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ABSTRACT: The inactive adsorption and interference of biomolecules in
electrochemical biosensors is a topic of intense interest. Directly utilizing native
cell membranes to endow electrochemical surfaces with antifouling and
biocompatible features is a promising strategy, rather than attempting to synthetically
replicate complex biological interface properties. In this study, we present a facial and
sensitive sandwich-type antifouling immunoassay through platelet membrane/Au
nanoparticle/delaminated V2C nanosheet (PM/AuNPs/d-V2C)-modified electrode
as the substrate of sensing interface and methylene blue/aminated metal organic
framework (MB@NH2-Fe-MOF-Zn) as an electrochemical signal probe. The
biosensor perfectly integrates the high conductivity of AuNPs-loaded V2C MXene
with the excellent loading property of NH2-Fe-MOF-Zn to improve the
electrochemical sensing performance. In addition, the excellent antifouling properties
of the homogeneous cell membrane can effectively prevent the non-specific
adsorption of model proteins. The obtained antifouling biosensor possesses the capability of ultrasensitive detection of CD44 and
CD44-positive cancer cell in complex liquids and exhibits good analytical performance for the analysis of CD44 with a linear range
from 0.5 ng/mL to 500 ng/mL. This strategy of developing cell membrane-based biosensing systems with enhanced antifouling
capability can be easily expanded to the construction of other complex biosensors, and the advanced biological probes and analytical
methods provide a favorable means to accurately quantify biomarkers associated with tumor progression.
KEYWORDS: electrochemical immunosensor, cell membrane, V2C MXene, antifouling, CD44

In the past few years, the electrochemical approach has
become a widely used analytical technique for the detection

of disease markers, taking intrinsic strengths of ultra-sensitivity,
low cost, and high stability.1−3 However, the biological
interfaces face the persistent challenge of interference of
biomolecules and inactive adsorption in complex backgrounds,
specifically in the actual biological media.4 This non-specific
protein adsorption can reduce the diffusion of the target to the
sensing interface, leading to decrease in performance of the
sensor. To overcome these issues, the fabrication of an
antifouling sensing interface by exploiting the properties of
functional materials to prevent non-specific protein adsorption
is an attractive strategy.5,6 In recent years, a variety of
antifouling materials, such as zwitterionic polymer,7 poly-
ethylene glycol (PEG),8 and antifouling peptides,9 have been
widely used on electrochemical interfaces and show excellent
selectivity in actual media. However, PEG and OEG are
sensitive to oxidizing conditions, leading to unsatisfactory
results for long-term applications.10 Zwitterionic polymers,
another major class of antifouling materials, are time
consuming and complicated to synthesize.11 In addition,
most of the electrochemical platforms based on the above
antifouling materials are used to detect whole blood, serum,

and other substrates.12 The platform used to detect cell
expression will have validity and safety issues because these
polymers either react with biomolecules or activate immune
responses. Liu et al. developed an ultrathin cell-membrane-
mimic film for tracking neurochemical dynamics in vivo. This
coating not only maintains the electrode performance but also
efficiently prevents protein adsorption.13 Consequently,
instead of trying to synthetically replicate the sophisticated
biointerface characteristics, turning to nature for inspiration
and obtaining design clues directly from biological systems will
create new solutions.
Cell membranes play an important role in self-recognition,

signal transduction, and biointerfacing.14 The adoption of
natural cell membrane coating is an emerging top-down
technique that endows synthetic materials with various
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biological benefits and cell-like functions.15 Based on this
emerging approach, various cell membrane-derived materials
inheriting desirable features were successfully created.16,17

Meng et al. developed biomimetic particles by surface coating
immunomagnetic micro/nanoparticles with red blood cell
membranes.18 This coating basically prevents the adsorption of
proteins in the protein-riched plasma. Based on the design
principle of natural platelet−cancer cell interaction, the human
platelet membrane (PM) functionalized microchips were
constructed for detecting cancer-derived extracellular vesicles
in plasma samples.19 Dong et al. fabricated a bioactive red
blood cells membrane-based coating for orthopedic/dental
implant, which presented excellent anti-biofouling capabil-
ities.20 Thus, using the fouling protection provided by the cell
membranes, an electrochemical platform based on natural cell
membranes may be able to effectively reduce non-specific
biomolecule adsorption and provide a good biocompatibility
interface for detecting cell expression. However, there are few
reports on the application of PM functionalized detection
interface in the assaying in complex media and construction of
biosensors.

CD44, which is a family of cell adhesion molecules expressed
on the surface of multiple cell types, participated in a variety of
biological functions, such as cell proliferation, division, and
migration.21 The expression level of CD44 plays a key role in
cancer metastasis and progression.22 Compared with less-
metastatic cells, CD44 is highly expressed in the migratory and
metastatic tumor cells.23 The level of CD44 on the surface of
cancer cells is now used as a specific biomarker for the
detection of malignant diseases.24,25 Therefore, there is great
need to develop effective strategies for CD44 detection and
CD44-positive cancer cell identification without cell lysis.
Additionally, cell membranes are of poor conductivity, which

greatly limits their application in electrochemical biosensors,
especially for tumor marker detection. Introducing a new
material and a novel strategy would be an alternative to this
problem. MXenes, a family of two-dimensional (2D) nano-
materials, have revealed beneficial applications in catalysis,
sensing, and biotechnology due to their unique structural
properties as well as remarkable thermal, electrical, and
mechanical properties.26−28 However, the MXene-based
electrochemical sensors were focused on Ti3C2,

29−31 while
little investment was there in V2C exploration.

Scheme 1. Schematic Illustration of the Synthesis Procedure of d-V2C MXene (a) as Well as MB@NH2-Fe-MOF-Zn/Ab2 (b)
and the Fabrication Process of the Electrochemical Immunosensor with Antifouling Capability for Detection of CD44
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In view of this, a sandwich-type electrochemical antifouling
immunosensor with PM/Au nanoparticle/delaminated V2C
nanosheet (PM/AuNPs/d-V2C)-modified electrode as a plat-
form and methylene blue/aminated metal organic framework
(MB@NH2-Fe-MOF-Zn) as a signal indicator for accurate
detection of CD44 was fabricated in this work (as shown in
Scheme 1). The electrode was first modified with d-V2C, and
AuNPs were then in situ electrodeposited on the electrode
surface to improve the electrochemical conductivity. PM and
anti-CD44 Ab (Ab1) were further modified on the AuNPs/d-
V2C interface to block the non-specific adsorption and capture
the CD44 selectively. Moreover, the modified Fe-MOF-Zn
containing sufficient amine groups enhanced the load capacity
of MB and the covalent binding of anti-CD44 Ab (Ab2). Once
specific recognition occurred between antibody and antibodies,
the quantitative detection of CD44 was realized by observing
the increase in differential pulse voltammetry (DPV) signal
from MB. The as-proposed immunosensor was applied to the
identification of CD44-positive cancer cells and the determi-
nation of target protein CD44 with satisfactory results. This
electrochemical system with excellent antifouling ability and
biocompatibility holds great promise for directly analyzing cells
and determining tumor cell types.

■ EXPERIMENTAL SECTION
Materials and Reagents. Citric acid, uric acid (UA), glucose

(Glu), chloroauric acid (HAuCl4), sodium hydrogen phosphate
(Na2HPO4), potassium ferrocyanide (K4[Fe(CN)6]), and potassium
ferricyanide (K3[Fe(CN)6]) were obtained from Zhengzhou Acme
Chemical Co., Ltd. Ferric trichloride (FeCl3), zinc nitrate (Zn-
(NO3)2), amino terephthalic acid, 1-hydroxy-2,5-pyrrolidine dione
(EDC), and N′-(ethyleneimine methylenediamine)-N,N-dimethyl-
1,3-propylene diamine monohydrochloride (NHS) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. Methylene
blue (MB) was bought from J&K Scientific Co., Ltd. FITC-labeled
BSA and CD44 human monoclonal antibody were purchased from
Beijing Solarbio Science & Technology Co., Ltd. Anticoagulation
cattle blood was purchased from Guangzhou Hongquan Biology Co.,
Ltd. MDA-MB-231 cancer cells and MCF-7 cancer cells were
obtained from the Chinese Academy of Sciences (Beijing bena culture
collection) and maintained in Eagle (Sigma) medium with 10% fetal
bovine serum (FBS) in a humidified 5% CO2 incubator at 37 °C. To
harvest cells, 1 mL of trypsin (0.25% by V/V) was dropped into the
cell culture flask for 4 min in the CO2 incubator. Finally, obtained
cells were washed three times with phosphate-buffered saline (PBS)
(pH = 7.0, 0.1 M) buffer for sensing.
Apparatus. Scanning electronic microscopy (SEM) images and

energy-dispersive spectrometer (EDS) mapping were captured using a
Quanta 250 FEG SEM. Fourier transform infrared (FT-IR)
measurement was obtained by Bruker Tensor 27 FT-IR with DTGS
detector. X-ray photoelectron spectroscopy (XPS) spectra were

Figure 1. (a) SEM image of the V2C nanosheets. (b) TEM image of the d-V2C nanosheets (inset: HRTEM images of d-V2C). (c) XRD patterns of
V2AlC nanosheets and d-V2C nanosheets. (d) SEM image of NH2-Fe-MOF-Zn and the elemental mapping in NH2-Fe-MOF-Zn (e). (f) XRD
patterns of NH2-Fe-MOF-Zn. (g) FT-IR spectra of Fe-MOF-Zn and NH2-Fe-MOF-Zn. (h) UV−visible absorption spectrum of MB, NH2-Fe-
MOF-Zn, and MB@NH2-Fe-MOF-Zn. (i) TEM image of the PM.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.2c01215
ACS Sens. 2022, 7, 2701−2709

2703

https://pubs.acs.org/doi/10.1021/acssensors.2c01215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01215?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01215?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


obtained from a Kratos AXIS SUPRA spectrometer. X-ray diffraction
(XRD) pattern was observed by an Ultima IV system equipped with
Cu Kα radiation. The electrochemical experiments were carried out
on an LK5100 electrochemical luminescence analysis system with a
three-electrode system. The glassy carbon electrode (GCE) (diameter
= 3 mm) was used as the working electrode, and platinum wire and
Ag/AgCl were used as auxiliary and reference electrodes, respectively.
Preparation of d-V2C. V2AlC was added to the HF solution

(50%), and the reaction was carried out at 55 °C under magnetic
stirring for 72 h. The above corrosion product was then washed
continuously with deionized water until the pH of the supernatant
was 7.0. Then, the product was dried in a vacuum oven at 60 °C for
12 h to obtain multilayer V2C nanosheets. The above corrosion
products (1 g) were added to tetrabutylammonium hydroxide (10
mL), stirred for 24 h, and centrifuged for 1 h at 4000 rpm to obtain
the stable colloidal suspension of delaminated V2C nanosheets (d-
V2C).
Preparation of MB@NH2-Fe-MOF-Zn/Ab2. FeCl3 (146 mg),

Zn(NO3)2·6H2O (30 mg), and 2-amino terephthalic acid (181 mg)
were added to DMF (50 mL), stirred for 10 min, and then reacted at
120 °C for 4 h. When the temperature dropped to room temperature,
NH2-Fe-Zn-MOF nanomaterials were obtained by centrifugation for
5 min at 8000 rpm. After centrifugation and washing once with DMF
and anhydride ethanol, it was dried in a vacuum oven (60 °C, 12 h).
The above product (10 mg) and MB (25 mg) were added to
deionized water (5 mL) and reacted for 8 h under magnetic stirring at
a speed of 800 rpm at 4 °C. After washing with DMF and absolute
ethanol for 4 times, it was dried in a vacuum oven (60 °C, 6 h) to
obtain a blue solid MB@NH2-Fe-MOF-Zn composite material. The
prepared material was added to 0.5 mL 2 mM NHS and 0.5 mL 10
mM EDC (prepared with PBS solution at pH = 7.0), followed by
CD44-Ab2 (1 mL, 10 μg/mL) solution. The mixed solution was
stirred slightly at 4 °C for 12 h to obtain MB@NH2-Fe-MOF-Zn/Ab2
mixed solution.
Preparation of Platelet Membrane. Bovine whole blood (10

mL) was centrifugated for 5 min at a speed of 1780 rpm. Then, the
supernatant was centrifugated at a speed of 4590 rpm for 5 min to
obtain precipitation. The precipitates were suspended in water and
stored at −80 °C for 5 h. The platelet suspension was removed from
the −80 °C environment and thawed at room temperature. After
thawing, it was centrifuged for 4 min at 12980 rpm. The precipitates
were resuspended in deionized water and stored at −80 °C for 5 h.
And the PM suspension could be obtained after repeated freezing and
thawing for three times.
Preparation of Immunosensors. Dropping of d-V2C (6 μL) on

a clean GCE and d-V2C-modified GCE was developed (d-V2C/GCE).
d-V2C/GCE was placed in an electrolytic tank containing HAuCl4 (5
mL, 0.2 M), and the scanning potential was −0.9−0.3 V for 10 cycles
by cyclic voltammetry (CV) and dried to obtain the AuNPs/d-V2C/
GCE. The prepared PM suspension (5 μL) was taken and dropped on
the electrode surface and incubated at 37 °C for 1 h. Then, the CD44-
Ab1 (5 μL, 10 μg/mL) solution was added and incubated at 4 °C for
12 h to obtain Ab1/PM/AuNPs/d-V2C/GCE. After washing with 0.1
M PBS, different concentrations of CD44 solution or MD-MBA-231
cells/MCF-7 cells (prepared with PBS solution with pH = 7.0) were
incubated on the electrode surface at 37 °C for 1 h. Finally, after
washing with 0.1 M PBS, the prepared MB@NH2-Fe-MOF-Zn/Ab2
was dropped onto the electrode surface and incubated at 37 °C to
obtain MB@NH2-Fe-MOF-Zn/Ab2/CD44/Ab1/PM/AuNPs/d-V2C/
GCE. DPV measurements were carried out in the range of −0.6 to 0.1
V with an amplitude of 50 mV and a pulse width of 0.05 s. CV
responses were recorded in the range of −0.3 to 0.8 V.

■ RESULTS AND DISCUSSION
Characterization of d-V2C and NH2-Fe-MOF-Zn. Two-

dimensional V2C was prepared by selectively HF-etching the
Al layers from V2AlC.

32 Then, the 2D V2C nanosheets were
intercalated in a tetrapropylammonium hydroxide (TPAOH)
solution to exfoliate them into delaminated V2C nanosheets

(d-V2C). The morphology of the V2C nanosheets and d-V2C
nanosheets was measured by SEM and transmission electron
microscopy (TEM). Figure 1a,b shows that the obtained V2C
nanosheets present accordion-like layered stacks, while d-V2C
exhibits a monolayer sheet morphology. Moreover, it can be
clearly seen from high-resolution transmission electron
microscopy (HRTEM) images (the inset in the Figure 1b)
that d-V2C are highly oriented along the (002) crystal plane
and the estimated interplanar distance is about 0.97 nm. Then,
XRD patterns were used to characterize the crystal structure of
V2AlC nanosheets and as-synthesized V2C nanosheets (Figure
1c). Several peaks at V2AlC nanosheets appear on the crystal
surfaces of (100), (002), (103), (104), (110), and (106),
which are consistent with the previous reports.33 After the
etching of V2AlC, the characteristic diffraction peak with 2θ
about 8° can be assigned to the (002) plane of d-V2C,
confirming the formation of d-V2C.

34 XPS measurements were
further executed to explore the valence states of V2C. Figure S1
displays XPS wide-range spectra of d-V2C with high-resolution
spectra of V 2p and C 1s. The wide spectrum of d-V2C shows
that the sample after HF treatment is mainly composed of V,
O, C, and F elements and contains surface groups −F, −O, and
so forth (Figure S1a). In the XPS spectrum of V 2p, the peaks
at 517.1 and 524.4 eV originate from the V−C bond and V−O
bond. The binding energies of O2− and O−H bonds are 530.3
and 531.3 eV, respectively, which may be caused by the
presence of oxygen-containing functional groups formed after
HF etching and water produced during the purification
process. In the XPS spectra of C 1s, the peaks at 283.2 and
286.6 eV are attributed to the V−C bond, and the binding
energies of the C−C bond and O−C�O bond are 284.8 and
288.9 eV, respectively.35 The C−O bond may be derived from
the oxidation of d-V2C, and the C−C bond may be formed by
the selective termination of V during surface carbon deposition
and/or etching.
SEM obtained detailed information on the surface

morphology and was used to investigate the characterization
of NH2-Fe-MOF-Zn. As shown in Figure 1d, it is observed in
the SEM image that NH2-Fe-MOF-Zn exhibits chiral
octahedral morphology, and its diagonal length is about 1200
nm. Small particles on the surface of NH2-Fe-MOF-Zn may be
caused by impurities formed from raw material residues during
material synthesis. The corresponding EDS spectra showing
the C, N, Fe, O, and Zn elements presented in the MOF can
clearly be observed (Figure 1e). The XRD pattern shows that
the information of NH2-Fe-MOF-Zn is similar to the simulated
MIL-88, suggesting that NH2-Fe-MOF-Zn was successfully
synthesized (Figure 1f). It is worth noting that the XRD
spectrum does not completely match the peak of the simulated
model of MIL-88. The discrepancy in relative intensity may be
due to a result of a difference in synthetic methods. The
surface survey XPS analysis of NH2-Fe-MOF-Zn is displayed in
Figure S2. The results show the existence of C, O, N, Fe, and
Zn elements, which means the successful preparation of the
material. The spectrum of C 1s is deconvoluted into two
prominent bands centered at C−N (285.8 eV) and C−C
(281.8 eV). The spectrum of O 1s can also be analyzed into
two peaks at C�O (529 eV) and Fe-O/Zn-O (430 eV). The
N 1s XPS spectrum shows that there are three binding modes
of N, pyrrole nitrogen (N-5) at 396 eV, pyridine nitrogen (N-
6) at 397.7 eV, and −NHx at 403.5 eV, indicating that −NH2
exists in the surface of electroactive NH2-Fe-MOF-Zn. The Fe
2p XPS spectrum can be divided into three peaks that appear
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at 708.9, 714, and 723.5 eV, which can be assigned to Fe 2p2/1,
satellite peak, and Fe 2p3/2, respectively.

36 The Zn 2p XPS
spectrum is fitted into two peaks; the peaks occur at 1045.5
and 1018.9 eV that are consistent with Zn 2p2/1 and Zn 2p3/2.
The functional groups in sample structures were charac-

terized using FT-IR spectroscopy. Compared to Fe-MOF-Zn,
NH2-Fe-MOF-Zn has three additional peaks in the FT-IR
characterization (Figure 1g). The one located at 1280 cm−1 is
attributed to the C−N vibration of the amino group on the
benzene ring, and the two at 3417 and 2937 cm−1 originate
from the stretching of νs (N−H) and νas (N−H).37 The FT-IR
spectrum confirms that the NH2-Fe-MOF-Zn was indeed
modified by amino groups. The functionalized NH2-Fe-MOF-
Zn provides more sites for the loading of MB as an
electrochemical signal probe and the connection of CD44
antibody molecules. UV spectrophotometry was carried out to
verify the successful loading of MB in NH2-Fe-MOF-Zn. In
Figure 1h, MB loaded in the NH2-Fe-MOF-Zn gave rise to a
characteristic absorption peak at 246, 292, 613, and 665 nm,
which was comparable to that observed for MB. The above-
mentioned results explained the successful synthesis of MB@
NH2-Fe-MOF-Zn. PM was prepared from platelet-rich plasma
using the protocol previously described.38 The TEM image of
PM reveals a characteristic core−shell structure (Figure 1i).
The size distribution and surface charge (Figure S3) are also
consistent with previous reports, demonstrating the successful
synthesis of PM.19

Investigation of the Antifouling Performances. The
hydrophilic surface can reduce the adsorption of non-specific
proteins, which is the key to constructing an antifouling
surface. Therefore, the water contact angles of electrodes
modified with different materials are explored. As shown in
Figure 2a, the contact angle of bare GCE was 64.35°, which

decreased to 37.35° and 16.62° after modification with
AuNPs/d-V2C and PM, respectively. The above results
indicate that the PM-modified electrode surface has good
hydrophilicity and potential to construct an antifouling sensing
interface. The wettability is also an important parameter to
improve the biocompatibility of materials, so the PM-modified
interface can improve the biocompatibility of the electrode to
improve the sensor performance.
The antifouling ability of intuitive characterization was

further performed with confocal laser imaging. It can be seen
from Figure 2b that a large amount of FITC-BSA is adsorbed

on the bare GCE surface and AuNPs/d-V2C-coated electrode,
indicating that there is serious non-specific protein adsorption
(FITC-labeled BSA). After similar treatment with FITC-
labeled BSA, no obvious fluorescence is seen on the PM-
modified surface. These results further indicated that the PM-
modified interface displayed excellent protein rejection ability.
The antibacterial fouling ability of PM coating mainly depends
on the steric hindrance of glycoproteins and the abundance of
zwitterionic headgroups in phospholipid bilayers20 as well as
the good hydrophilicity of the interface.
Then, the antifouling properties of the PM/AuNPs/d-V2C-

modified electrode was evaluated using the DPV method in 5
mM [Fe(CN)6]3−/4− containing 0.1 M KCl. As shown in
Figure 3a,b, the significant current changes of the bare GCE
and AuNPs/d-V2C/GCE were observed after soaking in
various concentrations of FBS samples for 30 min. As
expected, the current of the PM/AuNPs/d-V2C-modified
biosensor changes very slightly (Figure 3c). After incubation
with 100% FBS, the DPV signal of the bare GCE and AuNPs/
d-V2C modified biosensor is reduced by 46.75 and 27.38%,
respectively. Moreover, the PM-modified biosensor surface just
slightly decreased by 7.87%, retaining most of the original
signal (Figure 3d). These results clearly proved that the PM-
modified electrode surfaces have effective anti-non-specific
adsorption properties.
Characterization of Immunosensor. To investigate the

step-wise fabrication process of the modified electrode, CV
measurements were well recorded to detect the electro-
chemical behaviors of different immunosensors in 5 mM
[Fe(CN)6]3−/4− (as a redox probe). As shown in Figure 4a,
GCE (curve i) exhibits a pair of well-defined redox peaks. After
modification of d-V2C (curve ii) and AuNPs (curve iii), the
peak current was obviously increased, attributing to the
excellent electrical conductivity of d-V2C and AuNPs.
Subsequently, by the addition of PM to prevent the non-
specific bindings, the redox current decreased markedly (curve
iv). When Ab1 (curve v), CD44 as a target (curve vi), and
MB@NH2-Fe-MOF-Zn/Ab2 (curve vii) as the tracer were
modified, the peak redox current was decreased successively.
This can be ascribed to the hindered electron transfer and mass
transfer between the electrode surface and active material due
to the gradual introduction of protein molecules. Overall, these
changes in the current can indicate the successful formation of
immunocomplex.
EIS is an effective strategy for monitoring changes in surface

characteristics of electrochemical immunosensors. Thus, the
EIS characterization was employed to further confirm the CV
results. Figure 4b shows the impedance spectra of electrodes
with different modification processes, from which it can be
seen that each impedance spectrum includes two parts.
Generally speaking, the diameter of the semicircle in the
high-frequency region of the Nyquist impedance curve is equal
to the value of the electron transfer resistance (Ret), which is
affected by the electron transfer process. After modification of
d-V2C on the bare GCE (curve i), d-V2C/GCE exhibited a
small Ret value (curve ii) owing to its certain conductivity. The
electrodeposition of AuNPs leads to a further decrease in the
Ret value of the AuNPs/d-V2C/GCE (curve iii). By
successfully immobilizing the PM on the electrode surface,
the surface resistance was significantly increased (curve iv).
When PM/AuNPs/d-V2C/GCE was modified with Ab1 (curve
v), CD44 (curve vi), and MB/NH2-Fe-MOF-Zn/Ab2 (curve
vii), the Ret value was remarkably increased, which was

Figure 2. (a) Contact angle images of bare electrode, AuNPs/d-V2C,
and PM/AuNPs/d-V2C. (b) Laser confocal imaging of the bare
electrode, AuNPs/d-V2C, and PM/AuNPs/d-V2C-modified electro-
des after soaking in FITC-labeled BSA (0.2 mg/mL) for 30 min.
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attributed to the shielding effect of the immunocomplexes
(antibody-antigen) on the electrode surface. The above results
are consistent with the changes in the electron transfer
observed by CV. In addition, it can be seen from Figure S4 that
the delaminated V2C has a smaller resistance than the multi-
layer V2C, which means that the delaminated V2C has better
conductivity and can accelerate the electron transfer rate at the
interface.
Optimization of Conditions for Immunosensor. For

optimal analytical performance on CD44, the conditions of the
experiment including the pH, the concentration of MB@NH2-
Fe-MOF-Zn, the immune reaction time, and the number of
electrodeposition cycles of AuNPs have been optimized. The
pH has a great influence on the protein structure and activity.
Thus, the electrochemical response of the immunosensor was
measured under different pH (4.0−8.0) conditions. It can be
seen from Figure S5a that the current response of the
biosensor was enhanced by increasing pH values up to 7.0.

Subsequently, the response signal decreased with increasing
pH value. The maximum response signal was achieved at pH =
7.0, which was selected as the optimum condition.
The role of MB@NH2-Fe-MOF-Zn is to enhance the

conductivity and capture Ab2, and its amount has an important
effect on the electrochemical response. The current signal
increased as the concentration was increased from 1.0 to 5.0
mg/mL, followed by a decrease when the concentration
exceeded 5.0 mg/mL (Figure S5b). The 5.0 mg/mL MB@
NH2-Fe-MOF-Zn represents the efficient conductibility and
the unique catalytic performance of this immunosensor.
Therefore, the MB@NH2-Fe-MOF-Zn concentration of 5.0
mg/mL was chosen as the optimal concentration.
The immune reaction time between CD44 and Ab1 was also

optimized. The results (Figure S5c) revealed that the optimal
immune reaction time was preferably 60 min. Finally, the
number of electrodeposition cycles of AuNPs as signal
amplification was optimized (Figure S5d). The optimal peaks

Figure 3. (a) DPV responses of biosensor with (a) GCE, (b) AuNPs/d-V2C/GCE, and (c) PM/AuNPs/d-V2C/GCE in 5 mM [Fe(CN)6]3−/4−

containing 0.1 M KCl after incubation in different concentrations of FBS samples. (d) Antifouling performance analysis histogram of biosensor with
GCE, AuNPs/d-V2C/GCE, and PM/AuNPs/d-V2C/GCE based on the electrochemical signal.

Figure 4. (a) Cyclic voltammograms and (b) EIS response (frequency range: 100000−0.1 Hz, wave amplitude: 15 mV) at (i) bare GCE, (ii) d-
V2C/GCE, (iii) AuNPs/d-V2C/GCE, (iv) PM/AuNPs/d-V2C/GCE, (v) Ab1/PM/AuNPs/d-V2C/GCE, (vi) CD44/Ab1/PM/AuNPs/d-V2C/
GCE, (vii) MB@NH2-Fe-MOF-Zn/Ab2/CD44/Ab1/PM/AuNPs/d-V2C/GCE. The measurements were carried out in 5.0 mM [Fe(CN)6]3/4−

containing 0.1 M KCl.
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with the highest current signals were increased for 10 cycles of
AuNP electrodeposition. After 10 cycles, the optimal peaks
slightly diminish. The optimal number of cycles for electro-
deposition of AuNPs was selected to be 10 cycles.
Analytical Performance of the Immunosensor for

CD44 and CD44+ Cancer Cell Detection. In this work, the
CD44 Ab1 was immobilized on PM/AuNPs/d-V2C/GCE.
MB@NH2-Fe-MOF-Zn/Ab2 was used as a tracer for the
detection of CD44. The analytical performance of the
engineered immunosensor was investigated by measuring the
DPV response current under the above optimal experimental
conditions. As shown in Figure 5a, the DPV signal value of the
biosensor enhanced with the increase of the concentrations of
CD44. The calibration curve demonstrates a good linear
relationship between current and the logarithm of CD44
concentration covering the concentration range from 0.5 to
500 ng/mL, and its linear regression equation is expressed as
follows: I = 107.57 + 59.24 log C (ng/mL) (Figure 5b). The
detection limit is calculated to be 1.4 pg/mL based on the
signal corresponding to three times noise of the response (S/N
= 3). Besides, our proposed biosensor showed comparable or
better analytical performance compared with previously
reported means for detecting CD44 (Table S1).
High specificity is considered as a primary characteristic for

an immunosensor. Different sandwich-type immunosensors
were prepared in the presence of 500 ng/mL CD44, lgG, UA,
GLu, and BSA (Figure 5c). Due to the particular structure of
the antibody, the immunosensor could specifically recognize
the corresponding antigen. According to Figure 5c, the
sandwich-type immunosensor showed good selectivity for
target CD44 recognition. To analyze the reproducibility of the
constructed sensor, five different electrodes were prepared to
detect CD44 (500 ng/mL) under the same experimental
conditions. The relative standard deviation (RSD) was 2.82%
(Figure S6), which reveals that the immunosensor has good

reproducibility along with approved accuracy of this method.
Besides, the stability of the immunosensor was explored. After
being stored at 4 °C for 15 days, the DPV signal gradually
decreased and retained 96.4% of the initial current (Figure 5d).
Therefore, the immunosensor has satisfactory properties that
are beneficial for long-term storage and transport in practical
applications. To investigate the accuracy of the electrochemical
immunosensor for the analysis of real samples, different
concentrations of CD44 standards were spiked into human
serum samples. The developed biosensor was then used for the
assay, and the corresponding recovery was calculated. As
shown in Table S2, the recoveries of the samples were between
96.1 and 106.2%, indicating that the constructed sensor can be
applied to the determination of actual samples.
Accurate identification of surface biomarker CD44 on breast

cancer cells can provide important information on cancer
treatment and diagnosis. Thus, the analysis platform was
further employed for the identification of CD44-positive breast
cancer cells. Figure S7a shows the electrochemical signals
obtained in a series of MDA-MB-231 cell suspension at
concentrations of 103 to 106 cells/mL. The linear regression
equation of MDA-MB-231 cells is expressed as Ipc = 59.42 log
C + 95.58, and the detection limit is calculated to be 140 cells/
mL based on the signal corresponding to three times noise of
the response (Figure S7b). In addition, as shown in Figure
S7c,d, the electrochemical signal increased proportionally to
the logarithm of the concentration of MCF-7 cells ranging
from 103 to 106 cells/mL. Comprehensively, the detection of
CD44 in cellular samples confirms this selective approach,
providing its potential use in real samples for clinical
diagnostics.

■ CONCLUSIONS
In conclusion, we have successfully developed a facial and
sensitive sandwich-type electrochemical antifouling method

Figure 5. (a) DPV of 0.5−500 ng/mL CD44 at immunosensor in 0.1 M PBS (pH = 7.0) with a scan rate of 100 mV s−1. (b) Calibration curves of
immunosensor to different concentrations of CD44, error bar = RSD (n = 5). (c) Selectivity of the immunosensor for CD44 (500 ng/mL). (d)
Stability of the immunosensor, error bar = RSD (n = 5).
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based on cell membrane/V2C MXene for CD44 detection in
complex biological fluids. The sensor displayed the following
key advantages: (i) construction of cell membrane coatings
with excellent biocompatibility and anti-biofouling to effi-
ciently repel non-specific proteins; (ii) assembly of V2C-
AuNPs nanocomposites to enhance the sensor performance;
(iii) use of functionalized NH2-Fe-MOF-Zn to load the signal
probe MB and covalently linked antibody molecules; and (iv)
detection of CD44 and CD44+ cancer cells in a complex
sample. This strategy for biosensor fabrication based on a
simplistic and general cell membrane coating opens a
promising avenue to construct other sensing systems capable
of analysis in complex media. In addition, the excellent
analytical platform for the detection of CD44 provides a useful
tool for studying more receptor molecules on cells and
efficiently assessing cellular heterogeneity.
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