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ABSTRACT: Herein, we report on a two-dimensional amino- 0af
functionalized Ti;C,-MXene (N—Ti;C,-MXene)-based surface

X
plasmon resonance (SPR) biosensor for detecting carcinoem- %gg
bryonic antigen (CEA) utilizing a sandwich format signal Vs j L

amplification strategy. Our biosensor employs an N-Ti;C,- % I
MXene nanosheet-modified sensing platform and a signal enhancer w |
comprising N-Ti,C,-MXene-hollow gold nanoparticles (HGNPs)- B
staphylococcal protein A (SPA) complexes. Ultrathin Ti,C,- R 1
MZXene nanosheets were synthesized and functionalized with

aminosilane to provide a hydrophilic-biocompatible nanoplatform for covalent immobilization of the monoclonal anti-CEA capture
antibody (Ab,). The N-Ti;C,-MXene/HGNPs nanohybrids were synthesized and further decorated with SPA to immobilize the
polyclonal anti-CEA detection antibody (Ab,) and serve as signal enhancers. The capture of CEA followed by the formation of the
Ab,-conjugated SPA/HGNPs/N-Ti;C,-MXene sandwiched nanocomplex on the SPR chip results in the generation of a response
signal. The fabricated N-Ti;C,-MXene-based SPR biosensor exhibited a linear detection range of 0.001—1000 PM with a detection
limit of 0.15 fM. The proposed biosensor showed high sensitivity and specificity for CEA in serum samples, which gives it application
potential in the early diagnosis and monitoring of cancer. We believe that this work also opens new avenues for development of
MZXene-based highly sensitive biosensors for determining various biomolecules.
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concentrations has become a bottleneck for the further
development of SPR biosensing technology.'' To overcome

( : arcinoembryonic antigen (CEA), a kind of glycoprotein,

is recognized as the most common biomarker for cancers.

The CEA level in serum is of great reference significance to the
clinical cancer diagnosis.' Developing a sensitive and selective
method for determining CEA is very meaningful for early
treatment of cancers with relatively good prognosis and
improvement of survival duration. Currently, in virtue of
development of analytical techniques, many methods have
been reported to detect CEA in real samples. These techniques
include enzyme-linked immunoassay (ELISA),” photoelectro-
chemical immunoassay,” fluoroimmunoassay,” electrochemilu-
minescence,” and electrochemical immunoassay.6 However,
new methods of low cost, easy operation, and high sensitivity
are still required for applications in clinical diagnosis.

Surface plasmon resonance (SPR) sensing technology
provides a sensitive real-time response to the binding of
chemical and biomolecules of interest to the sensing chip
surface without labeling. The advantages of high sensitivity and
specific detection of low-concentration target analytes in
complex matrices make it a powerful tool in various application
fields including biological analysis,” food safety and super-
vision,® disease diagnosis and control,’ and environmental
monitoring.'’ However, its inadequate sensitivity for detecting
analytes with low molecular weight or at extremely dilute
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this challenge, sensor surface modification through the
introduction of nanoyartlcles has been proposed for SPR
signal enhancement.' Various nanomaterials have been
utilized in SPR biosensing owing to their intrinsic advantages
over conventional sensing materials, including large surface
areas, small sizes, high specificity, good biocompatibility, and
photostability.'* Nanomaterial-enhanced SPR systems have
exhibited better performances than conventional SPR systems
and broad application prospects.'*~"” With the development of
nanomaterials, many new two-dimensional (2D) materials
such as graphene and its derivatives,”> MoS,,"® black
phosphorus (BP),'” and antimonene® have been discovered,
which have greatly accelerated the development and
application of biosensing technology. Recently, a new family
of 2D layered materials, transition-metal carbides and
carbonitrides materials named MZXenes, have received
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considerable attention.”' "> MXenes are generally prepared by
etching sp element layers from the corresponding 3D MAX
phases, and they exhibit a semblable morphology of exfoliated
graphite.”* MAX phases are layered ternary metal carbides,
nitrides, or carbonitrides with a general formula M,,,AX, (n =
1, 2, 3), where M corresponds to early d-block transition
metals such as Ti, Sc, V, Cr, Ta, and Nb. Here, A corresponds
to main group sp elements designated as groups 13 and 14, and
X corresponds to a C or N atom.”> The MXenes generally
exhibit metallic conductivity and good hydrophilicity, making
them good for catalysis,26 biosensors,”” energy storage,
supercapacitors,”® and lithium ion batteries.”” For MXenes,
the abundant oxygen or hydroxyl functional groups and
complete metal atomic layers endow them with the ability of
interacting with plentiful biomolecules and for utilization as
nanobiointerface units for biosensing.”* Few-layer Ti;C,-
MXene, a new biosensing material, has exhibited superior
capacity for loading biomolecules and has become a recent hot
spot. To date, Ti;C,-MXene-based electrochemical, electro-
generated chemiluminescence (ECL), and fluorescent bio-
sensors have been reported.’®™*” It should be noted that
MXenes similar to most nanomaterials also suffer from
aggregation and precipitation in complex matrixes especially
biological mediums. Surface engineering is a critical way to
improve the stability of these nanosystems by decorating other
functional materials.*

In this paper, amino group-functionalized single/few-layered
Ti;C,-MXene nanosheets were assembled on the surface of a
thin gold film as the sensing material for the covalent
immobilization of monoclonal anti-CEA antibodies (Ab,).
Furthermore, N-Ti;C,-MXene nanosheets served as the
substrate for the binding of hollow gold nanoparticles
(HGNPs). HGNPs on the surface of Ti;C,-MXene/HGNPs
composites were further decorated with staphylococcal protein
A (SPA) so that they could conjugate with polyclonal anti-
CEA antibodies (Ab,) termed N-Ti;C,-MXene/HGNPs/
SPA/ADb,. N-Ti;C,-MXene/HGNPs/SPA/Ab, nanoconjugates
were then introduced into this SPR sensing system, where they
functioned as signal enhancers to further improve the detection
sensitivity. The resultant SPR biosensor exhibited a wide linear
detection range, ultralow detection limit, and good selectivity
toward CEA in human serum. Therefore, the proposed sensing
method holds potential in the monitoring of CEA levels for
clinical cancer diagnosis and monitoring.

B EXPERIMENTAL SECTION

Materials and Reagents. Carcinoembryonic antigen
(CEA) and monoclonal and polyclonal anti-CEA were from
Fitzgerald Industries. Bovine serum albumin (BSA) was from
DingGuo Biotechnology Company. N-Hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-(dimethylamino)propyl) carbodii-
mide (EDC) were from JK Chemicals. Hydrogen tetrachlor-
oauratehydrate (HAuCl,-3H,0) was from Acros. The Ti;AIC,
MAX phase was from Carbon-Ukraine Ltd. Sodium borohy-
dride (NaBH,), cobalt chloride hexahydrate (CoCl,-6H,0),
(3-aminopropyl)triethoxysilane (APTES), hydrofluoric acid,
and sodium citrate were from Sinopharm Chemical Reagent
Co., Ltd. Human serum samples were from China-Japan Union
Hospital of Jilin University. All water used in this experiment
was prepared using a Millipore purification device. Anti-CEA
and CEA were stored at —20 °C, and other biological reagents
were kept at 4 °C. PBS (0.01 mol L7, pH 7.4,0.2 g of KCI, 8.0
g of NaCl, 0.24 g of KH,PO,, and 1.44 g of Na,HPO, were

dissolved in 1000 mL of deionized water) was prepared before
use.

Synthesis of Amino-Functionalized Ti;C,-MXene
Nanosheets. Ti;C,-MXene was prepared by etching bulk
Ti;AlC, according to a previous method with minor
modifications.”* APTES was used to modify the as-synthesized
ultrathin Ti;C,-MXene nanosheets with an amino terminal.*®
Typically, 30 mg of Ti;C,-MXene was dispersed in 15 mL of
ethanol and deionized water (DI water) with a volume ratio of
1:4, after which 200 L of APTES was slowly dropped into the
above solution and stirred at 800 rpm at room temperature for
24 h. The obtained product was washed with DI water several
times to remove the unbound APTES, and the purified
product underwent vacuum drying overnight at 50 °C. The
obtained powder was redispersed in DI water to form a 2 mg
mL™! N-Ti;C,-MXene solution, which was stored at 4 °C for
further use.

Synthesis of Ti;C,-MXene/HGNPs/SPA/Ab, Nanocom-
posite. The prepared N-Ti;C,-MXene nanosheets were
further decorated with HGNPs, which served as SPR signal
enhancers. According to Schwartzberg’s method, HGNPs were
obtained by employing cobalt nanoparticles as the sacrificial
templates.”® The obtained product was harvested by
centrifugation and dispersed in 10 mL of DI water. To prepare
N-Ti;C,-MXene/HGNPs nanohybrids, 6 mL of the as-
prepared HGNPs solution was mixed with 10 mL of a 0.4
mg mL™' N-Ti;C,-MXene solution, followed by ultra-
sonication for 30 min under a nitrogen (N,) atmosphere.
The resultant N-Ti;C,-MXene/HGNPs nanohybrids were
washed three times with DI water, and the final precipitates
were redispersed in 12 mL of PBS and stored at 4 °C for
further use. To achieve N-Ti;C,-MXene/HGNPs/SPA nano-
composites, 200 uL of SPA (1 mg mL™") was added to 3 mL of
the N-Ti;C,-MXene/HGNPs nanohybrid solution, which was
maintained at 4 °C for 3 h. Afterward, the unbound SPA in the
solution was removed by centrifugation, and the obtained N-
Ti;C,-MXene/HGNPs/SPA nanocomposites were redispersed
in 4 mL of PBS. N-Ti;C,-MXene/HGNPs/SPA/Ab, nano-
conjugates were prepared by adding 200 ug of Ab, to the
above solution, with gentle stirring at room temperature for 12
h. The resultant solution was centrifuged and redispersed in 4
mL of PBS comprising 10 mg mL™" BSA for blocking the
nonbinding sites. HGNPs/SPA/Ab, nanoconjugates, which
served as the control, were prepared by the same procedure
used to prepare N-Ti;C,-MXene/HGNPs/SPA/Ab, nano-
conjugates.

Fabrication of Biosensing Platform. The SPR assay in
this study was carried out by an angle modulation SPR
biosensor based on the conventional Kretchmann config-
uration. The general instrument details and working principle
are provided in the Supporting Information (Figure S1). Shifts
of the resonance angle that originated from refractive index
changes of the sensing chip surface were measured. A bare gold
film was coated on a glass slide and then attached to the
bottom of a reactor to serve as the SPR sensing interface. First,
500 uL of a 0.8 mg mL™" N-Ti;C,-MXene solution was
injected into the flow cell, which was then incubated for 12 h at
room temperature to allow the assembly of N-Ti;C,-MXene
nanosheets on the bare gold film. Subsequently, free N-Ti;C,-
MZXene nanosheets in the solution on the chip surface were
washed away with DI water. Afterward, a PBS baseline solution
was injected into the flow cell. Here, 500 uL of 100 ug mL™"
Ab; was activated by EDC (0.2 mol L™") and NHS (0.05 mol
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Figure 1. Schematic of detection procedure of the prepared SPR biosensor.
L") for 15 min at 4 °C in advance and then was injected into a e 0V b
the flow cell. Ab, was immobilized on N-Ti;C,-MXene R — NTiCMXene i SiZp
nanosheets through the covalent bonding between amino 7| 2 '
groups of N-Ti;C,-MXene nanosheets and carboxyl groups on % £ <
the Fc region of anti-CEA. The prepared Ab,/N-Ti;C,- H g
MXene/gold film sensing chip was washed by PBS to remove B "
any unbound Ab,. Then, 10 mg mL™" BSA was injected into
the flow cell, which was then incubated for 20 min at room 0 2 % N w 70w s li"mn ding illélirgy (ev)“'” %
temperature so that BSA could block unspecific active sites on c e ey it o d
the sensing chip. Finally, PBS was injected to remove the — NTHCMXene ! N1s Audtea !
unbound BSA in the flow cell, and the prepared sensing 2 1 2 \‘X
platform was ready for capturing CEA in the samples. s : ]
Detection of CEA. For SPR measurement, 500 uL of the H E {
CEA sample diluted with PBS was allowed to flow over the = “WWMMWW h
surface of the sensing platform and then incubated at room e
temperature for 30 min. Free CEA in the solution was removed a0 o W5 90 90 8 86 76

by flowing PBS gently over the sensing chip. After a stable
resonant angle was obtained (about S min), S00 yL of the N-
Ti;C,-MXene/HGNPs/SPA/AD, signal enhancer solution was
injected into the flow cell and then incubated for 20 min.
Finally, unreacted N-Ti;C,-MXene/HGNPs/SPA/Ab, signal
enhancers were washed away with PBS. The biosensor
responses were determined as resonance angle shifts before
the CEA sample injection and after washing off free signal
enhancers. Figure 1 illustrates a schematic representation of
the detection process. The entire assay was conducted at room
temperature and atmosphere pressure. All measurements were
repeated three times to ensure their repeatability.

B RESULTS AND DISCUSSION

Characterization. The obtained Ti;C,-MXene nanosheets
were first analyzed by X-ray diffraction (XRD) to identify their
crystal structure (Figure 2a). Several sharp diffraction peaks are
located at 6.06°, 18.08°, 30.44°, 36.68°, 43.04°, and 69.4° in
the XRD pattern, which is consistent with a previous report.*”
Furthermore, the chemical status of the Ti;C,-MXene
nanosheets was characterized by typical X-ray photoelectron
spectroscopy (XPS). The survey spectrum of Ti;C,-MXene
illustrates the presence of Ti, C, O, and F, and the O and F
correspond to the —OH and F terminal groups on the surface
of the Ti;C,-MXene nanosheets formed during etching,
respectively.”” APTES functionalization was utilized to prepare
N-Ti;C,-MXene nanosheets, and the appearances of Si 2p and
N 1s peaks confirmed that the Ti;C,-MXene nanosheets had
been successfully modified (Figure 2b, c). The obvious Au
signal in XPS demonstrates the formation of N-Ti;C,-MXene/
HGNPs nanohybrids. The Au 4f spectrum (Figure 2d)
resolved into two spin—orbit components, and these two
peaks showed binding energies of 83.5 and 87.2 eV,

400 84 82 80
Binding Energy (eV) Binding energy (eV)

Figure 2. (a) XRD pattern of Ti;C,-MXene; (inset) XPS spectrum of
TiyC,-MXene. (b), (c) XPS spectra exhibiting the chemical states of
Si and N on the surfaces of Ti;C,-MXene and N-Ti,C,-MXene. (d)
High-resolution XPS spectrum of Au 4f.

corresponding to the Au 4f;, and 4f;,, peaks of metallic
gold, respectively.”®*’

Structural and Morphological Analysis. Few-layer or
single-layer Ti;C,-MXene nanosheets were originated from
parent MAX-phase ceramics. Very thin, highly transparent, and
smooth Ti;C,-MXene nanosheets that underwent procedures
of delamination, disintegration, and probe sonication breakage
are clearly observed in Figure 3a. After APTES functionaliza-
tion, few N-Ti;C,-MXene sheets tended to overlap onto each
other, and the smoothness of the sheets degraded due to the
shearing forces applied from the stirring process. However, the
N-Ti;C,-MXene nanosheets were still gauzy based on the
TEM image (Figure 3b). According to AFM analysis, the
thickness of the prepared N-Ti;C,-MXene sheets was 1.9 nm,
further confirming the formation of single-layered and few-
layered N-Ti;C,-MXene nanosheets (Figure 3d). We synthe-
sized HGNPs to prepare N-Ti;C,-MXene/HGNPs nano-
hybrids. The prepared HGNPs, exhibited in Figure S2a and
the inset in Figure 3¢, were of good structure with an average
shell diameter of 43 + 6 nm and wall thickness of 3 + 0.4 nm.
For the N-Ti;C,-MXene/HGNPs nanohybrids, HGNPs
exhibited uniform distribution over the ultrathin N-Ti;C,-
MXene nanosheets (Figure 3c).

Ultraviolet and Visible (UV—vis) Spectroscopy Anal-
ysis. Figure S3 shows the UV—vis spectroscopy results for
HGNPs, NTi;C,-MXene, N-Ti;C,-MXene/HGNPs, N-Ti;C,-
MXene/HGNPs/SPA, and N-Ti;C,-MXene/HGNPs/SPA/
Ab, suspensions. The absorption spectrum of delaminated
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Figure 3. (a) SEM image of as-synthesized 2D Ti;C,-MXene
nanosheets. (b) TEM image of N-Ti;C,-MXene. (c) N-Ti;C,-
MXene/HGNPs nanohybrids. (d) AFM image of N-Ti;C,-MXene.

N-Ti;C,-MXene in a dilute aqueous medium exhibited no
obvious peaks, and the absorbance of N-Ti;C,-MXene
decreased monotonically with an increase in the wavelength
of incident light in the range of 300—900 nm. The SPR band of
N-Ti;C,-MXene/HGNPs suspensions appeared in the visible
region at 615 nm, which corresponded to the adsorption peak
of HGNPs. SPA, a polypeptide of staphylococcus, can form an
appropriate linkage between HGNPs and Ab, because gold—
SPA complexes have a high association constant, and SPA can
selectively bind with the Fc regions of antibodies.”” The
absorption peaks of HGNPs in the N-Ti;C,-MXene/HGNPs
nanohybrids showed obvious red-shifts after the attachment of
SPA (630 nm) and Ab, (650 nm). These red-shifts
demonstrated the change in the localized refractive index
near HGNPs, suggesting the successful preparation of N-
Ti;C,-MXene/HGNPs/SPA/Ab, nanoconjugates. For com-
parison, we prepared HGNPs/SPA/Ab, nanoconjugates, and
the apparent red-shifts of the bare HGNPs adsorption peak
position indicate that HGNPs/SPA/Ab, nanoconjugates were
successfully fabricated (Figure S2b).

Amino-Functionalized Ti;C,-MXene-Based Biosens-
ing Platform. The as-prepared N-Ti;C,-MXene nanosheets
were demonstrated to be ultrathin and rough with the surface
engineering of amino groups, offering large surface areas and
high loading capacities of anti-CEA. By virtue of the strong
metal—carbon coupling between MXene and the gold chip
surface, and adsorption of the amino terminal of N-Ti;C,-
MZXene on the gold surface, 2D N-Ti;C,-MXene nanosheets
are expected to complete self-assembly on a flat gold film.*
Different concentrations of N-Ti;C,-MXene were injected into
the flow cell to assemble on the bare gold film, and DI water
was then injected to wash away nonadsorbed N-Ti;C,-MXene.
The assembly of N-Ti;C,-MXene nanosheets on the gold chip
was monitored by an SPR technique and could reach
saturation within 12 h. An increasing amount of N-Ti;C,-
MXene nanosheets assembled on the gold film with an increase
in N-Ti;C,-MXene concentration, leading to the red-shift of a
resonance angle. Figure S4 shows the revolution of the SPR
curve with regard to the resonance angle and reflectivity when

N-Ti;C,-MXene sheets were assembled on a bare gold film.
The SPR angle shift demonstrated the adsorption of N-Ti;C,-
MXene onto the gold chip surface. Meanwhile, the decrease in
the reflection loss reveals that Ti;C,-MXene is an absorbing
dielectric medium. The resonance angle shift achieved a
maximum value of 0.60° when the concentration of the N-
TiyC,-MXene solution increased to 0.8 mg mL™, suggesting
that assembly of N-Ti;C,-MXene nanosheets on the gold film
had reached saturation (Figure SSa). The corresponding
morphological changes of the sensor chip surface were
characterized by SEM. As shown in Figure S6, for the
concentration of 0.8 mg mL™', a satisfactory uniform
distribution of N-Ti;C,-MXene sheets on the gold film was
observed, which confirms the successful assembly of the N-
Ti;C,-MXene sheets on the gold chip. Figure S5b exhibits the
SPR spectra of a N-Ti;C,-MXene-modified sensing chip before
and after 10 washing cycles. The blue-shift of the resonance
angle after 10 washing cycles is less than 8% of the initial shift
of the resonance angle, demonstrating the stability of N-Ti;C,-
MXene sheets assembled on the gold film. After modification
of the sensing chip, 100 ug mL™" Ab, activated by EDC and
NHS in advance was introduced into the reactor and
immobilized on the N-Ti;C,-MXene nanosheets by covalent
attachment. The immobilization of Ab, on the N-Ti;C,-
MXene sheets could be completed within 60 min and resulted
in a red-shift of about 0.5°.

Analytical Performance of the Biosensor. In this
sensing strategy, N-Ti;C,-MXene/HGNPs/SPA/Ab, nano-
composites were introduced into the sensing system as signal
enhancers after CEA was captured on the sensing chip surface
to further improve the detection sensitivity of the system. This
signal amplification is due to the following reasons: (1) The
introduction of N-Ti;C,-MXene/HGNPs/SPA/Ab, nano-
conjugates increases the mass captured on the SPR chip
interface and then increases the real part of the refractive index
of the chip surface. (2) The strong electromagnetic coupling
between the dense HGNPs and the underlying gold chip
increases the imaginary part of the refractive index of the
sensing chip. Therefore, the amount of N-Ti;C,-MXene/
HGNPs/SPA/Ab, nanoconjugates used in this assay was
optimized prior to the detection. A total of 500 uL of an as-
prepared N-Ti;C,-MXene/HGNPs/SPA/Ab, solution diluted
with different volumes of PBS was introduced into the
proposed sensing system for the detection of 107> M CEA.
The resonance angle displayed an increasing red-shift with the
injection of an increasing volume of the N-Ti;C,-MXene/
HGNPs/SPA/Ab, solution up to a final volume of 400 uL,
indicating that N-Ti;C,-MXene/HGNPs/SPA/Ab, nanocon-
jugates captured on the sensing chip had reached saturation
(Figure S7a). Based on this result, the optimum volume of the
N-Ti;C,-MXene/HGNPs/SPA/AD, solution used in all experi-
ments reported below was 400 pL. With this optimization, the
maximum red-shift of the resonance angle obtained a 131%
increase over that of the sensing strategy without N-Ti;C,-
MXene/HGNPs/SPA/Ab, signal enhancers.

For quantification of CEA, samples with different concen-
trations of CEA were determined by the proposed strategy, and
the resulting shifts of the resonance angle were measured.
Figure 4a and b shows the SPR responses of the proposed
biosensing system to CEA samples with different concen-
trations, and the shifts of the resonance angle gradually
increased with the increase in CEA concentrations. The fitting
result in Figure 4c reveals that the resonance angle shift (Af)
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Figure 4. (a) Relationship between SPR angle shifts and
concentrations of CEA obtained with the biosensor based on the
N-Ti;C,-MXene/Ab, sensing platform and N-Ti;C,-MXene/
HGNPs/SPA/AD, signal enhancer. (b) Corresponding SPR spectra
with concentrations of CEA ranging from 107" to X107 M. (c)
Calibration plot of the magnitudes of the recorded resonance angle
shift and natural logarithm of the CEA concentration (In C) obtained
with the proposed biosensor. (d) Stability of the N-Ti;C,-MXene/
Ab;-based sensing platform. Error bar = +SD, and n = 3.

exhibited a linear relationship with the logarithm of the CEA
concentration from 107 to 107 M, which could be described
as Af =0.9927 + 0.0273 In C (In C is the natural logarithm of
the CEA concentration, R* = 0.9936). The obtained detection
limit (S/N = 3) was 0.15 fM. Our biosensor shows advantages
both in detection limit and detection range compared with
those reported in the literatures (Table 1). Moreover, the fact
that the relative standard deviations (RSD) obtained by
carrying out independent testing of each sample in triplicate
were less than 5% suggests that the proposed method has good
reproducibility and stability.

To explore the role of each component in the proposed
sensing strategy for improving sensitivity, control experiments
of a traditional mercaptopropionic acid (MPA)/Ab,-modified
sensing platform without a signal enhancer, N-Ti;C,-MXene/
Ab,-modified sensing platform without a signal enhancer, N-
Ti;C,-MXene/Ab,-modified sensing platform with Ab, signal
enhancers, and N-Ti;C,-MXene/Ab;-modified sensing plat-
form with HGNPs/SPA/Ab, nanoconjugates signal enhancers
were conducted to determine a 107" M CEA solution.
Similarly, the amount of HGNPs/SPA/Ab, was also optimized
prior to the assay (Figure S7b). The SPR response signals were
effectively amplified owing to the modifications made to the
sensing structure (Figure S8). For the sensing chip materials,

N-Ti;C,-MXene nanosheets with large surface areas provide
better capacity of immobilizing Ab, compared with traditional
MPA modification, which greatly increases the sensitivity of
the platform. For further improving the detection sensitivity,
the sandwich method was introduced in this assay.
Furthermore, performances of Ab,, HGNPs/SPA/Ab,, and
N-Ti;C,-MXene/HGNPs/SPA/Ab, signal enhancers were
estimated. Introduction of gold nanoparticles which have
excellent optical properties, favorable biocompatibility, and
outstanding surface modifications to SPR biosensing systems is
recognized as an effective way of improving the detection
sensitivity of the system. HGNPs showed higher refractive
index sensitivity compared with those of solid gold
nanostructures owing to the strong plasmonic coupling
between the inner and outer surfaces.” The electromagnetic
coupling between HGNPs and the gold chip greatly amplifies
SPR signals. For N-Ti;C,-MXene/HGNPs/SPA/Ab,, HGNPs
achieved satisfactory dispersion on the surfaces of N-Ti;C,-
MXene nanosheets, which eliminated the aggregation of
HGNPs due to their high surface energy. Also, N-Ti;C,-
MXene/HGNPs/SPA/Ab, on the sensing film directly
increases the mass captured on the sensing chip, resulting in
significant sensitivity enhancement. The proposed sensing
strategy results in an approximate 6-fold increase in the
maximum resonance angle shift over that of the traditional
MPA-based sensing strategy.

Stability and Reusability of Sensing Platform. Stability
of N-Ti;C,-MXene nanosheets is crucial for maintaining its
sensing properties. A shelf lifetime investigation of the BSA/
Ab,/N-Ti;C,-MXene-modified sensing platform was carried
out for detecting CEA (107" M) at regular intervals of time,
during which the prepared sensing chip was kept at 4 °C. A N-
Ti;C,-MXene-modified sensing chip after storage for 28 days
loses 20% of its activity (Figure 4d), indicating that the
proposed sensing platform possesses good stability, and amino
functionalization of Ti;C,-MXene can protect Ti;C,-MXene
from being oxidized to some extent. In addition, we also
examined the reusability of the fabricated biosensor. The
prepared sensing chip can be reused after washing its sensing
interface with massive PBS containing a large amount of ions.
The obtained result reveals that the proposed biosensor still
possessed about 84% of its initial activity after five reuse cycles
(Figure S9).

Serum Sample Studies. Good selectivity is crucial for the
fabricated biosensors in consideration of the need of analyzing
real samples. Blank samples without CEA were detected by the
proposed biosensor as control experiments to estimate the
nonspecific adsorption of N-Ti;C,-MXene/HGNPs/SPA/

Table 1. Comparison of Present Work with Others Reported in Literatures for CEA Detection

Method Detection range (pM)
Chemiluminescent 6—2950
FRET 2.5-350
Electrochemical 0.15-30
Photoelectrochemical 0.0005—-50
SPR 5—1250
SPR 2—125
SPR 0.5—-5000
SPR 15—2000
SPR 5-300
SPR 0. 001-1000

Detection limit (fM) ref
256 43
750 44
700 45

0.2995 46
1500 47
500 48
500 49
15000 50
5000 S1
0.15 this work
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Table 2. Determination of CEA Concentration in Serum Samples Using the Proposed Biosensor (n = 3)

Content of CEA (pM) Spiked (pM)
none 10
none 1
none 0.01
none 0.001

Detected (pM) Recovery (%) RSD (%)
9.58 95.8 7.1
0.986 98.6 34

0.00915 91.5 5.2
0.00104 104 39

Ab,/BSA nanoconjugates on the sensing chip surface. The fact
that the resultant resonance angle shift is nearly zero confirms
the negligible nonspecific interaction between N-Ti;C,-
MXene/HGNPs/SPA/Ab, signal enhancers and the sensing
chip. To evaluate the sensing properties of the N-Ti;C,-
MXene-based biosensor in real serum samples, SPR responses
of CEA spiked-blank serum samples diluted 10 times with PBS
were determined by the proposed biosensor. The obtained
results exhibited acceptable recoveries ranging from 91.5% to
104% with RSDs of 3.4%—7.1% (Table 2).

Furthermore, the proposed biosensor was tested with actual
clinical samples for demonstrating the clinical application of
this sensor. Four cancer patients’ serum samples including one
case of rectal cancer, one case of gastric cancer, and two cases
of colon cancer offered by China-Japan Union Hospital of Jilin
University were measured by our method. A commercial
ELISA kit was also employed as the control. The resultant
relative deviations between this sensor and ELISA kit were
from 6.15% to 9.21% (Table S1), suggesting that our method
holds great promise in the clinical diagnosis of cancer.

B CONCLUSIONS

We have fabricated a highly sensitive and selective SPR
biosensor for detecting CEA, based on an ultrathin N-Ti;C,-
MXene/Ab, sensing platform and N-Ti;C,-MXene/HGNPs/
SPA/Ab, signal enhancer. Ultrathin Ti;C,-MXene nanosheets
were prepared and further modified with APTES for the
covalent immobilization of Ab,. N-Ti;C,-MXene/HGNPs/
SPA conjugated with Ab, was utilized as response signal
enhancers to further improve the detection sensitivity. The
fabricated biosensor exhibited a wide detection range of
0.001-1000 PM with a detection limit of 0.15 fM. The CEA
concentration in serum samples has been estimated by using
the proposed sensing strategy to evaluate the clinical
application of this sensor. The high recoveries of spiked
blank serum samples highlight the good selectivity of the
proposed method for biomolecules in complex mixtures.
Greater effort should be expended to prevent oxidation of
N-Ti;C,-MXene for further extending the quality guarantee
period of the N-Ti;C,-MXene-based sensing chip. Our work
on introducing Ti;C,-MXene-based SPR sensing chip material
for CEA detection broadens the application fields of MXenes.
We believe that the proposed ultrathin Ti;C,-MXene holds
great potential in biosensing and biomedical fields.
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