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ABSTRACT: Selective and sensitive detection of elF;d (eukaryotic
translation initiation factor 3 complex, subunit D), a protein
biomarker, is of fundamental significance for the diagnosis of various
cancers. Here, we report an electrochemical sensor based on MXene
and aspartic acid-functionalized fullerenol (F-Asp) for the biosensing
of eIF;d. To construct such an innovative sensing platform, MXene
was first synthesized, followed by the convenient functionalization of
fullerenol with aspartic acid groups (F-Asp) through hydroxylation
and activation of fullerenes. Finally, a bioplatform was created for
elF,d sensing by modifying the graphite electrode (GE) surface with -\.
MXene and F-Asp, followed by surface functionalization with anti- \ ~
elF,d antibody via EDC/NHS chemistry. Detailed electrochemical [ cmemapenaaiene ] e BN
and analytical material characterization methods were utilized after

each surface modification step. Notably, the surface-engineered MXene:F-Asp showed superior electrochemical features. The
sensor’s response to elF;d was achieved in the linear range of 10 to 250 ng/mL, with a detection limit of 0.14 ng/mL. The selectivity
of the sensor was assessed by monitoring its response to eIF;d in the presence of a variety of interfering compounds. Analysis of
elF;d was effectively performed in synthetic serum samples. The promising electrochemical sensing properties of the designed sensor
suggest great potential for various real-time health monitoring applications.
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B INTRODUCTION other biochemical-based analysis like enzyme-linked immuno-
sorbent assay (ELISA),” surface acoustic wave (SAW),"
electrochemical (EC),"' surface-enhanced Raman scattering
(SERS),"” and colorimetric analysis."> Unfortunately, some of
these techniques involve complex multistep manufacturing
processes, limiting their applicability due to the need for
specialized expertise and expensive equipment. Consequently,
the monitoring and screening of eIF;d in bodily fluids have
garnered significant attention. In this field, electrochemically
based biosensing strategies are fast and straightforward. It is
well-acknowledged that the limitations of traditional detection
methods can be addressed by these innovative electrochemical
nanobiosensors. For a variety of analytes, including proteins,

In clinical trials, interactions between antigens and antibodies
are commonly utilized to diagnose, treat, and predict the
prognosis of different types of cancer. A subset of mRNAs has a
7-methylguanosine cap that eIF;d can particularly recognize and
bind to; these interactions are thought to be crucial for
controlling cell proliferation. It has been found that down-
regulating eIFsd is linked to preventing the growth of cancer
cells, suggesting that it has predictive value in cancer
diagnosis.”> The identification of the eIF,d protein, a recently
identified possible clinical biomarker for a number of cancer
types, has enormous potential for use in cancer diagnostics.

According to recent research, elF;d is overexpressed in a L .
3 nucleic acids, small compounds, and even cells, electrochemical
number of cancerous tumors, such as melanoma,” prostate

4 5 biosensors with biological recognition components and
cancer,” and colon cancer.” In a number of cancer types, elF;d ) 5 s ponents
36 electronic transducers can serve as reliable analytical instru-

has also been identified as a possible therapeutic target.”” 14 . , ) -
. ments. ~ Electrochemical biosensors convert biorecognition
Recent data suggest that dysregulated eIF;d expression plays a

significant role in cancer and various genetic disorders,

highlighting the urgent need for innovative detection strategies. Received: January 9, 2025
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documented for the quick identification of different bio-

markers.””"® These include fluorescence,’ chromogenic,8
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Scheme 1. Schematic Illustration of the Fabrication Process for an Electrochemical Nanobiosensor Based on MXene-F-Asp
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events into quantifiable signals, which are analyzed using
appropriate electrochemical techniques based on the electro-
active nature of the analytes.'” Because of their significant
efficiency, quick reaction, remarkable sensitivity, and specificity,
electrochemical biosensors are becoming more and more
recognized as effective instruments for cancer diagnosis,
especially in liquid biopsies. In addition, their ease of portability
and miniaturization makes them applicable for point-of-care
testing to acquire physiological and biochemical information.
Analysis of cancer biomarkers, including tumor-associated
nucleic acids, tumor protein markers, extracellular vesicles
(EVs), and tumor cells, is of particular interest among the many
applications of electrochemical biosensors. This is because it
highlights the potential of these biosensors to detect the
presence of cancer and track the progress of the disease.

Carbon-based materials are a prominent focus in biomedical
and sensor applications and are valued for their excellent
conductivity and unique optical properties. Among different
carbon-based nanomaterials, fullerenols (FLs) (fullerene
derivatives) have attracted significant interest due to their high
solubility in water (and polar solvents) and stability. They
possess notable photo and electron-acceptor features, making
them essential for organic electronic applications, including high
conductivity, electron mobility, and fluorescence quenching
properties. °'® Previously, we showed that amino acid-
functionalized fullerenol derivatives were identified as a novel
artificial enzyme model'® and were employed as enzyme
substitutes to promote osteogenic differentiation in stem
cells® and sensor systems for acetylcholine detection.”’ Due
to their superior optical and electrical characteristics and
appropriate structural morphologies, F-Asp-based nanobiosen-
sors are being developed as easy-to-use tools and replacements
for highly sensitive biosensors. The presence of amino acid
groups in the fullerenol structure is advantageous, as they enable
easy modification of the electrode surface with the target anticor
group through covalent bonding.

Two-dimensional titanium carbide (Ti;C,T,) MXene has
emerged as a promising nanomaterial for cancer biomarker
detection due to its remarkable electrical conductivity, large
surface area, and ease of biomolecule immobilization.””>* The
emergence of MXene-based materials has led to an increase in
studies in the field of electronics due to their excellent
electrochemical performance, large surface, outstanding me-
chanical properties, and unique interfacial chemistry, where
their performance can be enhanced through multi-interface
engineering.”*”> In particular, Ti;C,T, MXene offers high
sensitivity and selectivity for biosensor applications. Studies
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have shown that MXene-based materials, such as reduced
graphene oxide—MXene—multiwalled carbon nanotube electro-
des and Ti;C,T, MXene with manganese oxide, are highly
effective and selective for detectin§ h;rdrogen peroxide, a key
biomarker released by cancer cells.””*” Additionally, “turn-on”
nanobiosensors based on MXene and DNA-silver nanoclusters
have achieved ultrasensitive detection of miRNA-191, a key
cancer biomarker.”® Moreover, hybrid structures combining
MXene with gold nanoparticles have provided high stability and
low detection limits for electrochemical biomarker detection™”
highlighting their transformative potential in early cancer
diagnostics.

Herein, interfacial chemistry takes place within MXene, its
composite with fullerenol (F-Asp), and the elF,d protein, which
are deposited one on top of another onto an electrode surface for
antibody/receptor interactions. For this purpose, the elF;d
protein is chosen as a potential biomarker for cancer diagnosis.
To the best of our knowledge, the combination of MXene and F-
Asp, as well as the detection of the elF;d biomarker using
MXene-F-Asp-based electrochemical nanosensor technology,
has not been previously reported. Consequently, this work is a
strong candidate for the application of MXene-F-Asp-modified
electrodes as an immunosensor platform that offers a surface
capable of effectively immobilizing biomolecules. The devel-
oped sensing procedure is simple, cost-effective, and rapid,
requiring neither specialized expertise nor complex equipment.
Scheme 1 shows the process of nanobiosensor fabrication
utilized in this work.

B MATERIAL AND METHODS

Reagents and Apparatus. Graphite electrodes, N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), eIF;d antibody (Pres-
tige Antibodies), elFyd, alpha-fetoprotein (AFP), human
epidermal growth factor receptor 2 (HER2) antigen (PrEST
Antigens), bovine serum albumin (BSA) (lyophilized powder,
>96% (agarose gel electrophoresis)), disodium hydrogen
phosphate, sodium phosphate monobasic, and potassium
chloride were purchased from Sigma Chemical Company (St.
Louis, MO, USA).

The AUTOLAB PGSTAT 204 Analysis System (NOVA
software, Metrohm, The Netherlands) was utilized to perform
electrochemical measurements, such as differential pulse
voltammetry (DPV), cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS). Electrochemical
experiments were conducted using graphite as the working
electrode, Ag/AgCl (3.0 M KCl) as the reference electrode, and
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Scheme 2. Synthetic Pathway of (A) Fullerenol, (B) Activated Fullerenol, and (C) F-Asp
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platinum (Pt) as the counter electrode. Electrochemical
investigations were conducted in a 10 mL reaction cell under
ambient conditions with 5.0 mM Fe(CN)Z™/* as a redox
probe. DPV and CV measurements were performed in a
potential range of —0.4 to 0.8 V. EIS measurements were
performed within the frequency range of 0.02—10 Hz at 0.18 V.

The morphological analysis of the fabricated Ti;C,T, MXene
was conducted using a field-emission scanning electron
microscope (SEM, Nova NanoSEM 430) at an operating
voltage of 20 kV and high-resolution transmission electron
microscopy (HR-TEM, JEOL JEM-2100F) operated at 200 kV.
For further analysis, X-ray photoelectron spectroscopy (XPS)
measurements were carried out using a SPECS PHOIBOS
instrument, with the C 1s peak at 284.8 eV used as the reference.

For biosensing experiments, survey and high-resolution scans
of samples were analyzed by X-ray photoelectron spectroscopy
(XPS; Thermo Scientific, Al-Ka hv = 1486.6 €V, equipped with
a multichannel detector). Survey spectra (with a pass energy of
200 eV and a step size of 1 eV) and high-resolution scans (with a
pass energy of 50 eV and a step size of 0.05 eV) were acquired for
each analysis. The K-Alpha instrument uses internal standard
samples, such as copper, silver, and gold, to automatically
calibrate the XPS binding energy scale. Calibration was carried
out using the Au 47/2 (84.1 eV), Cu2p3/2 (932.2 eV), and Ag
3d5/2 (368.2 eV) reference lines. The surface morphology of
the fabricated biosensors was examined using field emission
scanning electron microscopy (FE-SEM) (ZEISS GeminiSEM
500, Jena, Germany).
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Fabrication of TizAlC, MAX Phase. The synthesis of the
Ti;AIC, MAX phase followed the methods reported in our
previous studies.”””" Briefly, titanium (Ti), aluminum (Al), and
graphite (C) powders served as the raw materials (Ti and Al
from Nanografi, Tiirkiye; C from Fisher Scientific, USA). The
powder mixture, with a stoichiometric ratio of 3:1:2, was
prepared by ball milling. The resultant powder mixture was
sintered in a tubular furnace under a continuous argon gas flow.
The temperature of the furnace was increased at a rate of 5 °C/
min until reaching 1500 °C, where it was maintained for 3 h and
then allowed to cool gradually to room temperature. The
sintered product, Ti;AlC, MAX, was then crushed into powders
to ease further processing.

Production of Ti;C,T, MXene Nanosheets. A liquid
chemical etching process enabled the selective removal of the Al
layer from the Ti;AlC, MAX phase to obtain Ti;C,T, MXene
nanosheets. For the etching process, 3.2 g of lithium fluoride
(LiF) powder (Sigma-Aldrich, USA) was dissolved in 40 mL of 9
M hydrochloric acid (HCI) (Sigma-Aldrich, USA) in a high-
density polyethylene (HDPE) container. Then, 2 g of the
Ti;AIC, MAX powder was gradually added to the LiF-acid
solution. The dispersion was stirred at 3500 rpm and kept at 35
°C for 24 h. After 24 h, the mixture was washed with deionized
(DI) water until the pH became neutral. The delaminated
MXene nanosheets were separated from the unreacted MAX
phase by centrifugation and collected as the supernatant.

Synthesis of Fullerenol. To a solution of fullerene-Cy,
(160 mg, 0.2 mmol) in toluene (100 mL), NaOH solution (4
mL, 1 g/mL) was added. Twelve drops of 30% H,0O, solution
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Figure 1. (A) SEM image of as-prepared Ti;C,T, MXene before delamination, showing the accordion-like structure. (B) HR-TEM image highlighting
the well-defined layered structure with distinct interlayer spacing. (C) XPS spectra of freshly prepared Ti;C,T, MXene with the labels of Ti 2p, C 1s, O
1s, F 1s, and ClI 2p labels (inset: zoom-in to the Ti 2p peak). (D) IR spectrum of F-Asp (E) "H NMR Spectrum of F-Asp. '"H NMR (400 MHz, D,0) &
3.89 (t,] = 6.7 Hz. 1H(a-CH)), 2.87—2.79 (m, 2H(B-CH,)), and (F) "H NMR Spectrum of F-Asp including DMF as an internal standard in DMSO-

dg

and, as a phase transfer catalyst, 0.5 mL of tetrabutylammonium
hydroxide (TBAH) were added. The final solution was stirred
for S days at room temperature. After completion of the reaction,
the solvent was decanted, and 50 mL of ethanol was added to the
dark brown solid. The suspension was further stirred at room
temperature for 30 min to remove excess TBAH. The product
was precipitated and freeze-dried. A dark brown solid product
(200 mg) was obtained with a yield of 86%. The resulting
product was characterized by its increasing solubility in water
(Scheme 2A).
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Synthesis of Activated Fullerenol. A 120 mg amount of
fullerenol was suspended in DMF and sonicated in an ultrasonic
bath for an hour. The suspension was cooled to 0 °C, and p-
nitrophenylchloroformate (800 mg), anhydrous pyridine (4
mL), and catalytic N,N-dimethylaminopyridine (DMAP, 40
mg) were added. The final solution was stirred for 2 days under a
nitrogen atmosphere, with an hour of sonication in the
ultrasonic bath performed twice a day. After completion of the
reaction, the obtained black solid was precipitated by the
addition of diethyl ether. The solid was washed with diethyl
ether and dichloromethane (DCM) and isopropyl alcohol via

https://doi.org/10.1021/acs.langmuir.5c00157
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Figure 2. (A) CV and (B) EIS for bare GE; Mxene/ F-Asp; Mxene/F-Asp/anti-eIF;d; Mxene/F-Asp/anti-elF ;d/BSA; and Mxene/F-Asp/anti-elF ;d/
BSA/elF ;d (75 ng/mL) [measurements were carried out in the potential range from —0.4 to 0.8 V at the scan rate of S0 mV/s, 5.0 mM Fe(CN)S /4],
SEM images of (C) bare GE; (D) Mxene; (E) F-Asp; (F) Mxene/F-Asp; and (G) Mxene/F-Asp/anti-eIF 5d.

centrifugation (4500 rpm, S min) to remove impurities. The
resulting product was characterized by its increasing solubility in
DMF (Scheme 2B).

Synthesis of Fullerenol Aspartic Acid (F-Asp). L-Aspartic
acid (40 mg) was added to a suspension of 30 mg of activated
fullerenol in DMF that had been sonicated for 45 min. The black
solution was stirred under nitrogen for 2 days at room
temperature, with 45 min of sonication twice a day. The
brown solid was precipitated out with cold diethyl ether
following the completion of the reaction. The obtained solid was
washed four times with methanol: DCM solution (50:50) by
centrifuging for S min at 4500 rpm. The brown precipitate was
then dried, and 24 mg of F-Asp was obtained (Scheme 2C). It
was characterized by using 'H NMR and IR spectroscopy
(Figure 1D-F).

Electrode Fabrication and Surface Functionalization.
After the bare GE cleaning procedure with emery paper, GE was
stabilized by scanning the potential between —1.8 Vand +1.8 V
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via cyclic voltammetry, with a scan rate of 100 mV/s for 20 cycles
in PBS (pH 7.4). The GE/MXene/F-Asp was produced as
follows: 3.0 uL of 1/2 diluted MXene solution was dropped onto
the GE surface, and the electrode was allowed to dry at room
temperature for 1 h. Then, 10.0 4L of F-Asp (1.0 mg/mL) was
dropped onto the modified surface, and the electrode was left to
dry under ambient conditions for 1 h. For 90 min, the electrode
was immersed in a solution of EDC (50 mM) and NHS (50
mM) at pH 6.0 in PBS. Following a PBS (pH 6.0) wash of the
activated surfaces, 10 yg/mL of elF,d antibody (in pH 7.4 PBS)
was applied to the modified GE surface and left to incubate for
two hours. PBS (pH 7.4) was then used to wash the electrode
surface in order to remove unbound protein moieties. After the
immobilization phase, the surface was blocked with BSA (1.0
mg/mL) for 30 min to prevent nonspecific binding, a critical
step for the sensor’s performance in real samples and in the
presence of interfering molecules. The modified GE was then
treated with eIF;d as the target analyte in varying concentrations

https://doi.org/10.1021/acs.langmuir.5c00157
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Figure 3. XPS survey spectra of the (A) bare GE, (B) GE-MXene-F-Asp, and (C) GE-MXene-F-Asp-anti-elF;d with the labels C 1s, O 1s, N s, and Ti
2p. XPS high-resolution spectra of (D) GE-MXene-F-Asp and (E) GE-MXene-F-Asp-anti-eIF;d with the labels C 1s, N 1s, Ti 2p, and O Is.

(250, 200, 150, 50, 40, and 10 ng/mL in pH 7.4 PBS), and each
sample was incubated for 30 min each to allow the biofunctional
surfaces to selectively capture the analyte through the antibody/
analyte recognition interaction. Each modification stage was
characterized using electrochemical methods such as CV, DPV,
and EIS in 5.0 mM Fe(CN) /4~ containing 0.1 M KCl and pH
7.4 PBS, as well as surface analysis techniques such as SEM and
XPS.

Effects of Interfering Substances and Sample Appli-
cation. A number of potential interferences, including AFP,
HER2 as model protein biomarkers, and BSA due to its
abundance in biological samples, particularly serum, were used
to investigate selectivity, a crucial criterion in sensor perform-
ance. Instead of using the target biomarker (elF,;d), these
chemicals were applied to GE modified as GE/antibody at
concentrations of 40 ng/mL (in pH 7.4 PBS). Relative signal
responses were computed by comparing the data with the eIF;d
signal response (40 ng/mL).

elF,d (40 and 150 ng/mL) was added to 1/100-diluted
synthetic serum samples in order to examine the impact of the
sample matrix and the suitability of the suggested system. Signal
responses were then recorded when elF;d-spiked solutions were
applied to modified GE rather than elF;d standards. The
number of biomarkers in the samples was finally quantified by
using a linear calibration curve.
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Table 1. Elemental Composition of the Bare-GE, GE-MXene-
F-Asp, and GE-MXene-F-Asp-Anti-elF;d Electrodes

% Element Bare-GE ~ GE-MXene-F-Asp ~ GE-MXene-F-Asp-anti-elF;d
C 84.49 69.55 55.63
N 1.73 2.33 1.97
Ti ND 241 0.50
O 11.31 21.22 31.43
Si 1.33 1.47 1.26
P 0.49 0.79 4.63
Na 0.64 0.79 4.00
F ND 1.45 0.59

B RESULTS AND DISCUSSION

Characterizations of the Synthesized MXene and F-
Asp. Figure 1A shows the SEM image of the accordion-like
structure of Ti;C,T, MXene following the washing process. The
image confirms the successful etching and exfoliation of Al from
the parent MAX phase, resulting in loosely packed 2D
nanosheets. Figure 1B presents the HR-TEM image of the
Ti;C,T, MXene, highlighting its well-defined layered structure
at the nanoscale. The clear interlayer spacing observed in the
image confirms the presence of surface functional groups (—F,
—0O, and —OH) introduced during chemical etching. The
uniform alignment of the layers demonstrated their suitability
for a wide range of applications.

The composition and surface properties of freshly prepared
Ti3C,T, MXene were analyzed through X-ray photoelectron
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Figure 4. (A) DPV for bare GE; Mxene/ F-Asp; Mxene/F-Asp/anti-eIF;d; Mxene/F-Asp/anti-eIF;d/BSA; and Mxene/F-Asp/anti-eIF;d/BSA/elF;d
(75 ng/mL) [measurements were carried out in potential range from —0.4 to 0.8 V at the scan rate of 50 mV/s, 5.0 mM Fe(CN)s~/+]. (B)
Calibration curve for elF;d biomarker [error bars were obtained by 3 measurements]. Biosensor response for (C) the various cancer biomarkers
interfering molecules and (D) mixtures of various cancer biomarkers with eIF; [all biomarker solutions and mixture solutions were prepared at 40 ng/

mL concentrations].

Table 2. Some Analytical Characteristics of the Fabricated
elF;d Biomarker Biosensor

Linear Range 10—250 ng/mL
Slope 0.0151 uA/ng/mL
Intercept 3.377
Correlation coefficient 0.996
LOD 0.14 ng/mL
LOQ 0.42 ng/mL
Sensitivity 0.4771 pAng™"mL-cm™

Table 3. Analysis Results for eIF;d in the Synthetic Serum
Samples

Spiked with eIF,d Found elF;d Recovery ~ RSD

Sample (ng/mL) (ng/mL) (%) (%)
Serum 40.0 40.99 + 2.37 99.53 31.1
150.0 149.29 + 4.63 102.46 57.8

spectroscopy (XPS). The XPS spectra are provided in Figure
1C, with peaks corresponding to Ti 2p, C 1s, O 1s, F 1s, and Cl
2p, indicative of the material’s composition and surface
terminations. The Ti 2p spectra revealed peaks at 455 and 462
eV, which represent Ti—C and Ti—O bonding states. This was
consistent with the expected structure of Ti;C,T, MXene, where
Ti—C bonds define the MXene’s carbide framework, while Ti—
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O bonds indicate the surface functional groups of MXene. The C
1s peak at 285 eV confirmed the presence of carbon in the Ti—C
bond, along with possible contributions from adventitious
carbon.

The presence of the O 1s peak at 528 eV further supports the
existence of surface oxide (—O) and hydroxyl (—OH) groups,
both of which are common surface terminations for MXenes
synthesized through chemical etching. Additionally, the F 1s
peak at 688 eV highlights the fluorine termination introduced
during the etching process using a mixture of LiF and HCI. The
Cl 2p peak, located at 200 eV, points to residual chlorine species
from the etching process, suggesting that further washing could
reduce the concentration of these byproducts. Finally, the
observed Ti, C, O, F, and Cl peaks confirmed the successful
fabrication of Ti;C,T, MXene with characteristic surface
terminations.

Synthesized F-Asp was characterized using a 1H NMR
spectrum and IR spectroscopy (Figure 1D—F). The degree of
aspartic acid substitution was quantified by 1H NMR spectros-
copy through the addition of an internal standard and is
summarized in Supporting Information.

Surface Characterizations of the Modified Electrodes.
CV, EIS, XPS, and SEM analyses were used to confirm the
surface alteration stages and the presence of analyte binding.
MXene and F-Asp with carboxyl groups were initially added to
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Table 4. Comparison of Analytical Performance of MXene and Fullerene Based-Electrochemical Cancer Biomarker Sensors in

the Literature”

Modified Electrode Analyte

ssDNA/AuHFGNs/PnBA-MXene/ miRNA-122

GCE
MXene nanosheets/anti-CEA CEA
ssDNA/AuNP@BLM/dMXene BRCAL gene
SPCE/TiVC-MXene/Au NPs/Pb**- HER2

aptamer
Anti-CEA/f-Ti;C,-MXene/GCE CEA

Au—Ti,CT, MXene/aptamer Exosomes isolated from human lung

carcinoma cells
GCE/fullerene C60-anti-HSP70 HSP70
C60/MB/anti-PSA PSA
Mzxene/F-Asp/anti-eIF;d/BSA/elF;d  elF;d

Linear Range LOD Application ref
0.01 aM—10 nM 0.0035 aM Serum 43
1-25 pg/mL 3.2 pg/mL Serum 44
10 zM—-1 uM 1zM - 45
1.0—1200 pg/mL 50 fg/mL Serum 46
0.0001-2000 ng/mL 0.000018 Serum 47
ng/mL
1X10*to 1 X 107 58 particles/uL Serum 48
particles/uL
0.8 pg—12.8 pg/mL 0.273 pg/mL Serum 49
15 pg/mL—8 ng/mL 1.7 pg/mL Serum 50
10—250 ng/mL 0.14 ng/mL Serum This work

“AuHFGNs/PnBA: hierarchical flower-like gold, poly(n-butyl acrylate); CEA: carcinoembryonic antigen; AuNP@BLM: gold nanoparticle-
decorated biomimetic bilayer lipid membrane; dMXene: delaminated Ti,C,T,; SPCE/TiVC-MXene/AuNPs/Pb**-aptamer: screen-printed carbon
electrode was modified with gold nanoparticle and TiVC MXene catalyst plus Pb*>* loaded aptamer; f-Ti;C,-MXene: aminosilane-functionalized
Ti;C,-MXene; HSP70: heat shock protein 70; MB: Methylene Blue, PSA: prostate-specific antigen.

Table S. Techniques for eIF;d Measurement in the Literature

Method Sample Type Linear Range LOD ref
Immunohistochemistry and Western blot Tissue and cell culture - S3
Immunohistochemistry Tissue - - 54
Immunohistochemistry and Western blot Tissue and cell culture - S5
Mass spectrometry Cell culture - - 56
ELISA Blood, tissue, serum, etc. 0.25—8 ng/mL 0.1 ng/mL 57
ELISA Plasma, serum 0.15—10 ng/mL 0.15 ng/mL 58
ELISA Tissue homogenates, cell lysates, and other biological fluids 0.156—10 ng/mL 0.06 ng/mL 59

bare GE. Then, the modified GE was treated with EDC/NHS,
and the eIF;d antibody was applied to the surface. Prior to the
addition of the analyte for the antibody/analyte binding
reaction, the modified GE was blocked with BSA to prevent
nonspecific interactions that could impair sensing performance
in complex matrices such as tissue homogenates, serum, and
urine. Aside from the analyte binding, each modification step
resulted in larger structures as more molecules were integrated
into the surface. These interactions block the redox probe from
transferring to the electroactive area, resulting in a dip and
difference in CV (Figure 2A) and DPV peaks, as well as an
increase in EIS data. Figure 2B summarizes the findings of EIS
measurements for surface characterization. The EIS findings
were consistent with the CV results. The combination of
MXene, F-Asp, and anti-eIF;d antibody on the electrode surface
increased the resistance values (Rct). This expected finding
indicated the presence of bulky structures, confirming successful
attachment to the electrode surface.

Additionally, each surface modification has been verified
through SEM analyses, as shown in Figure 2C—G. In contrast to
the modified surfaces, the bare GE displayed a smooth surface
shape (Figure 2C). Figures 2D—F demonstrate the homoge-
neous and well-distributed MXene and F-Asp clusters on GE
with various dimensions. On the other hand, it was evident that
elF;d antibody molecules were effectively bound to the GE
surface’s three-dimensional structure (Figure 2G). The primary
advantage of this immobilization technique was that it preserved
the antibody/antigen interaction, ensuring that the selective
capture of the target analyte remained unaffected.

XPS analysis was very useful for understanding the structural
nature and functional groups of the investigated compound.
Analyzing the variations in elemental composition provided
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insights into the surface chemistry and functionalization of the
materials. XPS analysis was used to monitor the functionalized
surfaces, namely bare GE, GE-MXene-F-Asp, and GE-MXene-
F-Asp-anti-eIF;d results of which are provided in Figure 3. The
elemental compositions of the sample surfaces are tabulated and
provided in Table 1. The presence of various elements in
different proportions, along with changes in surface composition
caused by specific treatments or modifications, was evident.

Survey and high-resolution spectra of the elements are
provided in Figure 3. The survey spectra of the samples revealed
the existence of Ti, C, N, and O, except in the bare-GE-coded
sample. The surface chemistry of the samples is understood
through high-resolution spectra of C 1s, N 1s, Ti 2p, and O 1s.
For the bare-GE-coded sample, the binding energy peaks of C 1s
appeared at about 284.4 €V, 288.7 €V, 290.3 eV, and 293.2 eV,
indicating the presence of C=C, C=O0, and 7—m* shakeup
peaks, which correspond to the graphene structure.”” The C 1s
high-resolution spectra of GE-MXene-F-Asp were fitted into
eight components located at 281.4, 282.6, 284.0, 284.8, 285.8,
287.0, 288.5, and 290.8 eV, corresponding to Ti—C, Ti—C¥*,
C=C, C-C, C-N, C-0, *0-C=0, C=0, and n—n*
shakeup peaks.”* ™’ These peaks could indicate the presence of
fullerene, MXene, and Asp functionalization on the surface of
the bare-GE-coded sample. The GE-Mxene-F-Asp-anti-elF;d-
coded sample also has C 1s signals at 284.0 eV (C=C), 284.7
eV (C—C), 286.3 eV (C—N, C—0), 288.1 eV (C=0), and
291.91 eV (7—7* shakeup peak).”' —>¥~*!

MZXene and F-Asp functional surfaces of bare-GE samples can
be supported by Ti 2p and N 1s high-resolution spectra. The Ti
2p XPS peaks for the GE-MXene-F-Asp sample were observed at
454.6, 456.4, and 458.7 eV, while the peaks for the GE-MXene-
F-Asp-anti-elF;d sample appeared at 454.4, 456.3, and 458.7 eV.

https://doi.org/10.1021/acs.langmuir.5c00157
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These signals were attributed to Ti—C, Ti—C*, and Ti—O
bonding, respectively.”® Moreover, the N Is signal at about 400
eV could be seen for all samples, but the peaks at about 401.6
and 398.5 eV correspond to the N—H bond in aspartic acid and
*N=C—N—H structure in Anticor.””*" The coatings on the
surfaces of the samples were also supported by the O 1s signals.
The peaks of the O 1s signals at 529.8, 530.5, and 532.3 eV were
due to C—Ti—O, Ti—OH, and C—0.”

Analytical Features of the MXene/F-Asp/Anti-elF;d
Biosensor. Initially, DPV was used to observe the gradual
alteration of GE (Figure 4A). The DPV results aligned with the
CV and EIS results, as expected. Surface coverage by antibody
binding and blocking with BSA resulted in a decrease in the
current of DPV peaks. The concentration of the modifier and the
biomolecules adsorbed on the electrode surface determines how
well the immunosensor performs. To attain the best analytical
performance in this instance, the quantity of MXene and F-Asp
nanocomposite used as electrode layer components was
investigated. Exceeding the modifier’s effective quantity may
saturate the surface, causing the addition of the target molecule
to produce an undetectable signal difference and obstructing the
electron transfer channel. For varying amounts of the MXene/F-
Asp nanocomposite, the DPV and peak current separation (Al)
were measured. For subsequent studies, the optimal amount was
determined to be 3.0 uL of 1/2 diluted MXene solution and 1
mg/mL of F-Asp.

A calibration graph was created between eIF,d (ng/mL) and
current (ApA). Drops in DPV peak currents correlate with
analyte concentrations, as can be seen in Figure 4B. The
biosensor had a linear range of 10—250 ng/mL elF;d. A
departure from linearity was observed after 250 ng/mL. The
analytical properties of the fabricated biosensor were deter-
mined. LOD values were calculated using the 3S/m criterion,
based on the slope (m) of the calibration curves of the same
biosensor. LOQ_values were calculated using the 10S/m
criterion, also based on the slope (m) of the calibration curves
of the same biosensor. The LOD value was determined to be
0.14 ng/mL. Table 2 summarizes all of the obtained analytical
properties for the modified GE.

The change in the biosensing system’s response signal is due
to the selective capture of the target biomarker by the
immobilized antibodies, which limits the transfer of the redox
probe as a result of changes in surface characteristics caused by
binding processes. Nonspecific binding of interfering substances
with protein structures, such as other protein biomarkers, may
potentially impact diffusion properties, resulting in a reduction
in peak currents that are identical to those of the current target
molecule (elF;d). Interference tests were conducted by
substituting the target protein biomarker with eIF;d and adding
certain chemicals, such as AFP, HER2, and BSA, to investigate
how this parameter affected the performance of the sensors. The
elF;d data were then compared with the obtained signal
responses. For AFP, HER2, and BSA, the corresponding relative
responses were less than 26% (19.82%, 25.22%, and 22.58%,
respectively) (Figures 4C and Figure S1). Furthermore, Figure
4D shows that the relative response mixes of these substances
with elF;d were 117.11% for AFP + elF;d, 101.96% for HER2 +
elFs;d, and 100.64% for BSA + elF;d. Therefore, it can be
summarized that, in contrast to the other protein biomarkers,
the eIF;d biomarker was selectively recognized by the fabricated
biosensor.

Sample Application of the MXene/F-Asp/Anti-elF;d
Biosensor. Two concentrations of elF,d solutions (40 and 150
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ng/mL) were added to the synthetic serum sample for sample
application. The GE/MZXene/F-Asp/Antibody/BSA surface
was then directly treated with these solutions. Signals were
compared to data from the normal elF,d solutions (40 and 150
ng/mL) following the measurement of the signal under the
previously indicated operating parameters (Figure S2). Table 3
summarizes the findings of the calculation of recovery and the
relative standard deviation (RSD) values.

According to the literature, introducing nanoparticles into
biosensor device design can enhance the analytical qualities of
diagnostic tests (such as specificity, selectivitzr, or sensitivity).*”
In particular, MXene, a 2D-layered material,*”~** and functional
fullerenol*>’ have attracted significant interest in various
research fields due to their wide range of potential applications.
MXene-based sensors have demonstrated great promise in
detecting cancer biomarkers, as their high conductivity and
biocompatibility enable precise, real-time detection at ultralow
concentrations. Highly active transducer surfaces that effectively
integrate biomolecules and enable quicker access to analytes are
necessary for the development of highly effective electro-
chemical biosensors. With its high density of functional groups,
the ultrathin 2D nanosheet structure of few-layered MXene
provid(j.f4 4esn41;anced biomolecule loading and expedited analyte
access. '’

Similarly, fullerene and its derivatives have been used in
biomedical applications since the functionalized fullerenol
groups can suitably approach the target molecule covalently.
Proper binding of fullerenol and biomolecules facilitates
sufficient electron transfer between electrodes and the target
analyte.‘“ Moreover, in our previous work, we demonstrated
that amino acid-functionalized fullerenol derivatives were
identified as novel sensor systems for acetylcholine detection
and provided an excellent immobilization platform for AChE
enzymes.”' Hence, herein, we present for the first time the
combination of two different nanomaterials, MXene and F-Asp,
for the development of an improved elF;d biosensor. To the
best of our knowledge, electrochemical biosensors based on
MXene or fullerenol derivatives for eIF;d detection have not yet
been reported. There is only one study in the literature, designed
by Balaban et al.”> In their work, an electrochemical
immunosensor platform was developed for elF;d, and an LOD
value of 50.43 ng/mL was estimated. Tables 4 and 5 compare the
analytical performances of MXene- and fullerene-based electro-
chemical cancer biomarker sensors and techniques for elF;d
measurement, as reported in the literature. In summary, in our
work, the combination of MXenes and F-Asp in the electro-
chemical biosensor technique provides excellent biosensing
ability with its broad linear range, low LOD, high sensitivity, and
applicability in serum samples for cancer biomarker elF;d
detection. This combination demonstrated superiority in terms
of biosensory analytical properties compared to each material
alone.

B CONCLUSIONS

We have effectively fabricated an electrochemical biosensor that
uses anti-eIF;d to capture and quantify elF;d. To achieve this,
MXene and aspartic acid-functionalized fullerenol were utilized
as supporting materials for cancer detection and the elF;d
biomarker. An immunosensor combining MXene and F-Asp
with the eIF;d biomarker, rarely reported in the literature, has
been developed. This combination provides a fast, user-friendly,
and cost-effective platform suitable for cancer detection. It
demonstrated a broad linear detection range (10—250 ng/mL)
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with a low limit of detection of 0.14 ng/mL, even in the presence
of other proteins commonly found in serum samples. Thus, it
offers a unique and cost-effective approach for detecting
biomarkers and could serve as a model for various
immunosensor studies, enabling single or multiple detection
of different cancer types.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.Jangmuir.5c00157.

Characterizations of the synthesized F-Asp and DPV
graphics of the Mxene/F-Asp/anti-eIF;d biosensor
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Suna Timur — Department of Biochemistry, Faculty of Science,
Ege University, Bornova, Izmir 35100, Tirkiye; Central
Research Testing and Analysis Laboratory Research and
Application Center, Ege University, Bornova, Izmir 35100,
Tirkiye; Email: suna.timur@ege.edu.tr

Saniye Soylemez — Department of Biomedical Engineering,
Faculty of Engineering, Necmettin Erbakan University, Konya
42090, Tiirkiye; © orcid.org/0000-0002-8955-133X;
Email: saniye.soylemez@erbakan.edu.tr

Authors

Dilek Soyler — Department of Biomedical Engineering, Faculty
of Engineering, Necmettin Erbakan University, Konya 42090,
Tiirkiye; ® orcid.org/0000-0003-3937-5830

Volkan Dolgun — Department of Chemistry, Faculty of Science,
Middle East Technical University, Ankara 06800, Tiirkiye

Oyku Cetin — Department of Metallurgical and Materials
Engineering, Faculty of Engineering, Middle East Technical
University, Ankara 06800, Tiirkiye

Yaqoob Khan — Department of Metallurgical and Materials
Engineering, Faculty of Engineering, Middle East Technical
University, Ankara 06800, Tiirkiye

Emine Guler Celik — Department of Bioengineering, Faculty of
Engineering, Ege University, Bornova, Izmir 35100, Tiirkiye

Salih Ozcubukcu — Department of Chemistry, Faculty of
Science, Middle East Technical University, Ankara 06800,
Tiirkiye

Husnu Emrah Unalan — Department of Metallurgical and
Materials Engineering, Faculty of Engineering, Middle East
Technical University, Ankara 06800, Tiirkiye; ® orcid.org/
0000-0003-3667-179X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.Jangmuir.5¢00157

Notes

All figures were created using Origin 9.0 program, Scheme 1 was
created with BioRender.com (Created in BioRender. Yeniterzi,
D. (2025) https://BioRender.com/r57z508). Scheme 2 was
drawn using the ChemDraw Ultra program. The other figures
that appear in the manuscript and SI file were created by the
authors of this manuscript.

The authors declare no competing financial interest.

8339

B ACKNOWLEDGMENTS

HE.U. and Y.K. acknowledge the financial support from
TUBITAK under the 2236-Co-Funded Brain Circulation
Program (Project No: 120C065).

B ABBREVIATIONS

elF,d, eukaryotic translation initiation factor 3 (elF;) complex,
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linked immunosorbent assay; DPV, differential pulse voltam-
metry; CV, cyclic voltammetry; EIS, electrochemical impedance
spectrometry; XPS, X-ray photoelectron spectroscopy; BSA,
bovine serum albumin

B REFERENCES

(1) Lin, Z.; Xiong, L.; Lin, Q. Knockdown of EIF3d Inhibits Cell
Proliferation through G2/M Phase Arrest in Non-Small Cell Lung
Cancer. Med. Oncol. 2015, 32 (7), 183.

(2) Fan, Y.; Guo, Y. Knockdown of EIF3D Inhibits Breast Cancer Cell
Proliferation and Invasion through Suppressing the Wnt/f$-Catenin
Signaling Pathway. Int. J. Clin. Exp. Pathol. 2015, 8 (9), 10420—7.

(3) Sudo, H.; Tsuji, A. B.; Sugyo, A.; Kohda, M.; Sogawa, C.; Yoshida,
C.; Harada, Y. N.; Hino, O.; Saga, T. Knockdown of COPA, Identified
by Loss-of-Function Screen, Induces Apoptosis and Suppresses Tumor
Growth in Mesothelioma Mouse Model. Genomics 2010, 95 (4), 210—
216.

(4) Gao, Y.; Teng, J.; Hong, Y,; Qu, F; Ren, J; Li, L.; Pan, X,; Chen,
L.; Yin, L.; Xu, D.; et al. The Oncogenic Role of EIF3D Is Associated
with Increased Cell Cycle Progression and Motility in Prostate Cancer.
Med. Oncol. 2015, 32 (7), 196.

(5) Yu, X.; Zheng, B,; Chai, R. Lentivirus-Mediated Knockdown of
Eukaryotic Translation Initiation Factor 3 Subunit D Inhibits
Proliferation of HCT116 Colon Cancer Cells. Biosci. Rep. 2014, 34
(6), No. e00161.

(6) Li, H.; Zhou, F.; Wang, H; Lin, D.; Chen, G,; Zuo, X,; Sun, L,
Zhang, X.; Yang, S. Knockdown of EIF3D Suppresses Proliferation of
Human Melanoma Cells through G2/M Phase Arrest. Biotechnol. Appl.
Biochem. 2015, 62 (5), 615—620.

(7) Saranya, G.; Joseph, M. M.; Karunakaran, V.; Nair, J. B.; Saritha, V.
N.,; Veena, V. S,; Sujathan, K.; Ajayaghosh, A.; Maiti, K. K. Enzyme-
Driven Switchable Fluorescence-SERS Diagnostic Nanococktail for the
Multiplex Detection of Lung Cancer Biomarkers. ACS Appl. Mater.
Interfaces 2018, 10 (45), 38807—38818.

(8) Sharaf, S. S.; Lekshmi, A.; Aswathy, S.; K.G, A; Jyothi, S. P.;
Chandrasekharan, A.; Somanathan, T.; Santhosh Kumar, T. R;
Sujathan, K. A Multiplex Immunoprofiling Approach for Detecting
the Co-Localization of Breast Cancer Biomarkers Using a Combination
of Alexafluor - Quantum Dot Conjugates and a Panel of Chromogenic
Dyes. Pathol Res. Pract. 2024, 253, 155033.

(9) Arya, S. K; Estrela, P. Recent Advances in Enhancement Strategies
for Electrochemical ELISA-Based Immunoassays for Cancer Biomarker
Detection. Sensors 2018, 18 (7), 2010.

(10) Zhang, X.-F.; Zhang, Z.-W.; He, Y. L,; Liu, Y. X;; Lj, S.; Fang, J. Y.;
Zhang, X. A.; Peng, G. Sniffing Lung Cancer Related Biomarkers Using
an Oxidized Graphene SAW Sensor. Front. Phys. 2016, 11 (2), 116801.

(11) Anik, U; Timur, S. Towards the Electrochemical Diagnosis of
Cancer: Nanomaterial-Based Immunosensors and Cytosensors. RSC
Adv. 2016, 6 (113), 111831—111841.

(12) Zheng, Z.; Wu, L; Li, L; Zong, S.; Wang, Z; Cui, Y.
Simultaneous and Highly Sensitive Detection of Multiple Breast
Cancer Biomarkers in Real Samples Using a SERS Microfluidic Chip.
Talanta 2018, 188, 507—5185.

(13) Carneiro, M. C. C. G.; Rodrigues, L. R.; Moreira, F. T. C.; Sales,
M. G. F. Colorimetric Paper-Based Sensors against Cancer Biomarkers.
Sensors 2022, 22 (9), 3221.

(14) Wu, J,; Liu, H;; Chen, W.; Ma, B.; Ju, H. Device Integration of
Electrochemical Biosensors. Nat. Rev. Bioeng. 2023, 1 (5), 346—360.

https://doi.org/10.1021/acs.langmuir.5c00157
Langmuir 2025, 41, 8330—8341


https://pubs.acs.org/doi/10.1021/acs.langmuir.5c00157?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5c00157/suppl_file/la5c00157_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suna+Timur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:suna.timur@ege.edu.tr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saniye+Soylemez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8955-133X
mailto:saniye.soylemez@erbakan.edu.tr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dilek+Soyler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3937-5830
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Volkan+Dolgun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oyku+Cetin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaqoob+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emine+Guler+Celik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salih+Ozcubukcu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Husnu+Emrah+Unalan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3667-179X
https://orcid.org/0000-0003-3667-179X
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c00157?ref=pdf
https://BioRender.com/r57z508
https://doi.org/10.1007/s12032-015-0625-8
https://doi.org/10.1007/s12032-015-0625-8
https://doi.org/10.1007/s12032-015-0625-8
https://doi.org/10.1016/j.ygeno.2010.02.002
https://doi.org/10.1016/j.ygeno.2010.02.002
https://doi.org/10.1016/j.ygeno.2010.02.002
https://doi.org/10.1007/s12032-015-0518-x
https://doi.org/10.1007/s12032-015-0518-x
https://doi.org/10.1042/BSR20140078
https://doi.org/10.1042/BSR20140078
https://doi.org/10.1042/BSR20140078
https://doi.org/10.1002/bab.1305
https://doi.org/10.1002/bab.1305
https://doi.org/10.1021/acsami.8b15583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b15583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b15583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.prp.2023.155033
https://doi.org/10.1016/j.prp.2023.155033
https://doi.org/10.1016/j.prp.2023.155033
https://doi.org/10.1016/j.prp.2023.155033
https://doi.org/10.3390/s18072010
https://doi.org/10.3390/s18072010
https://doi.org/10.3390/s18072010
https://doi.org/10.1007/s11467-015-0519-4
https://doi.org/10.1007/s11467-015-0519-4
https://doi.org/10.1039/C6RA23686C
https://doi.org/10.1039/C6RA23686C
https://doi.org/10.1016/j.talanta.2018.06.013
https://doi.org/10.1016/j.talanta.2018.06.013
https://doi.org/10.3390/s22093221
https://doi.org/10.1038/s44222-023-00032-w
https://doi.org/10.1038/s44222-023-00032-w
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

(15) Cao, Y.; Xia, J.; Li, L.; Zeng, Y.; Zhao, J.; Li, G. Electrochemical
Biosensors for Cancer Diagnosis: Multitarget Analysis to Present
Molecular Characteristics of Tumor Heterogeneity. JACS Au 2024, 4,
4655—4672.

(16) Wang, N.; Sun, L.; Zhang, X.; Bao, X.; Zheng, W.; Yang, R. Easily-
Accessible Fullerenol as a Cathode Buffer Layer for Inverted Organic
Photovoltaic Devices. RSC Adv. 2014, 4 (49), 25886—25891.

(17) Cao, T.; Wang, Z.; Xia, Y.; Song, B.; Zhou, Y.; Chen, N.; Li, Y.
Facilitating Electron Transportation in Perovskite Solar Cells via
Water-Soluble Fullerenol Interlayers. ACS Appl. Mater. Interfaces 2016,
8(28), 18284—18291.

(18) Chen, K; Cao, T,; Sun, Z; Wang, D; Chen, N; Li, Y.
Performance Enhancement of Perovskite Solar Cells through Interfacial
Engineering: Water-Soluble Fullerenol C60(OH)16 as Interfacial
Modification Layer. Org. Electron. 2018, 62, 327—334.

(19) Giilseren, G.; Saylam, A.; Marion, A ; ézgubukgu, S. Fullerene-
Based Mimics of Biocatalysts Show Remarkable Activity and
Modularity. ACS Appl. Mater. Interfaces 2021, 13 (38), 45854—45863.

(20) Yeniterzi, D.; Demirsoy, Z.; Saylam, A.; Ozcubukguy, S.; Giilseren,
G. Nanoarchitectonics of Fullerene-Based Enzyme Mimics for
Osteogenic Induction of Stem Cells. Macromol. Biosci. 2022, 22 (9),
2200079.

(21) Soylemez, S.; Dolgun, V.; (jzgubukgu, S. Fullerene-Based Mimics
of Enhanced Acetylcholine Detection for the Diagnosis of Alzheimer’s
Disease. Microchem. J. 2023, 193, 109099.

(22) Khan, R; Andreescu, S. MXenes-Based Bioanalytical Sensors:
Design, Characterization, and Applications. Sensors 2020, 20 (18),
5434.

(23) Cetin, O.; Cicek, M. O.; Cugunlular, M.; Bolukbasi, T.; Khan, Y.;
Unalan, H. E. MXene-Deposited Melamine Foam-Based Iontronic
Pressure Sensors for Wearable Electronics and Smart Numpads. Small
2024, 20 (45), 2403202.

(24) Liu, C.; Feng, Z.; Yin, T.; Wan, T.; Guan, P.; Li, M.; Hu, L,; Lin,
C.H.,; Han, Z.; Xu, H,; et al. Multi-Interface Engineering of MXenes for
Self-Powered Wearable Devices. Adv. Mater. 2024, 36 (42), 2403791.

(25) Rathee, M.; Surendran, H. K; Narayana, C.; Lo, R.; Misra, A;
Jayaramulu, K. Interfacial Chemistry of Ti3C2Tx MXene in
Aluminosilicate Geopolymers for Enhanced Mechanical Strength.
ACS Appl. Eng. Mater. 2024, 2 (8), 2027—2037.

(26) Wang, B.; Khoshfetrat, S. M.; Mohamadimanesh, H. Peroxidase-
like Manganese Oxide Nanoflowers-Delaminated Ti3C2MZXene for
Ultrasensitive Dual-Mode and Real-Time Detection of H202 Released
from Cancer Cells. Microchem. J. 2024, 207, 111796.

(27) Yu,S.Q.; Li, P; Li, H.].; Shang, L.J.; Guo, R;; Sun, X. M.; Ren, Q.
Q. Highly Sensitive Detection of Hydrogen Peroxide in Cancer Tissue
Based on 3D Reduced Graphene Oxide—MXene—Multi-Walled
Carbon Nanotubes Electrode. Biosensors 2024, 14 (6), 261.

(28) Dehnoei, M.; Hosseini, M.; Ahmadi-Sangachin, E.;
Mousavizadegan, M. A “Turn-on” Nano-Biosensor Based on the
Ti3C2(OH)2 MXene Nanosheets and DNA-Silver Nanoclusters for
MiRNA Detection. Microchem. J. 2024, 204, 110964.

(29) Chen, W. Y,; Lin, H.; Barui, A. K;; Gomez, A. M. U.; Wendt, M.
K,; Stanciu, L. A. DNA-Functionalized Ti3C2T XMZXenes for Selective
and Rapid Detection of SARS-CoV-2 Nucleocapsid Gene. ACS Appl.
Nano Mater. 2022, 5 (2), 1902—1910.

(30) Baskoy, M. H.; Cetin, O.; Koylan, S.; Khan, Y.; Tuncel, G;
Erguder, T. H.; Unalan, H. E. MXene-Decorated Nylon Mesh Filters
for Improvement of Indoor Air Quality by PM2.5 Filtration. ACS
Omega 2023, 8 (26), 23465—23476.

(31) Cetin, O.; Cakir, O.; Koylan, S.; Doganay, D.; Khan, Y.; Unalan,
H. E. All-Solution Processed, Highly Stable MXene/Cu Nanowire
Networks for Flexible Transparent Thin-Film Heaters. ACS Appl. Nano
Mater. 2023, 6 (23), 22446—22458.

(32) Yokota, M.; Sugaya, F.; Mifune, H.; Kobori, Y.; Shimizu, K;
Nakai, K;; Miyahara, S. L; Shimizu, Y. NIST X-Ray Photoelectron
Spectroscopy Database. NIST Stand. Ref. Database 20 2000, 66 (10),
1030—-1038.

(33) Biesinger, M. C. Accessing the Robustness of Adventitious
Carbon for Charge Referencing (Correction) Purposes in XPS

8340

Analysis: Insights from a Multi-User Facility Data Review. Appl. Surf.
Sci. 2022, 597, 153681.

(34) Freedy, K. M.; Beechem, T. E.; Litwin, P. M,; Sales, M. G;
Huang, M,; Ruoff, R. S.; McDonnell, S. J. Unraveling Chemical
Interactions between Titanium and Graphene for Electrical Contact
Applications. ACS Appl. Nano Mater. 2018, 1 (9), 4828—4835.

(35) Lau, W. M,; Huang, L. J; Bello, I; Yiu, Y. M,; Lee, S. T.
Modification of Surface Band Bending of Diamond by Low Energy
Argon and Carbon Ion Bombardment. J. Appl. Phys. 1994, 75 (7),
3385—-3391.

(36) Ahmed, B.; Anjum, D. H.; Hedhili, M. N.; Gogotsi, Y.; Alshareef,
H.N.H, O, Assisted Room Temperature Oxidation of Ti, C MXene
for Li-Ion Battery Anodes. Nanoscale 2016, 8 (14), 7580—7587.

(37) Fan, P.; Ma, E,; Liu, C.; Zhao, Y.; Wen, X; Wang, L.; Li, L.; Qu,
Q. A New Electrochemical DNA Biosensor Based on the Density
Control Strategy of Ti3C2NH2MXene@Au Nanocomposites for the
Detection of Hepatitis B Virus-DNA. Ionics 2024, 30 (1), 541—552.

(38) Chang, B.; Guo, Y.; Wy, D.; Li, L.; Yang, B.; Wang, J. Plasmon-
Enabled N , Photofixation on Partially Reduced Ti 5 C , MXene. Chem.
Sci. 2021, 12 (33), 11213—11224.

(39) Wei, L,; Lei, Y.; Fu, H.; Yao, J. Fullerene Hollow Microspheres
Prepared by Bubble-Templates as Sensitive and Selective Electro-
catalytic Sensor for Biomolecules. ACS Appl. Mater. Interfaces 2012, 4
(3), 1594—1600.

(40) Radetic, M.; Gellman, A. J. Dual Decomposition Pathways for L-
Aspartic Acid on Ni(100). Surf. Sci. 2022, 717, 121980.

(41) Stevens, J. S.; de Luca, A. C.; Pelendritis, M.; Terenghi, G;
Downes, S.; Schroeder, S. L. M. Quantitative Analysis of Complex
Amino Acids and RGD Peptides by X-ray Photoelectron Spectroscopy
(XPS). Surf. Interface Anal. 2013, 45 (8), 1238—1246.

(42) Gutiérrez-Galvez, L.; Del Cario, R.; Menéndez-Luque, L; Garcia-
Nieto, D.; Rodriguez-Pefia, M.; Luna, M.; Pineda, T.; Pariente, F,;
Garcfa-Mendiola, T.; Lorenzo, E. Electrochemiluminescent Nano-
structured DNA Biosensor for SARS-CoV-2 Detection. Talanta 2022,
240, 123203.

(43) Ranjbari, S.; Rezayi, M.; Arefinia, R.; Aghaee-Bakhtiari, S. H.;
Hatamluyi, B.; Pasdar, A. A Novel Electrochemical Biosensor Based on
Signal Amplification of Au HFGNs/PnBA-MXene Nanocomposite for
the Detection of MiRNA-122 as a Biomarker of Breast Cancer. Talanta
2023, 255, 124247.

(44) G, S. C.; Gokavi, L.; Ravikumar, C. H.; Balarkishna, R. G.
Antibody-Modified 2D MXene Nanosheet Probes for Selective,
Picolevel Detection of Cancer Biomarkers. Biosens. Bioelectron. 2028,
271, 117028.

(45) Divya, K. P.; Keerthana, S.; Viswanathan, C.; Ponpandian, N.
MXene Supported Biomimetic Bilayer Lipid Membrane Biosensor for
Zeptomole Detection of BRCA1 Gene. Microchim. Acta 2023, 190 (4),
116.

(46) Zare, N.; Karimi-Maleh, H.; Zhang, Z.; Wen, Y.; Zhong, N.; Fu,
L. Enhanced Detection of HER2 Using a TiVC MZXenes/Gold
Nanocomposite Amplified Analytical Biosensor for Precise Cancer
Biomarker Monitoring. Adv. Compos. Hybrid Mater. 2024, 7 (5), 165.

(47) Kumar, S.; Lei, Y.; Alshareef, N. H.; Quevedo-Lopez, M. A.;
Salama, K. N. Biofunctionalized Two-Dimensional Ti3C2MXenes for
Ultrasensitive Detection of Cancer Biomarker. Biosens. Bioelectron.
2018, 121, 243—249.

(48) You, Q.; Zhuang, L.; Chang, Z.; Ge, M.; Mei, Q.; Yang, L.; Dong,
W. F. Hierarchical Au Nanoarrays Functionalized 2D Ti2CTx MXene
Membranes for the Detection of Exosomes Isolated from Human Lung
Carcinoma Cells. Biosens. Bioelectron. 2022, 216, 114647.

(49) Demirbakan, B.; Sezgintiirk, M. K. A Novel Immunosensor Based
on Fullerene C60 for Electrochemical Analysis of Heat Shock Protein
70. J. Electroanal. Chem. 2016, 783, 201—-207.

(50) Hao, Y.; Yan, P.; Zhang, X.; Shen, H,; Gu, C.; Zhang, H.; Zhang,
M.,; Xiang, H. Ultrasensitive Amperometric Determination of PSA
Based on a Signal Amplification Strategy Using Nanoflowers
Composed of Single-Strand DNA Modified Fullerene and Methylene
Blue, and an Improved Surface-Initiated Enzymatic Polymerization.
Microchim. Acta 2017, 184 (11), 4341—4349.

https://doi.org/10.1021/acs.langmuir.5c00157
Langmuir 2025, 41, 8330—8341


https://doi.org/10.1021/jacsau.4c00989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.4c00989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.4c00989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4ra03045a
https://doi.org/10.1039/c4ra03045a
https://doi.org/10.1039/c4ra03045a
https://doi.org/10.1021/acsami.6b04895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b04895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.orgel.2018.08.024
https://doi.org/10.1016/j.orgel.2018.08.024
https://doi.org/10.1016/j.orgel.2018.08.024
https://doi.org/10.1021/acsami.1c11516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c11516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c11516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mabi.202200079
https://doi.org/10.1002/mabi.202200079
https://doi.org/10.1016/j.microc.2023.109099
https://doi.org/10.1016/j.microc.2023.109099
https://doi.org/10.1016/j.microc.2023.109099
https://doi.org/10.3390/s20185434
https://doi.org/10.3390/s20185434
https://doi.org/10.1002/smll.202403202
https://doi.org/10.1002/smll.202403202
https://doi.org/10.1002/adma.202403791
https://doi.org/10.1002/adma.202403791
https://doi.org/10.1021/acsaenm.4c00184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaenm.4c00184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.microc.2024.111796
https://doi.org/10.1016/j.microc.2024.111796
https://doi.org/10.1016/j.microc.2024.111796
https://doi.org/10.1016/j.microc.2024.111796
https://doi.org/10.3390/bios14060261
https://doi.org/10.3390/bios14060261
https://doi.org/10.3390/bios14060261
https://doi.org/10.1016/j.microc.2024.110964
https://doi.org/10.1016/j.microc.2024.110964
https://doi.org/10.1016/j.microc.2024.110964
https://doi.org/10.1021/acsanm.1c03520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c03520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c00452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c00452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.3c05027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.3c05027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2022.153681
https://doi.org/10.1016/j.apsusc.2022.153681
https://doi.org/10.1016/j.apsusc.2022.153681
https://doi.org/10.1021/acsanm.8b01024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.8b01024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.8b01024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.357016
https://doi.org/10.1063/1.357016
https://doi.org/10.1039/C6NR00002A
https://doi.org/10.1039/C6NR00002A
https://doi.org/10.1007/s11581-023-05251-0
https://doi.org/10.1007/s11581-023-05251-0
https://doi.org/10.1007/s11581-023-05251-0
https://doi.org/10.1039/D1SC02772G
https://doi.org/10.1039/D1SC02772G
https://doi.org/10.1021/am201769u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am201769u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am201769u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.susc.2021.121980
https://doi.org/10.1016/j.susc.2021.121980
https://doi.org/10.1002/sia.5261
https://doi.org/10.1002/sia.5261
https://doi.org/10.1002/sia.5261
https://doi.org/10.1016/j.talanta.2021.123203
https://doi.org/10.1016/j.talanta.2021.123203
https://doi.org/10.1016/j.talanta.2022.124247
https://doi.org/10.1016/j.talanta.2022.124247
https://doi.org/10.1016/j.talanta.2022.124247
https://doi.org/10.1016/j.bios.2024.117028
https://doi.org/10.1016/j.bios.2024.117028
https://doi.org/10.1007/s00604-023-05694-2
https://doi.org/10.1007/s00604-023-05694-2
https://doi.org/10.1007/s42114-024-00966-8
https://doi.org/10.1007/s42114-024-00966-8
https://doi.org/10.1007/s42114-024-00966-8
https://doi.org/10.1016/j.bios.2018.08.076
https://doi.org/10.1016/j.bios.2018.08.076
https://doi.org/10.1016/j.bios.2022.114647
https://doi.org/10.1016/j.bios.2022.114647
https://doi.org/10.1016/j.bios.2022.114647
https://doi.org/10.1016/j.jelechem.2016.11.020
https://doi.org/10.1016/j.jelechem.2016.11.020
https://doi.org/10.1016/j.jelechem.2016.11.020
https://doi.org/10.1007/s00604-017-2476-9
https://doi.org/10.1007/s00604-017-2476-9
https://doi.org/10.1007/s00604-017-2476-9
https://doi.org/10.1007/s00604-017-2476-9
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir pubs.acs.org/Langmuir

(51) Afreen, S.; Muthoosamy, K.; Manickam, S.; Hashim, U.
Functionalized Fullerene (C60) as a Potential Nanomediator in the
Fabrication of Highly Sensitive Biosensors. Biosens. Bioelectron. 2015,
63, 354—364.

(52) Balaban, S.; Beduk, T.; Durmus, C.; Aydindogan, E.; Salama, K.
N.; Timur, S. Laser-Scribed Graphene Electrodes as an Electrochemical
Immunosensing Platform for Cancer Biomarker ‘EIF3d’. Electroanalysis
2021, 33 (4), 1072—1080.

(83) Li, C; Lu, K;; Yang, C.; Du, W,; Liang, Z. EIF3D Promotes
Resistance to S-fluorouracil in Colorectal Cancer through Upregulating
RUVBLI. J. Clin. Lab. Anal. 2023, 37 (2), No. e24825.

(54) He, J.; Wang, X,; Cai, J.; Wang, W.; Qin, X. High Expression of
EIF3d Is Associated with Poor Prognosis in Patients with Gastric
Cancer. Cancer Manage. Res. 2017, 9, 539—544.

(55) Latosinska, A.; Mokou, M.; Makridakis, M.; Mullen, W.;
Zoidakis, J.; Lygirou, V.; Frantzi, M.; Katafigiotis, I; Stravodimos, K.;
Hupe, M. C.; Dobrzynski, M.; Kolch, W.; Merseburger, A. S.; Mischak,
H.; Roubelakis, M. G.; Vlahou, A. Proteomics Analysis of Bladder
Cancer Invasion: Targeting EIF3D for Therapeutic Intervention.
Oncotarget 2017, 8 (41), 69435—69455.

(56) Gilbert, A.; Payet, V.; Bernay, B.; Chartier-Garcia, E.; Testard, L;
Candéias, S. M.; Chevalier, F. Label-Free Direct Mass Spectrometry
Analysis of the Bystander Effects Induced in Chondrocytes by
Chondrosarcoma Cells Irradiated with X-Rays and Carbon Ions.
Front Biosci. 2022, 27 (9), 277.

(57) Cat, K. Human Eukaryotic Translation Initiation Factor 3 Subunit
D (EIF3D) ELISA Store All Reagents At 2°C-8°C ! Package Size: 48 T/Kit
or 96T/Kit Valid Period: Six Months (2°C-8°C) IN VITRO RESEARCH
USE ONLY! NOT FOR THERAPEUTIC OR DIAGNOSTIC
APPLICATIONS! 1; Abbexa.

(58) Human EIF3D ELISA Kit (ABIN420615). https://www.
antibodies-online.com/kit/ 420615/
Eukaryotic+Translation+Initiation+Factor+3,+Subunit+D+EIF3D+E
LISA+Kit/. (accessed 26 December 2024).

(59) Abbexa Ltd. Human Eukaryotic Translation Initiation Factor 3
Subunit D (EIF3D) ELISA Kit. https://www.abbexa.com/human-
eif3d-elisa-kit?srsltid=AfmBOoqxyCXNLAtwNt_Ptt0oFSSEX-
WZfMg3FZIr22-qO1S7_G3KKNBX (accessed 26 December 2024).

8341

https://doi.org/10.1021/acs.langmuir.5c00157
Langmuir 2025, 41, 8330—8341


https://doi.org/10.1016/j.bios.2014.07.044
https://doi.org/10.1016/j.bios.2014.07.044
https://doi.org/10.1002/elan.202060482
https://doi.org/10.1002/elan.202060482
https://doi.org/10.1002/jcla.24825
https://doi.org/10.1002/jcla.24825
https://doi.org/10.1002/jcla.24825
https://doi.org/10.2147/CMAR.S142324
https://doi.org/10.2147/CMAR.S142324
https://doi.org/10.2147/CMAR.S142324
https://doi.org/10.18632/oncotarget.17279
https://doi.org/10.18632/oncotarget.17279
https://doi.org/10.31083/j.fbl2709277
https://doi.org/10.31083/j.fbl2709277
https://doi.org/10.31083/j.fbl2709277
https://www.antibodies-online.com/kit/420615/Eukaryotic+Translation+Initiation+Factor+3,+Subunit+D+EIF3D+ELISA+Kit/
https://www.antibodies-online.com/kit/420615/Eukaryotic+Translation+Initiation+Factor+3,+Subunit+D+EIF3D+ELISA+Kit/
https://www.antibodies-online.com/kit/420615/Eukaryotic+Translation+Initiation+Factor+3,+Subunit+D+EIF3D+ELISA+Kit/
https://www.antibodies-online.com/kit/420615/Eukaryotic+Translation+Initiation+Factor+3,+Subunit+D+EIF3D+ELISA+Kit/
https://www.abbexa.com/human-eif3d-elisa-kit?srsltid=AfmBOoqxyCXNLAtwNt_Ptt0oF5SEX-WZfMg3FZIr22-qO1S7_G3KKNBX
https://www.abbexa.com/human-eif3d-elisa-kit?srsltid=AfmBOoqxyCXNLAtwNt_Ptt0oF5SEX-WZfMg3FZIr22-qO1S7_G3KKNBX
https://www.abbexa.com/human-eif3d-elisa-kit?srsltid=AfmBOoqxyCXNLAtwNt_Ptt0oF5SEX-WZfMg3FZIr22-qO1S7_G3KKNBX
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

