] Detected concentration [ng mL−1] Average concentration [ng mL−1] RSD [%] Recovery [%]

0.5 5 5.63, 5.80, 5.76 5.73 1.55 104.1

15 15.81, 14.90, 15.90 15.53 3.56 100.1

20 18.06, 20.60, 20.86 19.84 7.8 96.78

Table 2.  Determination of NMP 22 in human urine samples using the fabricated immunosensor (W2).

Urine sample [ng mL−1] Added concentration [ng mL−1] Detected concentration [ng mL−1] Average concentration [ng mL−1] RSD [%] Recovery [%]

1.0 5 6.18, 6.08, 6.30 6.18 1.78 103.1

10 11.20, 11.32, 11.06 11.19 1.16 101.7

20 21.43, 21.41, 21.20 21.34 0.60 101.6
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(Figure 2A).[2] First, 0.6 g of LiF was gently added to 8 mL of 9 m HCl; 
subsequently, the etchant solution was stirred for 10 min, followed by the 
addition of 0.3 g of Ti3AlC2 powder gradually and allowing it to run for 
24 h. The acidic solution was rinsed frequently with deionized H2O (DI) 
via centrifugation (7000 rpm per 10 min cycle) for multiple times until its 
pH neutralized to ≈(6–7). After that, the collected dark black supernatant 
was dispersed in DI H2O and ice bath sonicated for 1 h to delaminate 
the MXNSs, followed by 10 min centrifugation (10 000 rpm). Finally, the 
stable black MXNSs were extracted by centrifugation and dried for 36 h 
at 40 °C using a vacuum oven to obtain fine powder.

Synthesis of AFBPB TSIL: The synthesis procedure for multifunctional 
AFBPB is shown in Figure 2B. While stirring the solution of acetonitrile 
(5  mL), 4-aminopyridine (0.047  g, 0.5  mm), and 4-(bromomethyl)- 
benzaldehyde (0.099  g, 0.5  mm) were sequentially added, forming a 
colorless mixture, which was refluxed for 15 h at 80  °C. Subsequently, 
ethyl acetate was used as an anti-solvent to recrystallize and purify the 
turbid mixture from acetonitrile. Finally, separating the supernatant 
by filtering, the obtained white precipitate was dried (yield 0.12  g) and 
dispersed into ethanol for further use.

Fabrication of DIDμEs: The fabrication steps of DIDμEs by standard 
single-masked UV photolithography and etching procedures for sensor 
patterning and designing are schematically illustrated in Figure  1B. 
Briefly, a positive tone photoresist (PR; GRX 601) was spin coated at 
500 rpm for 5 s followed by 3000 rpm for 30 s onto the surface of SiO2/
Au and soft baked at 95 °C for 120 s. Subsequently, a pattern-designed 
chrome mask with 190 IDE fingers (width = 10 µm, thickness = 2 µm, 
and gap = 5 µm) was transferred onto the PR coated substrate through 
UV light (365  nm) exposure. The UV-exposed SiO2/Au substrate was 
dipped into a developer (AZ 3000MIF) for ≈60 s to develop a negative 
pattern of the patterned mask; subsequently, it was cleaned vigorously 
with DI water followed by a hard bake at 110 °C for 10 min. Finally, the 
PR-patterned SiO2/Au substrate was dipped and shaken gently in an Au 
etchant for 20–30 s, which resulted in the formation of DIDμEs on the 
substrate.

Fabrication of Dual Immunosensors: The different steps included in 
the fabrication of the dual immunosensor (W1: Apo-A1 and W2: NMP 
22) are schematically illustrated in Figure  2D. First, MXNSs were 
deposited onto specific IDEs of both W1 and W2 via electroMXenition, 
as mentioned in the Experimental Section. An aliquot (5 µL) from the 
as-prepared suspensions of AFBPB (5  mg mL−1), a multifunctional 
TSIL, was then loaded on the surfaces of W1 and W2. AFBPB and 
the MXNSs bonded with each other through π–π and electrostatic 
absorption, which enabled a direct immobilization of antibodies 
Apo-A1 and NMP 22 without any coupling agent. Subsequently,  
5.0 µL of 1  ng mL−1 anti-Apo-A1 and anti-NMP 22 antibodies were 
directly pipetted onto both working interfaces W1 and W2, respectively, 
and were incubated for 50  min at 4  °C. Next, the electrodes were 
carefully washed by BSA suspensions to remove unspecific binding 
molecules. Finally, to form a complete immunosensor array, both 
electrodes were incubated for 40  min with different concentrations 
of Apo-A1 (W1) and NMP 22 (W2) followed by washing with PBS to 
remove unbound sites.[46,49]
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