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Abstract

Herein, we report the synthesis of a new stable zero/one-dimensional com-
posite heterostructure “MXeneCeria” by integrating titanium carbide MXene
(Ti3C2Tx) nanosheets-derived quantum dots with nano-octahedral particles
of ceria (CeO2). This unique assimilation resulted in the formation of an
auto-fluorescent aqueous colloidal material, which is detectable in fluorescent
colors across various wavelengths, ranging from blue to green and red. The
unique physicochemical properties of MXeneCeria make it a very promising
nanocomposite and it may open a gateway to its potential applications in the
biomedical field including tracking, immunoengineering, cell therapy, and
targeted drug delivery.

Keywords: Ti3C2Tx–CeO2, stable nanocolloids, autofluorescent, surface
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1 Introduction

In recent years, the intersection of nanomedicine and tissue engineering has
witnessed significant progress in synthetic bio-nanomaterials and their role
in tackling longstanding healthcare challenges [1, 2]. This progress encom-
passes diverse immunoengineering applications ranging from immunother-
apy and cancer theranostics to tissue regeneration [3, 4]. In this regard,
low-dimensional MXene materials are considered among the most promising
candidates due to their tunable physicochemical, biological, and immunolog-
ical properties [5, 6]. In particular, MXene nanosheets and derived-quantum
dots of specific chemical compositions have been shown to possess com-
petitive immunomodulatory properties [7]. We recently reported the unique
immune-regulatory role of MXene quantum dots to treat/alleviate allograft
vasculopathy, which is known as an inflammatory disease caused by the host
immune responses post-transplantation [8]. These findings and other relevant
studies in the literature have significantly broadened the scope of MXenes for
biomedical applications. Interestingly, the outcome of recent studies suggests
that MXenes with reduced particle sizes and dimensions display enhanced
bioactivities due to their ability to enter into the cells and other biological
environments [6, 9]. In addition, MXene quantum dots have shown excellent
biocompatibility at controlled doses, which might be attributed to their higher
aqueous dispersibility with a lower agglomeration tendency and the promise
of causing negligible physical damage upon contact with the cells and
tissues.

On the other hand, the nanostructures of cerium oxide (nanoceria) are also
reported to possess intrinsic immunomodulatory properties, including their
potential as anti-cancer agents and defense system against pathogens [10].
Recently significant efforts have been made to combine two or more bio-
materials to synthesize a product that captures the best of all the materials
used to prepare this new heterostructure. This phenomenon has helped to
take the field forward in terms of producing highly efficient user-friendly end
products for biomedical applications. In the current study, for the first time,
we integrated zero-dimensional Ti3C2Tx MXene quantum dots with nano-
octahedral particles of ceria to synthesize a novel composite heterostructure –
MXeneCeria. Our results suggest that the newly borne MXeneCeria could
offer the advantages of MXene quantum dots and nanoceria, and the end
product is highly stable zero/one-dimensional material with abundant bioac-
tive surface terminals, including oxygen, hydroxide, and fluorine-containing
functional groups.
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2 Materials and Methods

2.1 Synthesis of Ti3C2Tx MXene Quantum Dots

Commercially available Ti3C2Tx flakes (Laizhou Kai Kai Ceramic Materials,
Ltd. China) were dispersed in ultrapure water and treated in bath-ultrasonic
for ∼60 min to obtain a colloidal suspension of mono, oligo, and multi-
layered Ti3C2Tx nanosheets. The Ti3C2Tx nanosheets were subjected to
homogenization for 30 min. The solutions were transferred into a 100 mL
Teflon-lined hydrothermal autoclave reactor and treated overnight at 180◦C.
The obtained suspension of MXene quantum dots was then subjected to
autoclave sterilization at 121◦C for 30 min, and the stock solution was stored
at 4◦C for characterization and further experiments.

2.2 Synthesis of Nano-octahedral Particles of Ceria (CeO2)

The CeO2 nanoparticles were synthesized by following a previously pub-
lished protocol [1]. Briefly, commercially available powder of pure cerium
nitrate hexahydrate (Sigma-Aldrich) was dispersed in ultrapure water at a
concentration of ∼50 mM. The resultant solution was subjected to hydrother-
mal treatment in a steel–Teflon autoclave reactor at ∼180◦C for 20–24 hours,
followed by centrifugation at 4500 rpm. The obtained colloidal solution
of nanoceria was rinsed with pure water to obtain a highly pure colloidal
suspension CeO2 nanoparticles. The final solution was stored at 4◦C for
characterization and further experiments.

2.3 Synthesis of MXeneCeria

The aqueous solutions of Ti3C2Tx MXene quantum dots and CeO2 nanopar-
ticles were mixed at a ratio of 1:1 and stirred overnight at room temperature.
The resultant colloidal mixture was centrifuged at 4500 rpm for 30–60 min,
the supernatants were then removed to separate the unbound components.
The obtained MXeneCeria particles in the precipitate were suspended in
ultrapure water and stored at 4◦C for further experiments.

2.4 Physicochemical Characterization of MXeneCeria

The morphology and microstructure of MXeneCeria was comprehen-
sively characterized using transmission electron microscope attached with
an energy-dispersive X-ray spectroscopy detector (FEI Talos, F200X
S/TEM, ThermoFisher Scientific), scanning electron microscopy (FEI Nova,
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NanoSEM 450 ThermoFisher Scientific), X-ray photoelectron spectroscopy
(Kratos Axis Ultra), and Fourier-transform infrared spectroscopy (FTIR,
Thermo Scientific Nicolet 6700) at the Manitoba Institute of Materials,
University of Manitoba. To assess the phase patterns of the powder and
drop-dried samples, an X-ray diffraction (XRD) machine was used at the
Department of Geology, University of Manitoba. The peaks were collected
in the range from 2-theta 5–80◦ using a continuous scan with the speed rate
of 2/3◦ min−1 and a report interval of 0.03/0.05◦.

2.5 Optical Absorption, Fluorescence, and Stability of
MXeneCeria

The UV–visible optical absorption measurements and auto-fluoresce proper-
ties of MXeneCeria were determined using a Cytation5 Imaging Multi-Mode
Reader (BioTek) and a Nikon Ti-2E microscope. Also, the long-term stability
of these colloids was performed at 1, 2, and 5 months of synthesis, and was
assessed using UV–Vis spectroscopy measurements.

3 Results and Discussions

Figure 1 depicts the schematic synthesis route as well as the morphology,
microstructure, and elemental characterization of MXeneCeria. As shown in
panel A, the Ti3C2Tx MXene nanosheets were converted to quantum dots
with surface titanium oxides through bath-sonication and homogenization
for ∼60 and 30 min, respectively, followed by hydrothermal treatment of the
suspensions at 180◦C for ∼14 hours. Further, these titanium–carbide/oxide
quantum dots were integrated into the as-synthesized nano-octahedral parti-
cles of CeO2 (Supplementary Figure S1). The resultant 0D/1D heterostruc-
ture showed a unique morphology with high colloidal stability while retaining
the main characteristics of parent materials (Supplementary Figures S2
and S3). Panels B and C display the transmission electron microscopy (TEM)
of MXeneCeria clusters. As can be seen, these quantum dots are properly
distributed into the ceria particles. Our high-resolution TEM image in panel D
exhibits the integrated/lateral structure of the particles. The fast Fourier trans-
form and selected-area-electron-diffraction images of MXeneCeria show the
crystalline patterns and lattice d-spacing of its components (panels E, F).

Further, we performed a scanning-TEM (STEM) and energy-dispersive
X-ray spectroscopy (EDX) area-scan and elemental-mapping analysis to
confirm the purity of the material without significant detection of irrel-
evant chemical compositions (panels G–O). These data suggest a high
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Figure 1 A, The synthesis procedures and B–T, physicochemical morphology and
microstructural characterizations of MXeneCeria aqueous colloids.
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Figure 2 A: The XRD phase pattern. B,C: XPS wide and narrow scan fitting analysis. D:
FTIR spectrum of MXeneCeria aqueous colloids.

level of structural integrity alongside typical elemental characteristics of
these CeO2 and Ti3C2Tx particles. In addition, panels P–T reveal different
magnifications of scanning-EM (SEM) images of these aqueous colloids
dried at room temperature. The SEM images captured from the surface of
MXeneCeria at secondary-electrons (SE) mode and collective beam scanning
(CBS) backscattered electrons illustrate its morphology/surface topography.
These data suggest a uniform integration of metal-carbide/oxide particles of
Ti3C2Tx on the surface of lanthanide oxide ceria nano-octahedra.

We also performed X-ray diffraction and photoelectron spectroscopy
(XRD/XPS) to characterize the phase pattern and surface chemistry of
MXeneCeria. As shown in panel A of Figure 2, the XRD spectrum of
this sample elaborates the detection of primary peaks associated with the
chemical compositions of the synthesized composite heterostructure. Also,
the XRD phase structure spectra of the raw and parent materials are repre-
sented in Supplementary Figure S4. Additionally, as shown in Figure 2B, C,
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the XPS survey spectra and narrow scan fitting analysis of the composing
elements, including Ce 3d, O 1s, C 1s, and Ti 2p, suggest the successful
synthesis and stable chemical bonding between different components of the
heterostructured MXeneCeria. The detailed XPS components analysis as well
as the corresponding narrow scan fittings of the F 1s, N 1s, and Al 2p are
presented in Supplementary Figure S5 and Supplementary Tables S1 to S6.
The Fourier transform infrared spectroscopy (FTIR) of this material suggest
the presence of organic and/or inorganic components and bonds in its end-
structure along with an enrichment of hydroxyl and fluorine-based surface
functional groups (Figure 2D). These data align well with other properties of
this new material and are in agreement with previous reports in the literature
on the physicochemical characterizations of its parent Ti3C2Tx MXene and
CeO2 materials.

Furthermore, UV–visible spectroscopy (UV–Vis) was employed to mea-
sure the optical absorption and assess the enhanced colloidal dispersibil-
ity and stability of MXeneCeria in aqueous media. As demonstrated in
Figure 3A–D, Our UV–Vis results suggest the optical absorption property

Figure 3 A–D: The UV–visible spectroscopic analysis of pure water, Ti3C2Tx MXene
nanosheets-derived quantum dots with surface metal oxides, CeO2 nanoparticles, and
MXeneCeria at different wavelengths ranging from 280–980 nm. Data confirm the long-term
durability and material stability of these aqueous colloidal suspensions at 4 ◦C for up to around
three months. The MXeneCeria showed no significant changes in the UV–Vis measurement
from day 1 to day 100.
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Figure 4 Detection of auto-fluorescence of Ti3C2Tx MXene quantum dots with surface
metal oxides, CeO2 nanoparticles, and MXeneCeria composite heterostructure at different
wavelengths.
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and long-term stability of these collides at 4◦C for more than three months
(around 100 days). The identification of C–C bonds in the UV–Vis spectra at
a wavelength of ∼280 nm is a confirmation of the resistance of MXeneCeria
against material decomposition in aqueous media.

Lastly, we have evaluated the auto-fluorescent properties of this colloidal
material (Figure 4). Interestingly, MXeneCeria has shown fluorescence sig-
nals within different tested wavelengths, depicting its potential as a trackable
nanoscale biomaterial for various diagnostics and nanomedicine approaches.
As can be seen in Supplementary Figure S6, the aqueous colloidal disper-
sion of MXeneCeria showed relative auto-fluorescent properties, including
excitation and emission across different regions and colors. While both of
the parent materials used for developing MXeneCeria have been reported
to possess high biocompatibility at controlled doses in their nature with
intrinsic bioactivity properties for bio-related applications, future detailed
studies should focus on investigating the biological/immunological activities
and applications of MXeneCeria as well as the mechanisms behind it.

4 Conclusion

In this study, MXeneCeria is fabricated for the first time by integrating
Ti3C2Tx MXene nanosheet-derived quantum dots into the CeO2 nano-
octahedral particles. This innovative 1D/0D assembly has been found to
offer auto-fluorescent properties along with high dispersibility and stability
for aqueous colloidal applications. Its microstructure may also benefit from
high levels of biocompatibility and bioactivity properties of its parent mate-
rials, which is highly advantageous for bio-tracking applications. Another
unique aspect of MXeneCeria composite heterostructure lies in the rational
formulation of two immunomodulatory biomaterials in a single stable design.
Together, these specifications pave the way for future studies.
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