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The advent of three-dimensional (3D) and four-dimensional (4D) printing technologies has significantly
improved the fabrication of advanced materials, with MXene-based composites emerging as a parti-
cularly promising class due to their exceptional electrical, mechanical, and chemical properties. This
review explores the fundamentals of MXenes and their composites, examining their unique charac-
teristics and the underlying principles of their synthesis and processing. We highlight the transformative
potential of 3D and 4D printing techniques in tailoring MXene-based materials for a wide array of
applications. In the field of tissue regeneration, MXene composites offer enhanced biocompatibility and
mechanical strength, making them ideal for scaffolds and implants. For drug delivery, the high surface
area and tunable surface chemistry of MXenes enable precise control over drug release profiles.
In energy storage, MXene-based electrodes exhibit superior conductivity and capacity, paving the way
for next-generation batteries and supercapacitors. Additionally, the sensitivity and selectivity of MXene
composites make them excellent candidates for various (bio)sensing applications, from environmental
monitoring to biomedical diagnostics. By integrating the dynamic capabilities of 4D printing, which
introduces time-dependent shape transformations, MXene-based composites can further adapt to
Received 11th August 2024, complex and evolving functional requirements. This review provides a comprehensive overview of the
Accepted 30th August 2024 current state of research, identifies key challenges, and discusses future directions for the development
DOI: 10.1039/d4mh01056f and application of 3D and 4D printed MXene-based composites. Through this exploration, we aim to
underscore the significant impact of these advanced materials and technologies on diverse scientific and
rsc.li/materials-horizons industrial fields.

Wider impact

This review highlights the developments in the 3D/4D printing of MXene-based composites, focusing on their processing and emerging applications. The
integration of MXenes with advanced printing technologies has led to significant advancements in creating materials with superior electrical, mechanical, and
chemical properties. These developments are of significant wider interest due to the transformative potential of MXene-based composites in various high-
impact fields. In biomedical applications, MXene-based scaffolds and implants offer enhanced biocompatibility and mechanical strength, while in drug
delivery, their high surface area and tunable chemistry enable precise control over therapeutic release. In energy storage, MXene electrodes provide exceptional
conductivity and capacity, essential for next-generation batteries and supercapacitors. Additionally, their sensitivity and selectivity make them ideal for
environmental and biomedical sensing applications. The future of this field holds immense promise, with the dynamic capabilities of 4D printing enabling
materials that can adapt to changing conditions and functional requirements. The insights provided in this review will help shape materials science by guiding
future research towards optimizing MXene composites for specific applications, addressing current challenges, and exploring new frontiers. This will
ultimately lead to the development of smarter, more efficient, and highly functional materials that can meet the evolving demands of various industries.
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1. Introduction

In recent years, the field of additive manufacturing has
witnessed significant advancements with the emergence of
three-dimensional (3D) and four-dimensional (4D) printing
technologies. These innovative techniques have developed the
way of designing materials, paving the way for novel applica-
tions across various industries."® 3D-printing is a technique
for the production of 3D objects by building up material in
layers according to a digital design that enables producing
lightweight constructions with intricate designs in little time
with lower risk and enhanced accessibility.*” In here, materials
are used as viscoelastic ink that is extruded through a deposi-
tion nozzle in a layer-by-layer manner to create scaffolds and
other 3D shapes on a computer-controlled translation stage.®
There are different methods for the 3D printing (Fig. 1) of
materials including polyJet printing, fused deposition model-
ing (FDM), stereolithography (SLA), selective laser sintering
(SLS), multi-jet fusion printing, direct metal laser sintering
(DMLS), electron beam melting (EBM), and digital light process
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(DLP); each of them has its specific features and are described
in detail in other papers.” Moreover, 4D printing was intro-
duced to integrate a product’s schematic into a pliant, smart
material through a conventional 3D printer.® The item can
metamorphose or be reshaped into the intended layout by
exposing it to specific stimuli like heat, moisture, pressure,
pH, light, etc. Essentially, 4D printing signifies a progression
from 3D printing technology by enabling the creation of
dynamic objects. Additive manufacturing employs 3D printers
for crafting 3D models; nonetheless, it has limitations in
generating static products with confined build sizes. To combat
these constraints, the concept of 4D printing emerged, enabling
the conversion of 1D or 2D filaments into pre-set 3D forms and
with the capacity to transition across dimensions.*®*°

MXenes, which were discovered in 2011, have garnered
significant attention in the scientific community due to their
exceptional properties and diverse applications. These materials
exhibit a unique combination of metallic conductivity, mechan-
ical strength, and hydrophilicity, making them highly versatile for
various fields ranging from energy storage to catalysis."*™*
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Fig. 1 Some of the different types of 3D printing methods including stereolithography (SLA) (A), powder bed and powder jetting (B1 and B2), selective

laser sintering (SLS) (C), semi-solid extrusion (EXT) (D), fused deposition modelling (FDM) (E), and direct ink writing (DIW) (F). (A)—(E) Reprinted with
permission from ref. 10. Copyright 2016, Springer Nature. (F) Reprinted from ref. 11 under the terms of the Creative Commons Attribution License.

Copyright 2021, Wiley.
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MXenes are a class of two-dimensional (2D) transition metal
carbides, nitrides, or carbonitrides with the general formula
M,..1 X, Ty, where M is an early transition metal (such as Ti, V,
Nb, or Mo), X is carbon and/or nitrogen, T represents surface
terminations (such as hydroxyl, oxygen, or fluorine), and 7 is the
number of transition metal layers. The unique structure of
MXenes consists of alternating layers of transition metals and
carbon/nitrogen atoms, with the surface functional groups pro-
viding stability and tunable properties.”>™® The synthesis of
MXenes typically involves the selective etching of the ‘A’ element
from MAX phases, which are layered ternary carbides or nitrides.
This etching process exposes the 2D layers of transition metals
and carbon/nitrogen atoms, resulting in MXene nanosheets. The
choice of transition metal, surface termination, and etching
conditions can be tailored to control the properties of MXenes
for specific applications.'**°

The layered structure of MXenes imparts exceptional proper-
ties, such as high electrical conductivity, mechanical strength,
and chemical stability. These properties make MXenes highly
attractive for a wide range of applications, including energy
storage, catalysis, sensors, and electromagnetic shielding.'®*'">
The ability to functionalize the surface of MXene nanosheets
further enhances their versatility and compatibility with various
matrices; the surface functionalization of MXene nanosheets with
hydrophilic groups enhances their dispersibility in solvents and
compatibility with polymer matrices.>**> One of the key advan-
tages of MXenes is their high surface area, which enables
efficient ion intercalation and rapid charge transfer. This property
makes MXene composites ideal for application in supercapaci-
tors, batteries, and electrochemical sensors.>*® Additionally,
MXenes exhibit excellent mechanical properties, allowing them
to enhance the strength and toughness of polymer composites
when incorporated as fillers.”>*° Moreover, MXenes have shown
great potential in catalysis due to their tunable surface chemistry
and catalytic activity. By tailoring the surface functional groups
of MXene nanosheets, researchers can design catalysts with
enhanced selectivity and efficiency for various chemical
reactions.’*?

One particularly exciting area of research involves the integra-
tion of MXene-based composites into the 3D and 4D printing
processes, with immense potential for various applications.**?*
From flexible electronics to biomedical devices, MXene-based
structures exhibit unparalleled versatility and performance. The
advancement of novel MXene-based materials in 3D printing
presents exciting prospects for progress in additive manufacturing
technologies, particularly in the realm of 4D printing.***” The
integration of innovative materials, like shape memory polymers
and composites, has played a crucial role in the development of
4D printing. These materials enable the creation of smart struc-
tures that can self-assemble, self-repair, or adapt to different
environments autonomously.*® The potential applications of 4D
printing are vast, ranging from self-folding furniture to adaptive
camouflage in military settings.>*™*' By introducing cutting-edge
shape memory polymer composites (SMPCs), printed components
can now possess enhanced functionalities, such as the capability
to alter their shape, functioning as intelligent actuators responsive
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to external stimuli. These materials have captured significant
attention for the advancement of soft robotic systems that can
be produced rapidly and cost-effectively.?”

The 3D/4D printing of advanced MXene-based materials
offers numerous advantages, including enhanced mechanical
properties, electrical conductivity, and chemical stability.*?
However, challenges remain in optimizing the dispersion of
MXene nanosheets within printing matrices, ensuring uni-
formity in printed structures, and scaling up production for
industrial applications. Addressing these challenges will be
crucial for realizing the full potential of MXene-based materials
in additive manufacturing.*®**** The purpose of this review is
to provide a comprehensive overview of the current state-of-
the-art technologies, advancements, challenges, and future
perspectives in the field of additive manufacturing using
MXene-based 3D/4D printed materials. By exploring the unique
properties of MXenes, the capabilities of 3D and 4D printing
technologies, and the emerging applications of MXene compo-
sites across various industries, this review aims to shed light on
the transformative potential of these materials in shaping the
future of advanced manufacturing. Through a critical analysis
of the opportunities, limitations, and key research directions in
the field, we seek to inspire further innovation and exploration
in leveraging MXenes and their composites for creating intel-
ligent, adaptive, and high-performance materials for diverse
applications, from biomedicine to electronics and beyond.

2. 3D/4D printing of MXene-based
materials
2.1. 3D printing

Utilizing 3D printing has enhanced across various industries,
with a projected increase in its widespread adoption both
commercially and among the general public.*® Its efficacy
stems from the amalgamation of an intuitive design phase
facilitated by user-friendly software and flexible, uncomplicated
printing procedures. Expanding the array of printable materials
to encompass deformable and stimuli-responsive variants
holds the promise of propelling the 3D printing domain to
greater prominence and relevance. In the near future, this
diversification is poised to facilitate the production of readily
deployable piezoresistive sensors and dynamic structures cap-
able of undergoing programmed transformations post-
stimulus activation, akin to the characteristics of 4D printing
materials. Concurrently, integrating these intelligent materials
with nanomaterials has the potential to enhance their dynamic
responsiveness and introduce novel functionalities. This syner-
gistic approach opens avenues for innovation and advancement
in the realm of additive manufacturing, paving the way for the
creation of cutting-edge products with enhanced capabilities
and adaptability.*°

Digital light processing (DLP) 3D printing technology is a
type of additive manufacturing that utilizes light to cure liquid
photopolymer resins layer by layer, ultimately creating a
solid object.*” In DLP printers, a light source, often a projector,
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shines light onto a resin tank containing the liquid photopo-
lymer. The light exposure causes the resin to harden or cure,
forming a thin layer of the object being printed. One of the key
advantages of DLP technology is its speed compared to other
3D printing methods. Since the entire layer is exposed to light
simultaneously, DLP printers can produce objects faster than
traditional methods like fused deposition modeling (FDM).
Additionally, DLP printing can achieve high levels of detail
and accuracy, making it suitable for applications requiring
intricate designs or fine features. However, DLP printing also
has its limitations. The layer thickness in DLP printing is
typically larger than in other technologies, which can affect
surface finish and resolution. Post-processing steps such as
cleaning and curing are often necessary to achieve the desired
final quality. In one study, the synthesis of 3D printable
photocurable resins incorporating Ti;C,T,-MXenes with their
exceptional electrical properties was documented.’® Formula-
tion of stable inks suitable for digital light processing 3D
printing technology was achieved, enabling the production of
intricate 3D composite structures with precise printing accu-
racy. To improve the material’s electrical conductivity, anneal-
ing processes were conducted, followed by a comprehensive
analysis of the resulting materials. The findings demonstrated
the successful creation of objects with enhanced electrical
conductivity, paving the way for advancements in the realm
of 3D electronic development.®*

Some 3D printing methods, including fused deposition
modeling (FDM), stereolithography (SLA), and selective laser
sintering (SLS), have been adapted to accommodate MXene-
based materials.*®*® These techniques enable the layer-by-layer
deposition of MXene-infused filaments or resins, allowing for
the precise fabrication of intricate geometries. The high elec-
trical conductivity of MXenes makes them ideal candidates for
application in electronics, sensors, and energy storage devices
produced using 3D printing technologies.’*”° FDM is a widely
used 3D printing technique that involves the extrusion of
thermoplastic filaments through a heated nozzle. In the context
of MXene-based materials, FDM can be employed to fabricate
functional prototypes and components with improved mechan-
ical strength and conductivity. Controlling the deposition para-
meters and material composition is crucial for achieving
optimal results. In one study, a novel MXene/recycled carbon
fiber (rCF) reinforced PLA 3D printing material was synthesized
via the electrostatic self-assembly method of MXenes and
recycled carbon fiber.*® The incorporation of MXenes played a
pivotal role in bolstering the bonding at the fiber-substrate
interface within the reinforced PLA filaments. Consequently,
the printed components exhibited a notable improvement in
toughness, with the flexural strength reaching 105.45 MPa,
modulus at 5.98 GPa, and a notched impact strength of 7.12
k] m 2. These enhancements displayed a substantial increase
of 15.6%, 112.1%, and 31.8%, respectively, compared to pure
PLA materials. Furthermore, the modified PLA material show-
cased superior electromagnetic shielding performance primar-
ily driven by absorption mechanisms.*® This study not only
presents a practical method for enhancing recycled carbon
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fiber-reinforced thermoplastic PLA but also offers valuable
insights into the design of sustainable composites that are
structurally robust and functionally integrated. By leveraging
the synergistic effects of MXenes and recycled carbon fiber, this
research contributed to the development of high-performance,
environmentally conscious materials for advanced applications
in additive manufacturing and beyond.

Stereolithography (SLA) is a resin-based 3D printing techni-
que that uses ultraviolet (UV) light to solidify liquid photopo-
lymer resins layer by layer. This high-resolution printing
method is suitable for producing intricate MXene-based struc-
tures with fine details and smooth surfaces. Proper resin
selection and curing parameters are essential for maximizing
the mechanical and electrical properties of the printed
objects.”” The utilization of stereolithographic 3D printing
has gained momentum for the rapid fabrication of intricately
designed gels with unique 3D structures. In one study, MXene
(TizC,T,) was introduced for the first time as a versatile photo
blocker in a photo-curable aqueous ink utilized in a novel
stereolithography technology known as continuous liquid inter-
face production (CLIP).*” This innovative approach aimed to
facilitate the production of hydrogels with intricate geometries.
By acting as an efficient photo blocker, MXene nanosheets
played a crucial role in significantly reducing light scattering
within the hydrogel precursor ink during the CLIP printing
process, thereby enhancing printing precision. Subsequent
transformation through solvent exchange with glycerin resulted
in the creation of an organogel with exceptional adhesive
properties towards diverse surfaces, showcasing its potential
as an adhesive sensor capable of detecting various body move-
ments. Moreover, the CLIP-printed organogel exhibited promis-
ing applications in atmospheric water harvesting, leveraging
the innate hygroscopic nature of the organogel and the excel-
lent light-to-heat conversion performance facilitated by MXene
nanosheets. Additionally, the CLIP-printed hollow organogel
demonstrated enhanced efficiency due to its larger surface
area.”” These findings underscored the multifunctional cap-
abilities of MXenes as an additive for CLIP inks, hinting at the
emergence of new avenues for 3D printing advanced devices
with enhanced functionalities and performance metrics.

Selective laser sintering (SLS) is a powder-based 3D printing
technology that utilizes a high-powered laser to sinter pow-
dered materials, such as polymers or metals, into solid objects.
In the case of MXene composites, SLS can be used to create
functional parts with enhanced strength and conductivity.
Optimizing the sintering process and powder composition is
critical for achieving the desired material properties.*® In a recent
investigation, the synthesis of MXene (Ti;C,) was reported on the
surface of a metal-organic framework (HKUST-1) to form a
composite with polyamide 12 (PA12).*® This composite exhibited
notable enhancement in both mechanical strength and fire safety
characteristics. The assessment of the PA12 composite reinforced
with MXene-on-HKUST-1 unveiled substantial reductions in total
heat release (by 18.5%), peak heat release (by 26.1%), and total
smoke emission (by 28.1%). Additionally, the incorporation of
MXene-on-HKUST-1 led to improvements in tensile strength and
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dynamic mechanical properties. These results provided insights
into the underlying mechanisms responsible for the enhance-
ment of mechanical strength and flame-retardant capabilities
conferred by MXene-on-HKUST-1."® By leveraging selective laser
sintering, this research introduced a promising technology for the
advancement of high-performance MXene-reinforced PA12-based
flame-retardant composites. The successful integration of MXene
onto HKUST-1 opens up new avenues for the development of
polymeric materials with enhanced flame resistance and mechan-
ical robustness, catering to the evolving needs of various indus-
trial applications.

From healthcare to electronics, the utilization of MXenes in
3D printing opens up new avenues for innovation and custo-
mization. In the field of healthcare, 3D printing of MXene
composites (Fig. 2) finds application in the production of
patient-specific implants and prosthetics, tissue engineering,
cancer therapy, and drug delivery systems.’" The biocompat-
ibility and mechanical strength of MXenes make them ideal
candidates for creating personalized medical devices that offer
superior performance and durability.>>™>* In the realm of
electronics, MXene-based composites hold promise for devel-
oping next-generation components with enhanced conductivity
and thermal management.>™” By leveraging the precision of
3D printing technology, engineers can fabricate intricate cir-
cuitry, sensors, and energy storage devices that exhibit superior
performance and reliability. Moreover, the aerospace and auto-
motive industries stand to benefit from the applications of 3D
printing of MXenes and their composites. The lightweight
nature and exceptional mechanical properties of MXenes make
them ideal for producing high-performance structural compo-
nents, such as aircraft parts or automotive components, with
reduced weight and increased strength.*° In the field of energy
storage, MXenes and their composites offer groundbreaking
potential for improving the performance and efficiency of
batteries and supercapacitors.’®**® These advanced materials,
known for their high conductivity and large surface area, are
poised to address the growing demand for energy storage
solutions in various industries. One key application of MXenes
in energy storage is their use in lithium-ion batteries.®'
By incorporating MXene composites as electrode materials,
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researchers aim to enhance the energy density, charge/dis-
charge rates, and cycling stability of batteries. This can lead
to the development of longer-lasting and faster-charging bat-
teries for electric vehicles, portable electronics, and renewable
energy systems.®*®> Moreover, MXene-based materials show
promise in supercapacitors, which are crucial for rapid energy
storage and release applications.®® Indeed, the integration of
MXene-based materials in supercapacitors represents a signifi-
cant leap in energy storage technology, offering high conduc-
tivity, exceptional capacitance, and rapid charge-discharge
cycles. The high surface area and excellent electrical conductiv-
ity of MXenes make them ideal candidates for improving the
energy storage capacity and efficiency of supercapacitors. This
provides the capability of quick charging times and high-power
output in devices requiring rapid energy bursts. Furthermore,
the versatility of MXenes allows for the customization of energy
storage devices to meet specific application requirements.
By tuning the composition and structure of MXene composites,
researchers can tailor the performance characteristics of bat-
teries and supercapacitors for different applications, ranging
from grid-scale energy storage to wearable electronics.®”"%®
Leveraging the versatility of 3D printing techniques in this
domain holds immense promise for the fabrication of custo-
mized and efficient supercapacitor devices.®® By harnessing the
precision and flexibility of 3D printing, researchers can tailor
the design and structure of supercapacitors to maximize per-
formance while minimizing size and weight. The additive
manufacturing process enables the creation of intricate elec-
trode architectures that optimize the utilization of MXene’s
impressive electrochemical properties.”® Furthermore, the use
of 3D printing allows for the seamless integration of MXene-
based electrodes into complex device configurations, enhan-
cing overall energy storage capacity and efficiency. This
approach paves the way for the development of lightweight
and compact supercapacitors with enhanced power density and
longevity.®®”* The marriage of 3D printing technology with
MXene-based supercapacitors not only streamlines the manu-
facturing process but also facilitates the development of inno-
vative energy storage solutions tailored to specific application
requirements. For instance, quasi-solid-state symmetrical

ntl n x

Number of transition metal layers

Fig. 2 Application of the 3D-printing method for fabricating MXenes.
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micro-supercapacitors (MSCs) were prepared using direct 3D
printing with aqueous MXene sediment ink devoid of additives.”*
Traditionally, the MXene sediment, predominantly comprising
multi-layered MXene and un-etched MAX, was discarded follow-
ing the collection of d-Ti;C,T, suspension. However, this research
demonstrated a paradigm shift by utilizing the MXene sediments
in the ink to modulate viscoelastic properties, enabling the
printing of MSCs with diverse structures on substrates at room
temperature via direct ink writing technology. The investigation
unveiled that the 3D-printed MSCs exhibited commendable
charge storage capabilities, showcasing a peak areal capaci-
tance of 2.337 F cm ™2 at 2 mV s ', an areal energy density of
207.81 uW h cm™?, a power density of 3.74 mW cm >, and
capacitance retention exceeding 93.1% after 10000 cycles.
By utilizing a waste-free MXene ink in conjunction with 3D
printing technology, this approach offered a promising avenue
for producing the next generation of portable and wearable
electronic devices. The combination of MXene ink recycling
and 3D printing not only enhanced the sustainability of energy
storage device fabrication but also unlocked new possibilities
for designing high-performance micro-supercapacitors tailored
for compact and efficient electronic applications.”* This
research underscores the potential of integrating MXene-
based materials and additive manufacturing techniques in
advancing energy storage solutions for the evolving landscape
of portable electronics and wearable technology. As research in
this field progresses, we can anticipate the emergence of next-
generation supercapacitors that offer superior performance,
reliability, and sustainability, driving advancements in diverse
sectors ranging from electronics to renewable energy systems.

2.2. 4D printing

Incorporating MXenes into composites for 4D printing opens
up a realm of possibilities in the field of advanced manufactur-
ing. By incorporating stimuli-responsive polymers or shape-
memory alloys with MXene-based materials, researchers can
create structures that exhibit programmable shape-changing
behaviors. This capability opens up new avenues for the design
of smart materials and adaptive structures for diverse applica-
tions, including soft robotics and biomedical devices.”” When
discussing the 4D printing of MXenes and their composites, it
is essential to delve into the unique properties and applications
of these innovative materials. One key aspect to explore is the
dynamic capabilities of 4D printing, where printed objects can
change shape or function in response to external stimuli.””
By integrating MXenes into these composites, researchers aim
to enhance the responsiveness and adaptability of printed
structures. This can lead to the development of smart materials
that exhibit self-healing, shape memory, or tunable mechanical
properties.’” In the undertaken study, a SMPC was manufac-
tured and assessed using a pure thermoplastic polyurethane
(TPU):polylactide acid (PLA) polymer blend system integrated
with embedded MXene (Ti;C,) flakes. The mechanical, thermal,
and morphological characteristics demonstrated substantial
enhancements with the inclusion of 0.5 wt% MXene. With
higher loadings of 2 wt% MXene, the composite exhibited
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exceptional shape memory effects, achieving rapid recovery to
nearly 98% of its original position in less than 14 seconds. The
rheological behavior and thermal properties were scrutinized,
succeeded by 3D printing utilizing material extrusion. The
findings underscored the significant potential of MXene-
infused composites for swift shape memory actuation in 3D/
4D printed architectures. Several printed designs exemplify the
considerable deformations suitable for deployable structures.”
Furthermore, the use of MXene-based composites in 4D print-
ing holds promise for various applications, ranging from
biomedical devices to aerospace components. The ability to
precisely control the microstructure and properties of printed
objects allows for tailored solutions in different industries. For
instance, MXene composites could be utilized in the creation of
sensors, actuators, or even soft robotics with unprecedented
functionalities.”>7*

When comparing 3D and 4D printing of MXene-based
composites, several key differences emerge that influence their
applications and capabilities in advanced manufacturing
processes.””> Understanding these distinctions is essential for
harnessing the full potential of MXene materials in additive
manufacturing. 3D printing involves the layer-by-layer deposi-
tion of materials to create 3D objects. In the context of MXenes,
3D printing allows for the fabrication of complex structures
with precise geometries and tailored properties. This technol-
ogy is widely used in various industries for rapid prototyping,
custom manufacturing, and production of intricate parts.”®
On the other hand, 4D printing introduces an additional
dimension of adaptability and responsiveness to printed
objects. In 4D printing of MXene-based composites, the mate-
rials are designed to exhibit dynamic behaviors in response to
external stimuli, such as temperature changes, light exposure,
or mechanical stress. This enables the printed structures to
change shape, properties, or functionality over time.”> One of
the main differences between 3D and 4D printing lies in the
static versus dynamic nature of the printed objects. While 3D-
printed MXene composites result in fixed structures with pre-
determined properties, 4D printing introduces the concept
of programmable materials that can self-transform or self-
assemble in a controlled manner. This opens up new possibi-
lities for creating smart materials and adaptive devices.””

The inception of 4D printing marks a significant evolution
in additive manufacturing, introducing the temporal dimen-
sion into the established realm of 3D printing technologies.”®
By integrating the dimension of time, 4D printing empowers
structures to dynamically transform and adapt in response to
various stimuli, including light, heat, magnetism, electricity,
solvent, and pH, among others. This transformative capability
is enabled by smart materials like shape memory polymers,
alloys, hydrogels, ceramics, and composites that exhibit
responsive properties. In contrast to traditional 3D printing,
the dynamic alterations in structure and properties rendered by
4D printing unlock a myriad of applications across sectors such
as aerospace, biomedical, soft robotics, engineering, and fash-
ion. The versatility of 4D printed materials holds the poten-
tial to develop the manufacturing industry by introducing
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adaptable and customizable components that can self-modify
based on environmental triggers. The advent of 4D printing
heralds a new era of innovation, where materials no longer
remain static but evolve over time to meet changing require-
ments. This paradigm shift towards dynamic and responsive
fabrication techniques not only expands the horizons of design
possibilities but also paves the way for enhanced functionality
and efficiency in a wide range of industrial applications,
promising transformative advancements in the landscape of
manufacturing and beyond.”®”®

3. Emerging applications
3.1. Smart sensors and (bio)sensing systems

Recently, there has been a progressive development in advanced
materials and manufacturing techniques both of which led to a
revolution in the field of sensing systems.*® Integrating MXenes
and related composites with additive manufacturing was syn-
chronized with the creation of smart sensing platforms.5"%>
MXenes are attributed to 2D nanomaterials made of transition
metal nitrides, carbides, and carbonitrides. MXenes have
received considerable attention owing to their excellent proper-
ties for various applications - electronics, biomedicine, mechan-
ical, chemical, etc.®*®* In this section, recent progress made in
the sensing systems of MXene composites manufactured
through 3D and 4D printing is covered (Table 1).

Pressure sensors are able to determine the force being
applied on their surface by a fluid like gas or liquid. They
convert the applied force into electrical signals which then
become readable to electronic devices. Pressure sensors are
being extensively used in different applications including
healthcare, aerospace, etc.”> A MXene-based system was fabri-
cated through 3D printing as a flexible and wearable sensor for
real-time tracking of biosignals (Fig. 3(A)). For the printing step,
different concentrations of size selected MXene flakes were
dissolved in water to fabricate inks, with different viscosity,
which were then printed on a styrene-ethylene-butylene-
styrene (SEBS) substrate. The carbon backbone of MXene
provided the capability of electrical conduction and high flexi-
bility and the presence of several negatively charged terminal
groups on its surface introduced it as an ideal triboelectric
compound. This sensor had high sensitivity and contained
triboelectric nanogenerators, which were power-efficient.
MXene particles (Ti;C,T,) with excellent conductivity and tribo-
electric properties were applied as both conducting and triboe-
lectrification layers for pressure sensors and triboelectric
nanogenerators, respectively. The combination of MXene par-
ticles with the SEBS polymer matrix, which was skin-like, led to
a highly flexible sensing platform with a positive triboelectric
property. Without the need for an external power source, the
platform could continuously monitor radial artery pulse wave-
form with a detection limit as low as 9 Pa and a sensitivity of
6 kPa~'. The power of the physiological biosignal monitoring
system was fully supplied by human motion.®* So far, various
flexible pressure sensors based on different sensing mechanisms
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have been designed and developed, such as piezoelectric sensors,
piezoresistive sensors, electrical sensors, etc.”™° Among them,
piezoresistive sensors have attracted considerable attention owing
to some prominent advantages—easy-to-prepare procedure, low
cost, fast signal attainment, etc.® Via fused deposition molding, a
four-component composite consisting of polyurethane, Ti;C,T,,
manganese ferrite, and multi-walled carbon nanotubes was
designed with a Voronoi structure. The combination of 0, 1,
and 2D nanofillers including electrostatic bonding of the MXene
and manganese ferrite nanoparticles followed by the addition of
carbon nanotubes led to the homogeneous dispersion of nano-
fillers and subsequently superb conductivity. The mechanical
properties of the platform were satisfactory with a gauge factor
in the range of 1.33-3.73 and a cyclic compression of 6000 s
indicating the good durability of this system. The pressure sensor
designed in this study was highly sensitive to human motion with
less weight compared to similar intelligent sensors that are used
for electromagnetic shielding applications.®® An ultralight 3D
scaffold was fabricated through additive manufacturing as a
piezoresistive sensor (Fig. 3(B)). First, a polymer-based 3D-
printed scaffold with gyroid lattices was manufactured with a
stereolithography 3D printer followed by dip coating of the
scaffolds in the MXene sheet solution. Finally, the surface-
coated scaffolds were exposed to heat treatment at 450 °C for
3 h under nitrogen to get rid of the polymer. It turned out that the
compressive strength of MXene-based scaffolds was 27.18 kPa
with a thermal conductivity of 0.3454 W m ™" K~ which could go
up as high as 23.88 W m~' K™". The structure of the scaffold
including gyroidal and porous structure with high electrical
conductivity of MXene sheets (Ti;C,T,) makes it a promising
candidate for high-performance sensing applications.””

In recent years, rapid advancements have been made in
flexible and wearable sensors with extended applications. One
of those areas is agriculture, and an electronic flexible sensor
can facilitate effective and constant interfacing with the surface
of a plant for monitoring parameters related to the abiotic
environment.’® Tracking and detection of ethylene as a well-
known phytohormone are of particular interest because of its
important role in plant growth, immunity, senescence, and
development. By determining the ethylene emission, it is
possible to anticipate the ripening time followed by harvesting
of the crops. This is especially the case for fruits which require
an appropriate time to harvest, preventing food waste.”® Plant
wearable sensors were designed and manufactured from
MXene-reduced palladium nanoparticles for continuous and
in situ detection of ethylene. The sensors consisted of radio-
frequency antennas and gas sensors both of which collaborate
enabling wireless readout and better perception of received
information. Applying MXene-reduced palladium nanoparticles
was advantageous in terms of ethylene response and led to
1.16% improved ethylene response at 1 ppm and the limit of
detection was 0.084 ppm. The sensor tags were tested and
attached onto the surface of the leaf and fruit and could
measure the emitted ethylene with high precision compared
to gas chromatography-mass spectrometry, used as a reference
method.®”
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Table 1 Various MXene-based 3D printed platforms for different applications
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Physicochemical Fabrication
Composition Application properties method Remarks Ref.
Ti;C,T,-coated styrene-  Pressure Power output: 816.6 3D extrusion - Fabrication of a self-powered and flexible 85
ethylenebutylene- sensing mwW m> printing wearable device with the ability of real-time
styrene monitoring physiological biosignals
Sensitivity: 6.03 kPa™" - Ability of monitoring radial artery pulse
Detection limit: 9 Pa - Improving the conductivity of the composite as
well as tuning its viscoelastic property for 3D
printing resulted from the incorporation of
MXene nanosheets
Response time: 80 ms
Polyurethane/Ti;C, T,/ Pressure Gauge factor: 1.33-3.73 Fused deposition - Fabrication of a thermoplastic composite with a 86
MnFe,0,/multi-walled sensing molding printing superb conductive structure via the fused
carbon nanotubes deposition modeling technique using a
parametric Voronoi structure
Sensing compression - A type of pressure sensor which is suitable
range: 89% strain with for monitoring human motion such as finger
12.03 MPa stress bending, wrist bending, etc.
Durability: 6000 s
(cyclic compression)
MXene-reduced Wireless Electrical conductivity: ~ Direct screen - Fabrication of plant wearable sensor tags using 87
palladium nanoparticles plant wear- ~30000 S m ' printing Ti;C,T, MXene nanosheets modified with
able ethylene palladium nanoparticles
sensor 1.16% ethylene - The ethylene response was 1.16% at 1 ppm
response at 1 ppm with exhibiting the high potential of these tags for
0.084 ppm limit of in situ fruit freshness evaluation and precision
detection agriculture
Ti;C,T, flakes Energy Areal capacitance: Extrusion - Fabrication of a micro-supercapacitor for energy 88
storage ~1035 mF cm > printing storage applications
Energy density: - Utilizing additive-free ink method with
51.7 uW h cm > desirable viscoelastic behavior provides the
capability of printing at room temperature
with high potential for scale-up production
- Exhibiting exceptional electrochemical
performance as well as high areal capacitance
MXene (Tiz;C,T,)-based Energy Areal capacitance: Direct screen - Fabrication of a multifunctional aqueous 89
micro-supercapacitors storage 1.1 Fem™> printing printable MXene ink for energy storage
applications that could be deposited on different
substrates
Energy density: - Exhibiting exceptional sensitivity to body
154 pW h cm ™2 movements and a fast response of 35 ms
Ti;C, nanosheets-N- Skin flap — Microfluidic- - Introducing a multifunctional scaffold for skin 90
isopropylacrylamide regeneration integrated flap regeneration application
(NIPAM)-alginate extrusion-based - Exhibiting thermos-responsive ability resulting
3D printing from the presence of MXene in the structure of
the scaffold that provided the capability of high
photothermal conversion followed by control over
the swelling/shrinkage of the structure
- Accelerating the proliferation and migration of
endothelial cells due to the faster release of
vascular endothelial growth factor in response to
near-infrared (NIR) irradiation
Ti;C, nanosheets- Bone — Extrusion - Fabrication of a composite scaffold for bone 91
berberine-biphasic infection printing infection and regeneration
calcium phosphate- therapy and - Elimination of bacterial infection due to the
sodium alginate regeneration presence of MXene nanosheets with the ability of

photothermal conversion

- Enhancing berberine release in response to
irradiation that enhanced the antibacterial effect
and promoted cell viability and proliferation

Manufacturing of 3D-printed flexible electronics comes with
some challenges including low printing resolution and preci-
sion, complicated ink formulations, etc. High-performance
flexible wireless electronics were fabricated through direct
printing at room temperature; at first, an additive-free MXene
aqueous ink with suitable rheological properties was prepared
through a modified minimally intensive layer delamination

6264 | Mater. Horiz., 2024, 11, 6257-6288

route and it turned out excellent leading to high-precision
printing—conductivity: 6900 S cm ™' and 3 pm ultra-narrow
line gap, with a high spatial uniformity. Concentrated TizC,T,
MXene aqueous inks (~60 mg mL ') containing ultrathin
single-layer flakes were prepared in which the average size
and thickness of flakes were ~1.6 um and ~1.5 nm, respec-
tively. The fabricated inks exhibited suitable shear-thinning
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Fig. 3 MXene-based 3D printed platforms as pressure sensors. (A) Schematic illustration of the fabrication process of a self-powered wearable sensor
for real-time monitoring of physiological biosignals. Reprinted with permission from ref. 85. Copyright 2022, Elsevier. (B) Preparation steps of ultralight
3D printed gyroid scaffolds made of polydimethylsiloxane which underwent surface modification and coating with MXene nanosheets as a piezoresistive
sensor. Reprinted from ref. 97 under the terms of the Creative Commons CC BY license. Copyright 2022, Wiley. Abbreviations: TENG, triboelectric
nanogenerators;, PDMS, polydimethylsiloxane; 3DMS, 3D MXene scaffold; 3DMPS, 3D MXene polymer scaffold.

viscoelastic behaviors owing to the high concentration of the
inks with a large single-layer ratio (>90%) and a narrow size
distribution which led to a continuous extrusion followed by
fast solidification. The interesting point is that the inks were
stored under protected conditions—argon gas and darkness to
protect the flakes against oxidation at low temperatures—for
two years for potential ink printing. The sensor was tested
in different manners and could simultaneously work in wire-
less power harvesting, T/H sensing, and data transmission
(Fig. 4)."°

Other types of MXene-based 3D printed structures have been
designed for various sensing applications such as photo-
electrochemical microelectrode monitoring, antibiotic sensing,

This journal is © The Royal Society of Chemistry 2024

temperature sensing, etc.'* %

sensor was fabricated using direct ink writing strategy.
Photoelectrochemical microelectrode monitoring is of great
importance as a trustworthy strategy over the traditional tech-
niques owing to the advantages this approach provides includ-
ing high sensitivity, ease of processing, fast response, low
background signals, etc. In order to meet the demands, a wide
variety of photocatalytic agents have been used and integrated
with conductive materials to yield photoactive electrodes.'®*%¢
However, they mainly suffer from weak light absorption and
limited trapping of analytes, both of which prevent the practical
application of these sensing agents."®” The fabricated phenol
sensor was composed of titania-TizC, as a photocatalyst,

A photoelectrochemical phenol
102
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Fig. 4 A flexible wireless electronic sensor based on TizC,T, MXene. (A) (a) Schematic illustration of the MXene ink’s 3D printing at room temperature;
the ink was printed on different substrates to yield flexible wireless electronics like sensors, antennas, etc. (b)-(e) Characterization of TisC,T, nanosheets
by techniques such as TEM and AFM, and rheological properties of the MXene-included ink including storage modulus and loss modulus vs. shear stress.
Applications of the MXene-included tags as various devices. (B) (a) Fabrication of 3D printed tags and how they communicate with smartphones
wirelessly. (b) Photograph of forming MXene ink on polydimethylsiloxane. (c) Distribution of surface current on the tag at 13.56 MHz. (d) Checking the Q
factor and resistance of the tag for various thicknesses. (e) Photographs taken from the curved tags to check the distribution of strain under bending.
(f) The photograph shows that the transmission of electrical energy to the tag from a tag-enabled smartphone could lighten 168 parallel LED lights.
(9) Two tags with different shapes with the lighted LEDs. (h) Other applications of the tags like access card for electronic doors (left) and an electronic
label to give information about a plant (right). Abbreviation: NFC, near-field communication. Reproduced from ref. 100 under the terms of the Creative
Commons CC BY license. Copyright 2022, Nature.

graphene, and molecularly imprinted polyaniline. In here, the
ink was composed of a concentrated aqueous solution of
graphene oxide/MXene that was printed and lyophilized to
fabricate a stable GOM aerogel without any deformation and
annealed at a high temperature to produce TiO,-Ti;C,. The
viscosity of the fabricated ink showed long-term stability which
was increased by reducing the shear rate. Moreover, the rheo-
logical analysis confirmed the uniformity of the ink with
continuous flow through the needle without blockages during

6266 | Mater. Horiz., 2024, 11, 6257-6288

the printing process. The 3D printed structure was found with
well-interconnected hierarchical pores in which graphene oxide
and titania-Ti;C, had been homogeneously distributed and
polyaniline was anchored uniformly as a thin layer on the
fibers. This design could not only facilitate the absorption of
light, but also provide special binding sites for fast analyte
trapping. In the case of phenol detection, the sensor turned out
to respond fast with a detection limit as low as 0.4 uM with
excellent selectivity and sensing stability.'”® Different types of
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antibiotics are being administered to prevent or fight infection,
but applying the appropriate dosage of an antibiotic followed
by control over the release rate is of great importance because
over-dose can induce toxicity and resistance in the pathogens.'*®
To monitor antibiotic drug release, a 3D-printed scaffold
composed of conductive acrylate-based polymer microlattices
was developed on which MXene nanosheets were deposited.
Following printing of the polymeric substrate, it underwent dip
coating in the MXene ink. Owing to the microporous lattice
structure, an effective ion intercalation with improved diffusiv-
ity was achieved. The higher surface area of the 3D printed
scaffold in this study compared to similar ones with less
surface area could provide more electrochemically active sen-
sing surface resulting in the improved detection of gentamicin
(1-10 mM) and vancomycin (1-100 mM). Nevertheless, the
applicability of the scaffold was assessed towards bone tissue
engineering and osteoblast-like MG63; the cells had been
seeded on the scaffold to determine the cell compatibility.
The results were promising and this scaffold was found to
integrate electrical biosensing functions with an implantable
scaffold/implant to take better control of drug release.'®
MXene-bonded hydrogels consisting of polyurethane and poly-
vinyl alcohol with strain and temperature sensing potential
were developed through direct ink writing (Fig. 5). Two vari-
ables including MXene and glycerol content were optimized
to check if there was any effect on the mechanical strength.
First, the MXene flakes were homogeneously dispersed in the
absence of glycerol and the polymers. Polyurethane and poly-
vinyl alcohol were then added to the black blend of flakes and
heated up to 90 °C in the presence of argon to prevent oxidation
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of flakes at that temperature. The obtained liquid precursor
was transferred into a syringe and printed through a direct ink-
writing printer. It is worth mentioning that the ink had under-
gone a pre-treating process by which de-bubbling took place
and the viscous precursor was continuously extruded through
the needle driven by air pump pressure and formed on a
polyethylene terephthalate substrate. In terms of strain and
temperature sensing, the hydrogel was tested and it showed
significant strain responses with a gauge factor of 5.7 within
191% strain and the response time was 240 s, and it could
tolerate about 5000 cycles. These features endowed the hydro-
gel with superelastic behavior capable of undergoing large,
reversible deformation and recovering its original shape with-
out permanent deformation. Speaking of temperature sensing,
the hydrogel exhibited excellent temperature sensitivity with
temperature coefficient of resistance of —5.27% °C~* (0-30 °C)
and —0.84% °C™" (40-80 °C)."*"

MXene-incorporated 3D- and 4D-printed platforms repre-
sent a cutting-edge frontier in the development of smart
sensors. These platforms harness the unique properties of
MXenes including tunable surface chemistry, high electrical
conductivity, and excellent mechanical properties, combined
with the flexibility and customization of 3D and 4D printing
technologies. These sensors are known to have improved
sensitivity and responsivity mainly owing to the excellent
electrical conductivity of MXenes, which led to the creation of
highly sensitive biosensors. The integration of MXenes with 3D-
printed structures provides an opportunity to create sensors
with a high degree of responsiveness to environmental stimuli.
Another interesting ability of MXene-based 3D-printed sensors
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Fig. 5 MXenes hybrid hydrogel with superelasticity and temperature sensing. (A) (a) Step-by-step preparation of TizC,T, flakes. (b) 3D printing process of
the MXenes and the hydrogel (polyurethane and polyvinyl alcohol). (B) (a) Schematic illustration of temperature sensing related to the printed hydrogel.
(b) and (c) Variation in resistance after exposure to different temperatures (starting point was at 24 °C). (d) Temperature coefficient of resistance related to
the printed hydrogel. Raman spectra relevant to temperature of (e) and (f) TizC,T,, and (g) and (h) the printed hydrogel. (i) The mechanism of action by
which the hydrogel works as a temperature sensor. Reproduced from ref. 101 under the terms of the Creative Commons CC BY license. Copyright 2022,

Nature.
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is their detection capability for gases, temperature changes,
and also humidity with high precision. These features stem
from MXenes’ tunable surface chemistry which allows for the
detection of different analytes. Speaking of wearable sensors,
they are being used increasingly due to their flexibility and
lightweight nature; they can monitor physiological signals like
motion, heartbeat, respiration, etc., and provide real-time data
which is of great importance for healthcare applications.

3.2. Energy storage devices

Recently, there has been a high demand for flexible, wearable,
and portable devices, which led to the design and development
of powering systems including solar cells, fuel cells, etc.'®
The designed systems for flexible power management are of
particular interest because the new energy storage ways are
indispensable to achieve sustainable energy management.
There is no doubt that energy storage will be more and more
important in future and so fabrication of active new materials
for high-capacity electrodes is essential."*''* In the last dec-
ade, 2D nanomaterials have opened new opportunities in the
field of supercapacitors. Two specific features of these materi-
als are high ion-capacity and fast ion-diffusion attributing to
their high surface area and unique electrical properties.'"?
Within the 2D family, MXenes exhibit wider chemical varieties
than their counterparts with the possibility to tune the surface
chemistry, and also, they are endowed with unique reaction
spaces making them excellent candidates for energy storage
applications.®"

Lithium-ion capacitors and lithium-ion batteries represent
adaptable and cost-efficient power solutions for flexible printed
electronic systems, boasting extended lifespans and impressive
energy densities.'”® The key requisites for their anode and
cathode materials include reduced self-discharge rates and
high capacities, which significantly influence lithium-ion bat-
teries’ performance.’™* The exploration of recyclable lithium-
ion batteries as advanced next-generation power sources is
underway due to their specific capacity and safety features.
Various designs of flexible lithium-ion batteries have already
been developed using lithium-ion battery electrodes success-
fully fabricated by 3D printing techniques.'*® Although gra-
phite currently dominates the market with respect to lithium-
ion batteries’ anode material due to great advantages including
high stability, low lithium potential, high capacity, and afford-
ability, it has been revealed through theoretical and experi-
mental investigations that Ti;C, MXene shows promise as an
alternative anode material.'"'® The structural and electronic
stability of Ti;C, monolayers and other derivatives of this
material—fluorinated and hydroxylated—were elucidated
through computational studies (density functional theory)
and it turned out that based on the surface modification, this
material has potential to behave as a magnetic metal and a
semiconductor with a small band gap.''” Earlier research''
suggests that pure Ti;C, MXene exhibits some excellent proper-
ties such as high lithium storage capacity, low diffusion bar-
riers, and a small operating voltage, making it an appropriate
candidate for replacing TiO, polymorphs, which are available
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commercially, in the field of lithium-ion batteries."'® However,
caution is advised against the synthesis of hydroxylated or
fluorinated derivatives, as these may impede lithium diffusion
and consequently reduce energy storage capacity. Theoretical
investigations demonstrating lower ion diffusion barriers in
MXene materials align with the outstanding performance
observed in experimental studies.'™”"*°

There has been an increasing attention towards lithium ion
capacitors, which combine a lithium-ion battery anode with a
supercapacitor cathode along with an appropriate electro-
lyte."*® The design of these capacitors is in such a way that
they provide high energy density while maintaining high power
density. To achieve advanced electrochemical charge storage, it
is necessary for the hybrid lithium-ion capacitor devices to have
anodes with greater capacity for reversible lithium-ion inter-
calation. However, their practical application is hindered by
low life cycle and limited rate capability. In this context,
MXenes have emerged as promising candidates for lithium-
ion capacitor applications due to their remarkable properties.
Ultra-thin structure and an open layer in various MXene
materials—Nb,CT,, Ti,CT,, Ti;C,T,, and V,CT,—facilitate the
swift deintercalation/intercalation kinetics of lithium ions.
Consequently, MXene materials exhibit characteristics resem-
bling capacitors rather than traditional batteries."*"***

Integration of self-powered systems with storage devices has
significant effects on the future of energy storage and this
necessitates forming various devices directly on a substrate.'*?
This research line has led to considerable development in “on-
chip” batteries and supercapacitors. In the case of miniaturized
electronics, on-chip supercapacitors are considered as appropriate
candidates for integration with those electronics; on-chip super-
capacitors are ascribed to micro-supercapacitors, which are repu-
table as high-power devices with high energy density.">* Using a
water-based and viscoelastic MXene ink, 3D micro supercapaci-
tors were fabricated. The extrusion printing technique was
adopted to directly form the MXene ink on various substrates
including papers and flexible polymer film. The number of
deposit layers was carefully controlled to form active materials
and electrodes with suitable height. The electrochemical per-
formance of the micro supercapacitor was excellent and
the energy density (51.7 pW h e¢m™?) and areal capacitance
(1035 mF cm ™2 at 2 mV s~ ') were exceptional.®® Free-standing
3D architectures were designed through the extrusion-based 3D
printing technique as a multiscale and multidimensional
device for different applications including energy storage,
catalysis, etc. First of all, an additive-free water-based ink
consisting of Ti;C,T, flakes was prepared which was a solid-
like network with appropriate rheological properties for layer-
by-layer 3D printing. The optimized ink was chosen to yield 3D
micro supercapacitors with the MXene flakes interdigital fin-
gers. The 3D-printed devices showed an areal capacitance of
2.1 Fem 2 at 1.7 mA cm™ 2 and the energy and power density
were 0.0244 mW h cm > and 0.64 mW cm ™2, respectively.”®
Somewhere else, a MXene ink was developed which was endowed
with high sensitivity and conductivity; from the rheological point
of view, the ink for capacitive and battery-type applications was
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outstanding enough to yield micro supercapacitors and lithium-
ion micro-batteries via screen printing on different substrates—
wood, fabric, A4 paper, silica-coated stainless steel, etc. Referring
to the performance of the MXene-based micro supercapacitors,
the areal capacitance and energy density were 1.1 F cm™ > and
13.8 uW h ecm ™2, respectively. The MXene supercapacitor exhib-
ited excellent flexibility and 60 V output in series, whereas the
MXene-based lithium-ion micro-batteries showed outstanding
areal energy density (154 pW h cm™?). Without using any
external power source the platform was able to monitor defor-
mation with a fast response (35 ms) precisely and repeatedly.®®
Having all the merits of the 3D printing technique, 4D printing is
affected by the fourth dimension of time and different properties
like functionality, property, and shape can be changed over time
upon exposure to external stimuli (e.g. light, pH, heat, etc.)."*®
To achieve a scalable production, an advanced 4D printing
technique has been developed to yield MXene hydrogels using
a polymeric crosslinker—poly(3,4-ethylenedioxythiophene):poly-
(styrene sulfonate) (PEDOT:PSS). Unlike the conventional 3D
printing method which yields dissolvable MXene sol patterns,
this study reported on the 4D printing approach which involved
the creation of cross-linked MXene hydrogels with improved
mechanical properties through a straightforward self-assembly
process when exposed to heat. Dimethyl sulfoxide and H,SO, as
the additives were found to facilitate the self-assembly; since the
shape of hydrogels was dependent on the heat (90 °C), various
shapes including cylinders, fibers, cones, and hemispheres were
developed using different molds. Once PEDOT and PSS are
added, they tend to form a core-shell structure; PEDOT with a
hydrophobic nature and a positive surface charge formed the
core, while the hydrophilic PSS with a negative surface charge
formed the shell making the core-shell structure dispersible in
water. The addition of MXenes led to the formation of electro-
static and hydrogen bonding between PEDOT and PSS. The
negatively charged MXene flakes attached to PEDOT' chains
and these chains underwent oxidation from benzene to quinoid
configurations. The addition of H,SO, was synchronized with
the protonation of PSS™ and weakening of the electrostatic
bonding between PEDOT and PSS which led to the formation
of more coiled PEDOT" with a linear structure and elongated
conjugation lengths, whereas more PSS~ chains were dissolved
in the acidic medium. Those PEDOT chains interacted with
themselves and MXenes, through physical and electrostatic
interactions, respectively, and shaped the 3D networks. DMSO
with polar nature promoted the removal of PSS~ similar to
H,SO, and synergistically facilitated the self-assembly process.
This method is an applicable strategy towards preparation of
various hydrogels consisting of MXenes—Ti;C,T,, Nb,CT,, and
Mo,Ti,C;T,. It is worth mentioning that the MXenes adopted in
this study have different atomic layers and transition metals with
distinct structures and characteristics. Moreover, the composite
hydrogels’ geometries can be precisely customized to produce
intricate architectures such as rectangular hollow prisms, micro
lattices, and micro supercapacitor units. Despite their varied
designs, these hydrogels exhibit excellent wettability, high
surface areas, and high electrical conductivity. The hydrogel
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electrodes incorporating Ti;C,T, display significant areal capa-
citance (3.32 F cm ™ * at 10 mV s~ '), ultrahigh specific capacitance
(232.9 F g ' at 10 V s~ "), and rate capabilities independent of
mass loading and thickness. The performance of 4D-printed
hydrogel micro supercapacitors was assessed at —20 °C and the
capacitance retention was 82.2%, while this value was 90.6% at
0 °C. The power and energy densities of micro supercapacitors
were 6.96 mW cm > and 92.88 uW h cm ™2, respectively, indi-
cating the promising potential of these platforms as efficient
storage devices (Fig. 6).”°

Light-driven soft robotics have drawn considerable attention
in recent years for solar energy harvesting devices; liquid crystal
elastomer actuators, which are known to be triggered by
photothermal nanofillers, have been applied extensively for
developing light-driven soft robots.'**'*” A wide variety of nano-
fillers have been adopted for fabricating photosensitive liquid
crystal elastomers among which graphene oxide, carbon nano-
tubes, gold nanoparticles, MXenes, etc. could be mentioned.
Throughout the actuation process, the exposure of incorporated
nanofillers to visible/NIR light is synchronized with the absorp-
tion of light, turning it into heat, and so increasing the local
temperature; the generated heat has an effect on the structure of
the liquid-driven elastomer and makes the aligned mesogens
disordered, which leads to a shape change. Once the light
irradiation goes off, the elastomer regains its original shape
again."*®**° One of the main disadvantages revolving around
photosensitive agent-incorporated light-driven elastomers is the
shear stress at the interface of nanofillers and the elastomer’s
matrix; this is caused by inhomogeneous thermal conduction,
resulting from the incompatible elastic modulus of the nanofil-
ler and the elastomer. This incompatibility leads to weak stress
transfer and interfacial slipping gaps and leaves negative effects
on different properties—mechanical, cyclic stability, and actua-
tion capability.’**> A versatile strategy was reported in a recent
study to prevent the poor physical interactions between the
elastomer molecules and the nanofiller; the authors succeeded
in forming a chemical bonding between two phases to inhibit
nano-interfacial slipping gap. Different nanofillers have been
added to the elastomer including copper nanoparticles, copper
sulfide nanowires, and T5C,T, nanosheets. The abundant func-
tional groups on the surface T;C,T, nanosheets allowed easy
functionalization through silanization reaction. The amine end
group on the surface of nanosheets was able to form covalent
bonds with the liquid crystal monomer matrix via the aza-
Michael reaction. As indicated, 4D printing was adopted to align
the liquid crystal elastomer to form complex multi-dimensional
shapes. Using a polarized microscope, the orientation of materi-
als through the 4D printing process was checked when irradia-
tion condition had been applied. After rotating the sample by
45°, changes in the brightness and darkness of images were
observed indicating the effective orientation of liquid crystal
elastomer actuators through the printing process. Moreover, the
tubular actuators were fabricated around a cylindrical axis. Upon
applying NIR light, the surface temperature increases and causes
the tubular actuator to contract and bend towards the light
source. In this study, different structures were fabricated to show
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of printable ink followed by fabrication of designed patterns, and subsequently a self-assembly process. (B) The photographs taken from different
designed patterns printed from the composite hydrogels, from left to right, include TisC,T, hydrogels (micro lattice and rectangular) on a glass slide, a
Chinese knot and the logo (CRANN) made of Nb,CT, hydrogels, and flexible micro supercapacitors on PET film composed of the hydrogel incorporating
Mo,Ti>,CsT,. The heat-induced self-assembly led to the formation of hydrogels with different shapes. (C) Making a comparison of the value of areal
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the versatility of liquid crystal elastomer’s applications and in
this regard, a solar panel was fixed on the upper side of tubular
actuator to design a smart solar energy harvesting device. This
device was found to actively track and bend towards the light
source. Upon applying 1 W em ™2 incandescent light, the rotation
angle reached 13°. The open-circuit voltage and cyclic irradiation
experiments revealed that this device was effective enough to
boost solar energy utilization and maintained stability under
prolonged cyclic actuation conditions."*
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MXene-incorporated 3D- and 4D-printed platforms hold
significant potential in the field of energy storage, specifically
for developing advanced batteries, supercapacitors, and other
energy storage devices. These platforms integrate the physico-
chemical properties of MXenes, such as electrical, electroche-
mical, and mechanical properties, with the design flexibility
and customization of 3D and 4D printing technologies.
This combination leads to the development of energy storage
devices with improved electrochemical performance due to the
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high surface area and conductivity of MXenes and customized
electrode architecture (through 3D-printing, highly porous
structures can be designed which maximizes the interaction
of MXenes with the electrolyte). These devices are endowed
with structural integrity and mechanical flexibility; 3D-printing
technologies can yield MXene-based structures mechanically
robust and flexible making them suitable candidates for wear-
able energy storage devices. Noteworthily, these structures can
preserve their performance even under mechanical deforma-
tion. Moreover, they have a high loading capacity; the loading
of MXenes in the 3D-printed scaffolds leads to the structural
integrity of the electrodes and so greater energy storage capacity
per unit volume or weight.

3.3. Biomedical applications

Additive manufacturing has revolutionized biomedicine with
its capability to design complex structures with high precision.
This technique and all other technique derived from it are
able to create personalized biomedical devices and implants
suitable for each individual’s anatomy, which leads to an
improvement in the functionality.’** One of the most important
features of additive manufacturing is the creation of intricate
structures such as 3D scaffolds and implants for disease therapy
and tissue regeneration; these structures can be designed in
such a way that they mimic the natural environment of cells
promoting better integration and regeneration.'**'*® MXenes
hold great promise in biomedicine due to many advantageous
features they possess such as high surface area and unique
surface chemistry, which makes them suitable for drug delivery,
strong optical properties making them promising candidates for
biomedical imaging and light-sensitive therapeutic approaches,
electrical conductivity, antimicrobial activity, etc.®*#*'37 In this
section, some of the most important fields that have adop-
ted additive manufactured MXenes are covered including
cancer therapy, drug delivery, antibacterial activity, and tissue
regeneration.

Throughout orthopedic surgery, it is common to take advan-
tage of random skin flaps for repairing the tissue defects
caused by trauma, tumor, congenital deformities, etc. However,
insufficient blood supply to the skin flaps causes necrosis
especially when the length-to-width ratio is high. Different
approaches have been taken into consideration to address this
issue such as administration of vascular endothelial growth
factor locally and various therapeutic drugs (e.g. vasodilators,
sympathetic blocking drugs, etc.), but they suffer from some
disadvantages—short half-life, side-effects attributed to the
administration of high dosages, and tumorigenic risks.'*%*°
To promote vascularization and address the skin flap regene-
ration, MXene-incorporated hollow fibrous scaffolds were
designed through a microfluidic printing strategy (Fig. 7(A)-
(D)). Firstly, all compounds including MXene nanosheets
(Ti5C,), alginate, and N-isopropylacrylamide were polymerized
in the microfluidic coaxial channels and then the bio-ink was
used for the creation of scaffolds. There was a correlation
between N-isopropylacrylamide and the MXenes, which was
the thermosensitivity of the polymer and the photothermal

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

conversion capacity of the nanosheets. Upon applying the
NIR irradiation, the nanosheets would increase the tempera-
ture due to the photothermal conversion making control over
shrinkage and swelling behaviors of the polymer; this effect
could facilitate enrichment of cells within the scaffold’s struc-
ture. It is noteworthy that vascular endothelial growth factor
was also loaded in the scaffold, which upon applying NIR was
released and promoted the migration and proliferation rate of
human umbilical vein endothelial cells. In vivo studies revealed
that the 3D-printed scaffolds, which were stimulated with NIR,
enhanced skin flap survival by stimulating angiogenesis and
reducing inflammation and apoptosis in this tissue.”® Skin as
the largest organ in the human body is the first barrier to any
external potential danger, and injury in this organ means loss
of function at the site and so there is a high probability for
infection and even death.'*® In this regard, a wide variety of
wound dressings have been designed so far and applied, but
more attention has been paid recently to more advanced and
multifunctional ones."*'*> One of those advanced wound
dressings is microneedle-based patches because besides having
the basic requirements of a wound dressing such as biocom-
patibility, mechanical properties, exudate absorption, etc., they
are capable of releasing biological moieties more effectively in
the wound’s area.'”® A versatile extrusion-based 3D printing
strategy has been adopted to fabricate a spidroin-incorporated
microneedle patch in combination with MXene nanosheets as a
self-healing and photo-responsive platform for wound healing
applications. The production process of this platform is shown
in Fig. 7(E), where the scaffold is found to consist of a top
scaffold and cactus-inspired microneedles; the ink by which the
platform had been developed was composed of polyurethane,
Aloevera gel, and spidroin doped with MXenes. The ratio of
these three compounds was adjusted so that the produced ink
showed good viscosity and ideal rheological features that
provided continuous printing. MXenes along with spidroins
led to great biocompatibility, motion monitoring, and photo-
thermal effect. The polyurethane and spidroins gave great
mechanical properties to the dressing and the high electrical
conductivity of MXenes also helped the platform to sense and
monitor the wound status. On the other side, upon NIR
irradiation, the increase in the temperature due to the excellent
photothermal conversion of MXenes improved the drug release
in the wound’s bed. The biological assessments are indicated
through Fig. 7(F)-(I), where both in vitro and in vivo studies are
indicated; the cells are attached on the microneedle scaffolds
up to 5 days and the proliferation rate has experienced a
constant increase over time showing the cell compatibility of
scaffolds. Speaking of in vivo experiments, these treatments on
the animal model were performed for up to 9 days and different
samples were applied and it is clear that only the sample
stimulated with NIR could enclose the wound after 7 days,
while the rest failed to do so in the same time interval. As
explained earlier, the photothermal effect improved the drug
release and thereby significantly enhanced the healing rate."**

One of the main issues that is normally overlooked in bone-
related therapy and regeneration is the soft tissue damage
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Fig. 7 3D-printed composite structures incorporating different MXenes for soft tissue regeneration. (A) Schematic illustration of fabrication of the
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allowed shrinkage—swelling in the structure of thermo-responsive NIPAM and this effect facilitated the infiltration of cells and tissue in the scaffolds’
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necrosis area related to flaps treated with different samples after 9 days (*P < 0.05, **P < 0.01, and ***P < 0.001). (D) Performing histological analysis of
the skin flaps treated with different samples: (i) blood flow images, (ii) photos of skin flaps, and (iii) and (iv) Hematoxylin and eosin (H&E) staining of the
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the image on the right side is related to 3T3 cells adhering on the MXene-incorporated microneedle patch after 5 days (scale bar: 50 um). (G) Treatment
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surrounding the bone defects, which is a challenging in different models. The biomaterial was found to promote

issue because promoting soft and hard tissues at the same
time requires the combination of different bioactive agents/
biomaterials or taking advantage of multifunctional biomater-
ials capable of inducing both. For instance, bioactive glass
and hydroxyapatite have been considered for both applica-
tions as bioceramics and collagen as a biopolymer has been
applied in soft and hard tissue regeneration."*”""*° The syner-
gistic soft and hard tissue regeneration potential of photo-
activated MXene nanosheets was assessed in vitro and in vivo
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extracellular signal-regulated kinases’ phosphorylation by
enhancing the expression levels of heat shock protein 70
(HSP 70) and it led to the acceleration of stem cells differentia-
tion towards osteogenesis. On the other side, the soft tissue
regeneration in in vivo models indicated the high potential of
the nanosheets in promoting epithelial cell migration and
angiogenesis.”>" To address the same problem, an interesting
recent study had developed 3D-printed scaffolds composed of
gelatin methacryloyl, hyaluronic acid methacryloyl, and Ti;C,T,
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MXene nanoparticles for skeletal muscle tissue regeneration
(Fig. 8). The bioink was composed of gelatin methacrylate
(GelMA), hyaluronic acid modified methacryloyl (HAMA), and
different concentrations of MXene in PBS, and was mixed with
C,C1, myoblasts before printing. The bioink was found to be
excellent in terms of printability with structural integrity,
biocompatibility, and microporous structure. Addition of
MXene to this solution improved its mechanical strength,
and the combination of these three compounds contributed
to its ideal stiffness and elasticity. C,C1, cells were exposed to
the scaffolds to assess if they can be differentiated into skeletal
muscle cells and the results confirmed the successful differ-
entiation without using any supportive myogenic agents. The
up-regulation of early and late myogenic markers was observed
through genetic analysis and also the in vivo experiments on
mice with volumetric muscle loss showed an improvement in
muscle regeneration with minimum immune response when
the scaffolds had been applied."*>

Myocardial infarction is an important and dangerous cardi-
ovascular disease in which coronary arteries are blocked and
cause ischemia followed by damage to the cardiac tissue.'
Recently, various conductive biomaterials are applied in car-
diac tissue engineering, among which carbon nanotubes, gold,
graphene, etc. can be mentioned. However, the cytotoxicity
concerns revolve around these materials, raising the need for
alternatives. MXenes with excellent properties like biocompat-
ibility, high surface area, high electrical conductivity, hydro-
philicity, etc. are regarded as promising potential materials in
this field.">*">® Tissue engineered cardiac patches with con-
ductive Ti;C,T, MXene were developed through aerosol jet
printing for cardiac repair. The MXene nanosheets were printed
on the polyethylene glycol hydrogel to come up with electro-
conductive patches to promote the alighment of cardiomyocytes.
The integration of MXene nanoflakes into non-conductive hydro-
gels was found to improve the synchronous beating of human
induced pluripotent stem cell derived cardiomyocytes and the
electroconductivity enhanced the electrophysiological coupling of
the substrate and the infarcted area."®

As a general term, bone cancer refers to osteosarcoma,
chondrosarcoma, and fibrosarcoma and this cancer type is
divided into two—primary (skeletal system cancer) and second-
ary (metastasis from primary cancers such as breast, prostate,
and lungs)."*”"**” Destructive surgery like amputation and/or
limb salvage surgery is the main treatment that a patient
receives at the first stage because osteosarcoma is a mineralized
tumor and excision of this tissue is a challenging task for a
medical practitioner. Following surgery, multidrug chemother-
apy treatment has been reported to enhance the survival rate
of patients significantly.””®"® It is known that after surgery,
there is a high risk of tumor recurrence due to the remaining
cancerous cells in the bone defect highlighting the importance
of localized cancer therapy.'®>'®* Speaking of MXene-based 3D
printed structures for bone cancer therapy and regeneration,
one of the most useful strategies which has been adopted is dip
coating of a ceramic scaffold in the MXene solution for surface
modification.'®*'®* This approach allows high photothermal
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conversion of MXene nanosheets on the surface. In this regard,
the ink is prepared and the 3D structures are fabricated
through additive manufacturing and subsequently, they
undergo heat treatment for sintering. Then the scaffolds are
soaked in the MXene solution for physical attachment on the
surface which normally changes the white color of the pristine
scaffold into grey and/or black indicating the successful coating
of the nanosheets on the scaffolds (Fig. 9).'°> In here, Ti;C,
nanosheets were deposited on the surface of 3D-printed bioac-
tive glass scaffolds for simultaneous bone cancer therapy and
regeneration. The idea was to take advantage of photonic
hyperthermia to eradicate cancerous cells via the MXenes and
repair the bone tissue through the bioactive glass scaffolds. The
anticancer potency of MXene-coated scaffolds was tested in vivo
on female BALB/c nude mice bearing SAOS-2 bone tumors.
The tumors were grown subcutaneously to reach the size of
120 mm® and then the photothermal treatments were per-
formed; NIR laser irradiation (808 nm, 1.0 W ¢cm™ >, 10 min)
was applied to the tumors in which the scaffolds had been
implanted one day after the implantation. It was found that the
temperature of tumor was elevated up to 63 °C after just 2 min
laser irradiation, whereas the pristine bioactive glass scaffolds
did not experience the same trend and the temperature was
37 °C. Terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling staining and hematoxylin and eosin
were used to qualitatively measure the tumor’s ablation efficacy
of surface-modified scaffolds and both assays unanimously
revealed that the number of apoptotic cells after the photo-
thermal ablation by surface-modified scaffolds was competi-
tively higher than the control.’®® One of the main obstacles
revolving around photothermal treatment for bone cancer is
the limitation of NIR penetration depth. Bone tumors must be
removed through surgery, and based on the size of tumor, there
would be a defect left behind which requires to be filled. Since
photothermal treatment is limited by the penetration depth of
NIR, there is one solution recommended by Pan et al.;'®® they
suggested to apply NIR irradiation just after implantation of the
surface-modified scaffold in the defect to avoid light absor-
bance by soft tissue (e.g. the muscular layer, subcutaneous
tissue, skin, etc.) followed by stitching up the wound. In this
regard, the treatment would be similar to exposing a superficial
tumor to NIR rather than a deep tumor and so the photo-
thermal therapy (PTT) would achieve excellent therapeutic
outcomes.

Infection has long been a potential danger which can result
in surgery failure. Following various bone-related surgeries,
bone infection by S. aureus can cause joint deformity, amputa-
tion, and even death.'®®'®” To manage the situation, antibiotic
therapy is being performed clinically and a wide variety of drugs
are administered systemically in high doses; the failure rate
of this therapeutic approach is estimated at about 20% and
long-term administration of antibiotics increases the risk of
bacterial resistance.'®® Therefore, antibiotic-free strategies are
of great importance due to these problems. A multifunctional
scaffold composed of copper oxide, tricalcium phosphate,
and Ti;C, nanosheets with an internal and external sandwich
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Fig. 8 Skeletal muscle tissue regeneration through MXene-incorporated 3D-printed scaffolds. (A) A schematic illustration of MXene-incorporated gelatin
methacryloyl and hyaluronic acid methacryloyl scaffold’s preparation and its positive effects towards skeletal muscle regeneration—biocompatibility, structural
microporosity and integrity, and myogenic differentiation. (B) Schematic illustration indicating the myogenic regulatory genes. The results related to gRT-PCR of
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Fig. 9 Surface modification of 3D-printed bioactive glass scaffolds with TizC, nanosheets for bone cancer therapy and regeneration. (a) (al)-(d1)
Schematic illustration of bioactive glass scaffolds’ preparation followed by surface coating of the nanosheets through the dip coating technique.
(b) (@2)-(d4) Digital photographs of the bare bioactive glass scaffold (white) with the nanosheets with different content; SEM micrographs of each sample
below the digital photographs exhibiting the topography of the samples before and after surface modification. (c)-(g) Surface topography at higher
magnifications along with elemental mapping which proves the successful coating of the nanosheets on the bioactive glass fibers. (h) SEM micrograph of
the surface-modified scaffold with EDS analysis (scale bar: 3 pm). (i) XRD patterns of different samples before and after surface modification. (j) XPS
spectra related to the surface-modified scaffold. Abbreviations: TBGS, TisC,-coated bioactive glass scaffold; BGS, bioactive glass scaffold. Reproduced
from ref. 165 under the terms of the Creative Commons CC BY license. Copyright 2020, Wiley.

structure was designed and fabricated through the 3D printing
technique. The idea was to take advantage of two potential
antibiotic-free approaches—release of metal oxide ions
and photothermal activity—against bone infection and also
stimulate vascularization (Fig. 10(A)). An interesting point in

This journal is © The Royal Society of Chemistry 2024

this study is to adopt a programmed temperature control for
PTT by which no negative effect would be induced on healthy
cells. To do so, a short-term PTT was first applied through
irradiating an 808 nm NIR laser to the scaffolds, which trig-
gered the MXenes on the surface to turn the light into heat,
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and this stimulation led to the rapid increase of temperature low-periodic photothermal stimulation was applied elevating
up to 50 °C, which is strong enough to kill bacteria. Next, a the temperature up to 40 °C, which has potential to promote
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bone tissue growth. On the other side, liberation of copper ions
from the inner side of the scaffold over longer time intervals
not only improved the antibacterial activity of the scaffolds, but
also improved the vascularization. To assess the antibacterial
and bone regeneration capabilities of samples, the scaf-
folds were contaminated with S. aureus (10° mL™") and then
implanted in the femur of rats. 4 weeks after the implantation,
the tissues in the close vicinity of scaffolds were taken for
histological analysis; in the case of control and tri-calcium
phosphate scaffolds, large numbers of inflammatory cells were
observed indicating the invasion of bacteria to the femoral
defect. Moreover, for the scaffold containing copper, although
the bacteria were less, the potency of copper ions was not
strong enough to solve the problem. The synergistic effect of
PTT and copper release was found to prevent bacteria from
causing serious infection to the defect site (Fig. 10(B)-(D))."*°
Nitric oxide therapy is a combinational approach which
improves the efficacy of traditional anticancer therapies by
making the cancer cells more susceptible to damage and death.
Moreover, it can directly affect the cancer cells and prevent the
growth and progression of cancer.'””®'”! An innovative synth-
esis strategy was combined with 3D printing to come up with a
multifunctional scaffold for simultaneous bone cancer therapy
and regeneration. This study has taken advantage of nitric
oxide therapy to not only improve the efficacy of anticancer
activity, but also bone regeneration. At first, 2D Nb,C MXene
nanosheets were coated with a mesoporous silica shell.'”
Mesoporous structure relates to the porous texture in the range
of 2-50 nm which is considered as suitable for drug loading
and controlled release. Moreover, the high surface area of
mesoporous materials makes them appropriate candidates for
a wide variety of surface functionalities.'”® The surfactant or
surface directing agent, which was used to produce the meso-
porous silica shell, was cetyltrimethylammonium chloride
solution and then the surface of silica was modified with a
nitric oxide donor called S-nitrosothiol (Fig. 10(E)-I). Next,
bioactive glass scaffolds were fabricated through the 3D print-
ing technique and the MXenes were deposited on the surface of
scaffold via dip coating. Within the initial stages of implanta-
tion, the surface modified scaffold was found to increase the
temperature of the surrounding microenvironment at a fast
rate owing to the high photothermal conversion of 2D Nb,C
within the second NIR biowindow, which along with the high
release rate of nitric oxide from the mesoporous structure led to
strong antitumor performance (Fig. 10(E)-II). Gradually, the
liberation rate of nitric oxide got slower which was found to
improve angiogenesis and bone tissue regeneration. Notably,
the substrate was bioactive glass composed of silica, calcium
oxide, and phosphate and all of them could contribute to
accelerated bone tissue repair (Fig. 10(E)-III). To assess the
anticancer activity in vivo, an ectopic osteosarcoma model was
developed and the experiments related to bone regeneration
were performed separately in a cranial defect model. The
scaffolds endowed with the combination of gas therapy and
PTT could successfully eliminate the tumors after 2 weeks without
recurrence. The bone regeneration and neovascularization were
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monitored after 16 weeks through micro-computed tomography
and micro-angiography. The results showed that better bone
regeneration, degradation, and angiogenesis were observed for
the surface-modified scaffolds compared to unmodified ones
(Fig. 10(F)—(K)). The release of niobium ions along with low
concentration of nitric oxide played a combinatory role in
triggering neovascularization and bone repair due to their
interconnected and independent mechanisms.”*

Jaw bone defects generally result from trauma, tumors,
maxillofacial infection, etc. and the strategies to address these
defects are still challenging due to the irregular shapes of these
defects. Of course, autologous bone transplantation, as the gold
standard of filling up these defects, is the first solution, but this
strategy is with some problems including donor site injury,
limited supply, pain, etc. Nevertheless, the high infection rate
is another problematic issue revolving around bone defects,
and systemic administration of antibiotics in high dosages is
accompanied with cytotoxic effects along with developing bac-
terial resistance.’”® To repair mandibular defects, a multifunc-
tional 3D printed scaffold was designed that not only provided
a microenvironment for bone regeneration, but also eradicated
bone infection. On one side, Ti;C, MXene nanosheets were
fabricated and on the other side, sodium alginate was mixed
with berberine, a natural compound with antibacterial and
anticancer activities. Next, biphasic calcium phosphate was
added to the mixture of polymer and berberine, and eventually,
the MXene nanosheets were added to the bio-ink. In here, the
concentrations of biphasic calcium phosphate (BCP) and
MXene could directly affect the viscosity of the ink. In other
words, the addition of MXene led to the production of more
viscous bioinks; however, they still showed the capability of
continuous printing. Once the printing was performed, the
scaffolds were exposed to calcium chloride for ionic crosslink-
ing which led to desirable mechanical properties for bone
reconstruction. Owing to the high photothermal conversion
efficacy of MXene nanosheets, laser irradiation leads to heat
generation (controllable hyperthermia) and bacterial elimina-
tion along with facilitating the release of berberine, which
further improved the antibacterial activity and osteogenesis.
The printability of different bio-inks was tested through fiber
formation, where the bio-ink with a lower amount of calcium
phosphate tended to form droplets, while an increase in the
ceramic content was synchronized with stabilization of fibers
and prevention of fiber breaking once the layer was formed.
However, a further increase in the ceramic content caused a
discontinuous extrusion resulting from the clogging of the
needle. Noteworthily, the addition of both MXene nanosheets
and berberine had a negligible effect on the printability of bio-
inks. The potential of this scaffold was tested in vivo in the
infected mandibular defects of rabbits. The samples with and
without MXene nanosheets were implanted and laser irradia-
tion was applied on the defect. Sample incorporating the
nanosheets experienced an increase in the local temperature
from 34 to 50.6 °C, whereas the counterpart could only experi-
ence an increase up to nearly 41 °C, demonstrating the high
photothermal conversion ability of MXenes. After a week, it was
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observed that the defect filled up with MXene-free scaffold was
with abscesses and tissue swelling, whereas the high tempera-
ture owing to the MXenes led to the elimination of bacteria with
minor swelling.”

Peripheral nerve injury is among the most common injuries
related to the nervous system and it is estimated that about
3 million patients suffer from this problem annually in Europe
and about 2 million in USA.”>'7® This injury is a clinical
challenge when it exceeds 5 mm in size, and generally, auto-
logous nerve transplantation is considered as the gold stan-
dard, but it suffers from donor area damage and inadequate
nerve source.””*’® Therefore, new therapeutic approaches are
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of particular interest to address these challenges. As an alter-
native strategy, artificial nerve guidance conduits have attracted
considerable attention; they serve as a physical bridge connect-
ing distal and proximal nerve stumps and stimulate the axons’
growth and regeneration.'”® With the aid of 4D printing a novel
nerve conduit with microchannel guidance was developed
which was comprised of poly(r-lactide-co-trimethylene carbo-
nate) and single-layer MXene Ti;C,T, nanosheets (Fig. 11(A)).
The nerve conduit designed in this study was endowed with a
shape memory function capable of changing its shape to a
tubular structure once being exposed to body temperature
(37 °C); this feature allows the conduit to securely wrap the
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Fig. 11 Development of a MXene-based composite with a shape memory function for peripheral nerve injuries. (A) (a) Chemical formula of different
compositions used to prepare the composite; (b) preparation of 2D MXene nanosheets followed by incorporation with poly(L-lactide-co-trimethylene
carbonate) for 3D printing of the composite; (c) and (d) schematic illustration of sciatic nerve regeneration with the composite; this material can be curled
and wrapped once being exposed to body temperature; the microstructure conducts electrical signals efficiently and improves the regeneration rate of
nerve cells. (B) (a) From left to right, the dynamic change of the composite at 37 °C after O, 5, 10, 15, and 20 s; (b) stretching capability of the composite;
(c) 4D-printed composite in the form of a five-point star which changes its morphology on exposure to temperature; (d) DSC curves of poly(L-lactide-
co-trimethylene carbonate) and the composite; (e) wettability of the composite and poly(L-lactide-co-trimethylene carbonate); (f) testing the electrical
conductivity of the composite by lighting up an LED under flat and different bending states. (C) (a) and (b) H&E staining and CD31 staining in the cross-
section of sciatic nerve treated with different samples after 6 and 12 weeks of treatment. (c) Gross images and H&E staining of the gastrocnemius
muscle after 6 and 12 weeks of in vivo experiments. Abbreviations: PLATMC, poly(L-lactide-co-trimethylene carbonate); MXPLT, MXene-incorporated
poly(L-lactide-co-trimethylene carbonate). Reproduced with permission from ref. 180. Copyright 2024, Wiley.
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broken stumps of the injured nerve automatically once
implanted in the defect area (Fig. 11(B)). It is known that
muscle movement causes deformation in the nerves and this
shape memory composite with high ductility and elasticity
could withstand the deformation. The microchannels intro-
duced in the structure of the composite were found to stimulate
and accelerate cell migration during the regeneration process.
Speaking of the MXene nanosheets, they endowed the compo-
site with electrical conductivity which is of great importance to
form a complete electrical pathway during the nerve regenera-
tion process. In vivo experiments were performed success-
fully on a Sprague-Dawley rat model by introducing a 10 mm
sciatic nerve defect. 4D printed composites were grafted in the
defected rat model, while the rats not receiving the graft
treatment were considered as the negative control. Noteworth-
ily, the rats treated with the autograft were regarded as the
positive control. 6 and 12 weeks after the surgery, the nerve
repair was tracked, and it turned out that the composite-grafted
implant and the autograft improved the regeneration signi-
ficantly, whereas the negative control failed to do so. The
composite was observed to wrap around the damaged nerve
indicating the protective role of biomaterials even after 12 weeks
post-implantation. It is worth mentioning that the material under-
went degradation, and its size reduced from the 6™ week till the
12™ week. The histological analysis performed on the muscle
fibers and their diameters showed that after 6 weeks of implanta-
tion, the defects treated with the autografts outperformed the
others while the control had the smallest fiber diameter along
with muscle atrophy. Even after 12 weeks, the autograft was still
the best. The defects treated with the composite also experienced
a significant better regeneration rate after 12 weeks (Fig. 11(C))."*°

The combination of 3D-printing technologies with MXenes
is synchronized with giving birth to multifunctional biomater-
ials for a wide variety of biomedical applications. One of these
areas is tissue engineering scaffolds; MXenes with great elec-
trical conductivity are incorporated in 3D-printed scaffolds for
cardiac and neural tissue engineering. By mimicking the elec-
trical properties of natural tissues, the promotion of the growth
and differentiation of cardiomyocytes and neurons takes place.
MXenes are known to induce antibacterial activity by releasing
antibacterial ions like Ti** or inducing photothermal/photo-
dynamic therapies (PTT/PDT). The platforms surface-modified
with MXenes or incorporating MXenes can prevent infection,
which is known as a critical factor in the success of implanted
biomaterials. The high surface area and surface chemistry of
MXenes are two great properties for designing smart drug
delivery carriers responsive to internal and/or external stimuli.
Moreover, the combination of 3D-printing technology with
MXenes enables the customization of drug delivery systems to
individual patient need and personalized medicine. Other areas
for the application of MXene-based 3D-printed platforms are
bio-sensing, cancer therapy, and regenerative medicine. The
extraordinary physicochemical properties of MXenes, such as
high electrical conductivity, high surface area, tunable surface
chemistry, photothermal conversion, etc., give multifunction-
ality to the 3D-printed platform as a wearable sensor to
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continuously monitor the physiological parameters (e.g. heart
rate, blood pressure, etc.) or as an anticancer agent. The high
photothermal conversion rate of MXenes makes them excellent
candidates for PTT and PDT. Regarding regenerative medicine,
as discussed throughout the section, MXenes have stimulatory
effects on healthy cells and therapeutic roles in preventing
infection and/or eradicating cancerous cells. This combination
therapy is highly desirable because it opens new doors for
patients with complex situations.

3.3.1. Biocompatibility of MXene-based 3D-printed plat-
forms. Speaking of biomedical applications, a biomaterial that
is supposed to be in contact with a living tissue requires some
essential features.'®* These features are mechanical properties,
physical and chemical properties, bioactivity, etc. but biocom-
patibility is a prerequisite. Biocompatible generally refers to a
material that can be in contact with a living tissue or a living
system without showing toxicity, injuries, or immunological
effects. There are key aspects to biocompatibility including
non-toxicity (not releasing harmful substances to surrounding
cells), non-immunogenicity (not triggering inflammation or
rejection by the immune system), stability (chemical stability
within the body’s environment), and bio-functionality (should
perform its intended function).'®"'*> Assessment of biocom-
patibility is performed through different experiments in vitro
(e.g. cell viability, hemocompatibility, genotoxicity, cell adhe-
sion, etc.) and in vivo (e.g. blood test, histological analysis,
analyzing urine and feces, etc.)."*” MXene-incorporated 3D-
printed platforms have been applied in both soft and hard
tissue regeneration and cancer therapy. Besides performing
different in vitro studies spanning from cytotoxicity to cell
attachment and angiogenesis, some of these studies have consi-
dered the potential of those biomaterials in vivo.?!!31165:169,172,180
A study has applied a monolayer Ti;C,T, nanosheet for both soft
and hard tissue regeneration. Through a series of in vitro assays,
the nanosheets’ cytotoxicity, cell migration, and angiogenic beha-
vior were assessed. Different concentrations ranging from 6.25 to
100 pug mL ™" with and without NIR were tested against C,C;, and
human umbilical vein endothelial cells up to 48 h, no toxic effect
was observed. The nanosheets’ ability to repair skull defects was
tested in vivo in a 5 mm skull defect rat model; the microcom-
puted tomography and histological examinations revealed that
new bone tissue appeared around the skull defects after 4 weeks
post-implantation without any negative effect. The same material
was applied to an infected wound to assess the antibacterial
potential and tissue regeneration up to 14 days. The combination
of MXenes and NIR had the best performance and completely
regenerated the tissue with visible skin appendages and blood
vessels analyzed through H&E staining."® Ti,C, nanosheets and
berberine as a natural medicine were incorporated into 3D-
printed biphasic calcium phosphate scaffolds for antibacterial
activity and bone regeneration. MC3T3-E1 and rabbit bone
mesenchymal stem cells were employed for cytotoxicity and
osteogenic differentiation for 7 days; the cells were seeded on
the scaffolds. Continuous cell proliferation was observed for all
the scaffolds implying excellent cell compatibility of the samples
with and without the MXene nanosheets. Through ELISA, the
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activity of inflammatory cytokines was assessed, and no signifi-
cant changes in the activity of tumor necrosis factor-alpha and
interleukin-6 were observed, indicating that neither the MXenes
nor the scaffold cause inflammation. The in vivo experiments were
performed on large mandibular defects constructed in New
Zealand white rabbits up to 4 months. For the blank groups,
which were not treated with any scaffolds, it was difficult for
spontaneous regeneration and only a small amount of new bone
was visible at the edge of defects after one month. Compared to
the bare scaffolds, the one loaded with the MXenes showed better
osteogenic properties. H&E and Masson’s trichrome staining were
performed on the tissue harvested at months 1 and 4; the results
exhibited no necrosis and no negative effects on the surrounding
tissues of scaffolds.”” There are a few studies that besides
implantation of the platform in vivo for therapeutic and/or tissue
regeneration purposes have performed in-depth analysis of the
long-term toxicity of MXene-based 3D-printed platforms.'®>"*
4D-printed platforms with shape memory features were developed
as artificial nerve guidance conduits for large peripheral nerve
defects; the platform was composed of poly(i-lactide-co-tri-
methylene carbonate) and Ti;C,T, MXene nanosheets. In vivo
toxic effects on different organs were assessed 12 weeks post-
implantation by analyzing the tissues of the liver, heart, kidney,
spleen, and lungs (H&E staining). The histological examinations
revealed no abnormalities in these major organs along with no
negative toxic effects on the tissues.'®® Another study deposited
Ti;C, nanosheets on the 3D-printed bioactive glass scaffolds for
simultaneous bone cancer therapy and regeneration. In this
study, in vivo experiments were performed for 24 weeks along
with a detailed long-term toxicity assessment. After 24 weeks, the
major organs of rats including heart, spleen, kidney, lung, and
liver were dissected followed by fixation in 10% formalin and
staining with H&E for histological examinations. Moreover, a
blood test was done to measure hematology parameters like
erythrocytes, leucocytes, hemoglobin, etc. The results indicated
that no significant change was observed between the rats treated
with the surface-modified scaffolds and the control group. The
histological sections of the major organs showed no abnormal-
ities between the samples and the control groups. Therefore,
during the long therapeutic/regenerative period, no inflamma-
tion, toxicity, or infection was observed implying the biocompat-
ibility of the scaffolds.'®®

3.4. Other applications

In the recent decade, developing microwave absorption materi-
als has attracted special attention because of their importance
in human life and military equipment.®® The traditional ones
made of metals, ceramics, and conducting polymers suffer
from poor loss property, high density, and narrow absorption
frequency due to the single attenuation mechanism."®* There is
also another problem related to microwave absorption materials,
which is the stability of these materials in different environ-
ments specifically the extreme ones.'®® Therefore, it is of great
importance to fabricate new materials capable of attenuating
electromagnetic wave through different pathways and also
capable of exhibiting diverse environmentally adaptive behavior.
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A nanocomposite with shape memory feature was designed as an
advanced microwave absorption material. Two types of nanofillers
were introduced in the structure of the polymer matrix including
ZIF 67-deposited MXene nanosheets and Ni- zeolitic imidazolate
frameworks (ZIF) 67-deposited carbon nanotubes, which were
prepared through the in situ growth and pyrolysis. The homo-
geneous distribution of the nanofillers in the polymer matrix
endowed the nanocomposite with a rigid-flexible nature, strong
interface bonding, bi-continuous phase separation structure,
and multidimension characteristics. Through direct ink
writing, the complex 3D-printed shapes were fabricated and
exposed to microwave irradiation to enhance the mechanical
and shape-retention properties. Moreover, the 3D-printed
objects showed photothermal-induced shape memory perfor-
mance by which their shape can be manipulated by light
irradiation. Speaking of environmental adaptability, the nano-
composite was found to possess excellent mechanical proper-
ties, long-term anti-corrosion ability, super-amphiphobicity,
and flame-retardancy."®®

Shape memory materials are related to smart materials
changing shape when a specific stimulus is applied.'®” These
materials are beneficial and usually used in 4D-printed struc-
tures owing to their rapid actuation and large deformation
potential; these unique features provide an opportunity for a
wide variety of applications—spacecraft, solar sails, temporary
architectures, deployable antennas, etc.'®*®'®® The mechanism
of action behind this behavior is related to the shape memory
effect; these materials can hold a temporary position attributed
to their hard-crystalline phase, whereas their amorphous struc-
ture allows for the recovery to the temporary position, which is
reversible, upon applying a stimulus such as heat. The tem-
perature, which is the reason for recovery, is at or above the
polymer glass transition temperature providing a situation by
which the polymer switches from a stiff to a soft state.'* Using
thermoplastic polyurethane and poly(lactic acid), a shape mem-
ory polymer composite incorporating MXene (Ti;C,) flakes was
fabricated. The MXene nanosheets were added to the polymer
matrix at different concentrations and 0.5 wt% turned out to
yield the composite with enhanced thermal, mechanical, and
morphological properties. Increasing the MXene’s content up
to 2 wt% contributed to a superb shape memory effect leading
to a fast recovery to 98% of its original status in less than 14 s.
The shape memory effect in pristine and MXene-incorporated
samples was assessed and is indicated in Fig. 12(A). The
combination of polyl(actic acid) and thermoplastic polyur-
ethane resulted in an optimal shape memory performance;
the former has a highly crystalline structure acting as a fixing
domain and the polyurethane with its amorphous structure
plays the switching domain’s role. By increasing the amount of
MXene in the polymer matrix, the recovery time got faster
compared to the sample without the MXene flakes. The reason
why such a phenomenon was observed has been attributed to
the effect of MXene flakes on the polyurethane; the flakes
improved the connection between polyurethane spheres and
created a more robust and continuous phase that greatly
enhanced the material’s recovery rate. Different structures
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Fig. 12 4D-printed MXene-incorporated composites for deployable actuating structures. (A) Shape memory performance of the samples without and
with MXene flakes (2 wt%) at different time intervals. (B) 4D printing of different samples including (a) and (b) filament extrusion procedure, (c) extruded
filament and (d) the process of fabrication of the shape memory polymer composite filaments. (e) and (f) The honeycomb structure without MXenes in
the normal and deformed states. (g) and (h) The honeycomb structure with MXenes (2 wt%) in the normal and deformed states. (i) The 4D-printed auxetic
structures with and without MXenes. Reproduced with permission from ref. 191. Copyright 2022, American Chemical Society.

including honeycomb and auxetic were printed to see the
potential of 4D printed samples in changing the shape followed
by recovery time (Fig. 12(B)). The samples indicated excellent
fixing and a fast recovery rate without cracking. Once the
samples were exposed to 80 °C in an oven, they completely
recovered themselves. However, after applying a few deforma-
tions, the recovery became less complete showing that frequent
deformation causes damage to the structure.'**

4. Challenges and future directions

Emerging 4D printing approaches add an extra dimension
of time to the manufacturing process, enabling dynamic

This journal is © The Royal Society of Chemistry 2024

transformations in response to external stimuli. This novel
approach enables the creation of materials and structures that
can adapt, change shape, or exhibit dynamic behaviors in
response to external stimuli. By integrating smart materials
with programmable properties, such as shape memory alloys,
hydrogels, or responsive polymers, 4D printing opens up a
realm of possibilities for advanced manufacturing applica-
tions.*>*>**75 One of the key advantages of 4D printing is the
ability to produce adaptive materials and structures that can
self-assemble, reconfigure, or respond to environmental
changes.®® By leveraging the inherent properties of smart
materials, such as their ability to undergo reversible phase
transitions or shape transformations, 4D printing enables the
creation of dynamic components with tailored functionalities.
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Table 2 Some salient advantages/benefits of 3D/4D printing of MXenes and their composites

3D printing

4D printing

1 Customization: 3D printing enables the precise and tailored
fabrication of MXene-based structures, allowing for customized
designs to meet specific application requirements®>

2 Complex geometries: with 3D printing, intricate and complex
geometries can be easily achieved with MXene materials, expanding
the possibilities for innovative designs®

3 Material efficiency: the additive nature of 3D printing minimizes
material waste, making it a more sustainable option for utilizing
MXenes effectively®>

4 Rapid prototyping: 3D printing with MXenes facilitates quick
prototyping of devices and components, accelerating the development
cycle and reducing time-to-market'®’

5 Integration of multiple materials: 3D printing technology allows for
the incorporation of different materials alongside MXenes, enabling
the creation of multifunctional and composite structures®

6 Cost-effective production: by streamlining the manufacturing process,
3D printing of MXenes can lead to cost savings in the production of
advanced devices and components®*

7 Enhanced performance: the precise control offered by 3D printing
enhances the performance of MXene-based materials, optimizing
their properties for various applications™®’

8 Design flexibility: with 3D printing, designers have the flexibility to
iterate and modify MXene structures easily, fostering innovation
and experimentation in material design®

These adaptive structures hold great promise for application
in areas such as aerospace, healthcare, and robotics, where
dynamic performance is critical."”> Another significant aspect
of 4D printing is the programmable nature of the printed
objects. Through precise control of material composition,
design parameters, and external stimuli, designers can impart
specific functionalities to printed components. This program-
mability allows for the creation of complex geometries, tunable
mechanical properties, and responsive behaviors in printed
structures. By harnessing the capabilities of smart materials
in conjunction with advanced printing techniques, 4D printing
offers a pathway to developing customized products with
unique properties and behaviors.'*>'** Some of the important
advantages/benefits as well as challenges/limitations of 3D/4D
printing of MXenes and their composites are summarized in
Tables 2 and 3.

Generally speaking, MXene-based 3D-printed platforms
have been prepared in two different ways—incorporation in
the structure and deposition on the surface of the platform.
Each technique has its pros and cons based on the desired
application. The advantages of MXene-incorporated structures
are the uniform distribution of nanosheets throughout the
platform, improved properties of the platform (e.g. mechanical,
electrical, thermal, etc.), strong bonding which leads to better
structural integrity, and a single-step process yielding the final
product after the printing process. On the other hand, post-
printing surface functionalization has some specific benefits
for some applications. For instance, the deposited nanosheets
on the surface can induce PTT/PDT once they are exposed to
the biological environment in the case of those biomedical
applications that require a fast response (e.g. infection, etc.).
The advantages of this technique are as follows: surface

6282 | Mater. Horiz., 2024, 11, 6257-6288

Dynamic adaptability: 4D printing with MXenes enables structures to
dynamically adapt and respond to external stimuli, offering enhanced
functionality and versatility®”

Self-assembly: MXenes in 4D printing can facilitate self-assembly of
components, reducing the need for complex assembly processes and
enhancing efficiency’®

Responsive properties: MXenes exhibit responsive properties in 4D
printing, allowing for structures to change shape, stiffness, or other
characteristics based on specific triggers®”

Multifunctionality: the integration of MXenes in 4D printing enables
the development of multifunctional structures with capabilities
beyond traditional static materials’”

Smart material applications: MXenes in 4D printing are ideal for
smart material applications, where adaptive and programmable
features are required for various industries®”

Enhanced design possibilities: 4D printing with MXenes opens up
new design possibilities, enabling the creation of complex, interactive
structures with unique properties®”'

Improved performance: the dynamic nature of MXenes and
performance of 4D printing can lead to improved performance in
terms of energy storage, sensing capabilities, and other functional
aspects” %%

Innovative applications: MXenes in 4D printing facilitate the
development of innovative applications in fields such as biomedical
devices, soft robotics, and advanced engineering solutions****°

functionalization, especially for applications requiring specific
surface properties; targeted application, MXenes can be inten-
tionally deposited on specific areas of a scaffold for more
targeted functionality; flexibility in scaffold material, this tech-
nique is versatile and can be applied in various 3D-printed
scaffolds without worrying about the compatibility of materials
during the printing process; and post-processing optimization,
the properties of deposited MXenes can be optimized
post-printing, which provides better control over the final
characteristics.

Overall, one of the primary challenges in the realm of 3D/4D
printing of MXene-based composites lies in the intricate bal-
ance between achieving high-performance material properties
and optimizing the manufacturing processes for scalability and
cost-effectiveness. The synthesis of MXene materials at a large
scale while maintaining their exceptional properties poses a
significant hurdle that researchers and engineers need to over-
come. Additionally, ensuring the compatibility of MXenes with
existing 3D/4D printing technologies, along with addressing
issues related to material consistency, printing resolution, and
post-processing requirements, presents a multifaceted chal-
lenge that requires innovative solutions and interdisciplinary
collaboration to drive the field of additive manufacturing
forward.

4.1. Dispersion optimization

A key challenge in the utilization of MXene nanosheets in

additive manufacturing is the effective dispersion within print-
ing matrices. Achieving a uniform distribution of MXene
nanosheets throughout the material is crucial to ensure con-
sistent material properties and structural integrity. Overcoming
issues related to agglomeration and poor dispersion remains a

This journal is © The Royal Society of Chemistry 2024
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Table 3 Some important challenges/limitations of 3D/4D printing of MXenes and their composites

3D printing

4D printing

1 Material selection: limited availability of MXene powders with
suitable properties for 3D printing can restrict material options and
hinder the optimization of printed structures®*>°°

2 Printed structural integrity: achieving consistent structural integrity
and homogeneity in 3D printed MXene objects can be challenging,
leading to potential defects or weak points®>

3 Post-processing requirements: post-processing steps such as curing,
sintering, or surface treatments may be necessary for enhancing the
mechanical properties of 3D printed MXene components, adding
complexity to the manufacturing process®

4 Resolution constraints: the resolution limitations of 3D printing
technologies may impact the level of detail and intricacy that can be
achieved in MXene-based prints, limiting design possibilities>*®

5 Cost considerations: the cost of acquiring MXene materials and
specialized 3D printing equipment, as well as the need for skilled
operators, can present financial barriers to widespread adoption***

6 Scale-up challenges: scaling up production of 3D printed MXene
components for industrial applications may pose challenges in terms
of consistency, quality control, and manufacturing efficiency**®

7 Material properties: variability in MXene properties, such as
conductivity, mechanical strength, and stability, can affect the per-
formance of 3D printed parts and require thorough characterization®*

8 Environmental impact: the environmental impact of 3D printing
processes, including energy consumption and waste generation,
is a consideration in the sustainable production of MXene-based
products®°®

significant hurdle in maximizing the performance of MXene-
based composites.

4.2. Structural uniformity

Another critical challenge lies in ensuring the structural uni-
formity of printed components. Variations in layer adhesion,
surface finish, and dimensional accuracy can arise due to
inconsistencies in the printing process, affecting the overall
quality of the final product. Enhancing the structural unifor-
mity of printed objects is essential for realizing the full
potential of MXene-based materials in additive manufacturing
applications.

4.3. Scalability and production efficiency

Scaling up the production of MXene-based composites for
industrial applications poses a considerable challenge. Opti-
mizing production processes to meet the demands of large-
scale manufacturing while maintaining cost-effectiveness is
essential. Addressing issues related to process efficiency, mate-
rial wastage, and production scalability is crucial for the wide-
spread adoption of MXene materials in additive manufacturing
on an industrial scale.

4.4. Material compatibility and integration

Ensuring compatibility between MXene nanosheets and the
printing matrix is a critical aspect that presents challenges in
achieving desired material properties. The selection of suitable
matrix materials, processing conditions, and post-processing
techniques plays a significant role in optimizing the integration

This journal is © The Royal Society of Chemistry 2024

Complexity in design: designing MXene-based structures for 4D
printing can be intricate and require advanced knowledge of material
behavior and stimuli-responsive properties, potentially limiting
accessibility for some users**?°!

Control and calibration: achieving precise control over the stimuli-
responsive behavior of MXenes in 4D printing may pose challenges,
necessitating meticulous calibration for desired outcomes””>*>
Material compatibility: ensuring compatibility between MXene
materials and the 4D printing process, including solvents, inks, and
printing conditions, is crucial but may require extensive testing and
optimization®”'*

Durability and longevity: the long-term durability and stability of
MXene-based structures produced through 4D printing ought to be
investigated, especially in applications requiring prolonged
functionality®®

Scalability issues: scaling up production of 4D printed MXene
components for commercial use can be complex and may require
substantial investment in equipment, processes, and quality control
measures>®®

Processing time: the time required for MXene structures to respond to
stimuli and undergo shape changes in 4D printing may vary,
impacting the overall production efficiency and speed®”'®
Integration challenges: integrating MXenes with other materials

or components in 4D printing setups can present challenges in
achieving seamless transitions and functional interfaces between
different elements**'**

Regulatory compliance: meeting regulatory standards and safety
requirements for MXene-based 4D printed products may involve
additional testing, validation, and compliance measures, adding
complexity to the development process®”

of MXenes into additive manufacturing processes. Overcoming
compatibility issues and enhancing the integration of MXene
nanosheets with printing matrices are key challenges in advan-
cing the application of these materials in 3D/4D printing
technologies.

The future of 3D/4D printing of MXene-based composites
holds immense promise for revolutionizing various industries
and advancing the field of additive manufacturing. As research-
ers continue to explore the capabilities of MXenes in dynamic
printing processes, several exciting perspectives emerge that
could shape the future of material design and technology. One
key future perspective is the development of multifunctional
MZXene composites with tailored properties for specific applica-
tions. By fine-tuning the composition and structure of MXene-
based materials, researchers can create advanced composites
that exhibit a combination of mechanical strength, electrical
conductivity, thermal stability, and responsiveness to external
stimuli. These multifunctional materials have the potential to
drive innovation in fields such as aerospace, healthcare, and
electronics. Another future perspective is the integration of
artificial intelligence (AI) and machine learning algorithms
in the design and optimization of MXene-based composites
for 3D/4D printing. By leveraging Al-driven tools, researchers
can accelerate the material discovery process, predict the
performance of printed objects, and optimize printing para-
meters for enhanced efficiency and quality. This synergy
between advanced computational tools and additive manu-
facturing techniques could lead to the rapid development of
novel materials with unprecedented properties. Furthermore,
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the advent of bio-inspired design principles in 3D/4D printing
of MXene composites opens up possibilities for creating bio-
mimetic structures with self-healing, self-assembling, or shape-
morphing capabilities. Drawing inspiration from nature,
researchers can mimic the complexity and adaptability of
biological systems to design materials that exhibit remarkable
functionalities in response to environmental cues.

5. Conclusion

The intersection of 3D/4D printing with MXenes and their
composites represents a transformative frontier in materials
science and additive manufacturing. The unique properties of
MXenes, such as high conductivity, mechanical strength, and
responsiveness to stimuli, coupled with the precision and
adaptability of 3D/4D printing technologies offer unprece-
dented opportunities for creating advanced materials with
tailored properties and functionalities. The emerging applica-
tions of MXene-based composites in diverse industries, includ-
ing healthcare, electronics, energy storage, and aerospace,
showcase the potential impact of these materials in revolutio-
nizing traditional manufacturing processes and enabling the
development of innovative products with enhanced perfor-
mance and versatility. As research progresses and technology
evolves, the future of 3D/4D printing of MXene-based compo-
sites holds promise for pushing the boundaries of material
design and engineering. By exploring new avenues in multi-
functional material development, incorporating Al in material
optimization, and drawing inspiration from nature for bio-
mimetic designs, researchers can drive forward the field of
additive manufacturing towards creating intelligent, adaptive,
and sustainable materials.

Despite the promising potential of 3D/4D printing of
MXene-based composites, several challenges and limitations
exist that need to be addressed to fully realize their benefits in
advanced manufacturing. One of the primary challenges is the
scalability of production and the cost-effectiveness of MXene
materials. As the demand for high-performance additive manu-
facturing materials grows, ensuring the sustainable and eco-
nomical synthesis of MXenes at a large scale poses a significant
hurdle for widespread adoption. Additionally, the integration of
MXenes into existing 3D/4D printing technologies requires
further research and development to optimize printing para-
meters, enhance material compatibility, and improve printing
resolution. Achieving precise control over the microstructure
and properties of MXene composites during printing processes
remains a technical challenge that needs to be overcome to
unlock the full potential of these materials in additive manu-
facturing. Looking towards the future, one of the key perspec-
tives is the exploration of novel applications and functionalities
of MXene-based composites in emerging fields such as wear-
able technology, soft robotics, and environmental sensing.
However, it is essential to acknowledge the current limitations
of MXene-based composites, including issues related to environ-
mental impact, recycling, and end-of-life disposal. Addressing
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these sustainability concerns and developing environmentally
friendly manufacturing processes for MXenes are crucial steps
towards ensuring the long-term viability and ethical use of
these advanced materials in additive manufacturing. By embra-
cing a holistic approach that considers both technological
advancements and ethical considerations, the future of 3D/4D
printing of MXene-based composites can pave the way for a
more sustainable and innovative manufacturing landscape.
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